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ABSTRACT

Microphotonics and Nanoislands Integrated Labon-Chips (LOCs) for
the Detection ofGrowth Hormonesin Milk

Jayan Ozhikandathil, Ph.D.
Concordia University, 2012

Lab-onachips (LOCs), alternatively called micro total analysis systegd®\$) are
miniaturized chemical or biological analytical devices that integrate one or several
laboratory functions on a single chipOCs handle small mount of sample volume and
enable the analysis and detection with enhanced performances in short time.

This thesis focuses on developib@C 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 mammalsyhich has strong influences on the biological effects such as
growth, developments and reproductive functions. The bST is useful to increase the milk
and meat productionVith the emergence of the recombinant DNA technology, large
quantities of artificial hormorge 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 huméealth. 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 tdonger analysis time. In this context, there is a large demand for
developing a miniaturized bianalytical platform for the rapid and precise screening of



growth hormones in milk. In this thesis, development of LOC platforms for the labeled
and labeffree detection of growth hormone is attempted.

The labeled detection of the rbST was demonstrated in a low cest-bhip platform
fabricated by integrating an optical microfluidic system on sitinssilicon (SOS)
waveguide with a PDMS (polydimethylsilare) microfluidic chip. In order to achieve
higher sensitivity and specificity, a novel cascaded waveguide coupler (CWC) system is
designed and fabricated on the si@asilicon platform. A novel method of fabricating
nancisland morphology is developefdr the labelfree detection of bovine growth
hormone. Experimental and theoretical analysis of tuning the gold-isiand
morphology is investigated and implemented for the lideel detection of growth
hormone. Subsequently, the nasl@and morphologyis integrated into a PDMS
microfluidic chip and a LOC is realized. A low cost, all polymer-dgka-chip is
developed by integrating sil&tIDMS nanocomposite by -situ synthesis of naro
composite inside the microfluidic chip and detection of growth haeng also
demonstrated. The namslands are integrated into silioa-silicon waveguides for the
development of a narenhanced evanescent wave sensor for the detection of rbST.
Extraction of growth hormone from milk by solid phase extraction and tectien are

also demonstrated. Finally, a monolithically integrated LOC on siliesilicon (SOS)
comprising of microfluidics, optical waveguides and Echelle grating based spectrometer
is realized. The simulation and integration process of a rspectraneter 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 ddidsThe bST is
produced naturally by the anterior pituitary glands of mammals and it has several
complexbiological functions such as growth, development and reproduction. The role
of bST in lactation in mammals was identified in 1237 The bST increases the
tissue metabolism and the uptakes of nutrients leading tenhanced 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 iseskaThe bST has

also been used for the treatment of growth disorder such as dwé#Blisis the
growth hormone increases the tissue metabolism, it has been reported to be misused
in sports for increasing the mele mass in humans and horses.

Polypeptides are made up of amino acids and they are the building blocks of
proteing4]. Figure 1.1 illustrates the formation of peptide chain from two amino

acids molecules. The struce of amino acid is shown in Figure 1.1 (a).
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Figure 1.1(a) Structure of amino acids and frmation of peptide].

The carboxyl (COOH) and amino (NHgroups 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 treatmenf5-7], disease marker$8, 9], antimicrobial animal feed
additives and analytes for protein identificatio proteome resear¢hO].

The development of genetic engineering has made possible the cloning of
polypeptides using recombinant DNA technoldd@yt, 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). Theichke
structure of rbST can be slightly different from the bST, because the manufacturing
process of rbST 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
repated that these extra amines do not alter the biological ac{i{B} As the
recombinant DNA is a low cost technology, the production of large quantities of rbST
can lead to misuse. Use of rbST is controverfldt16], 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. Hoareit 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 prd&tection 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 cawitethster by using

small amounts of biomaterials for the point of need (PON) applications.

A
— 2020
< LOC
- 2010
| e UPL.C
= 2000
LC-MS =——p
¢ RP-HPLC
- 1990
GC-MS
= 7980
44— TPLC
- 1970
TLC =——p
4 ELISA
RIA =—p

Figure 1.2 Evolution of the analytical methods for the detection of proteins

(hormones, etc.)n 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 (TLQ17], enzmelinked immunosorbent assay
(ELISA) and radioimmunoassay (RIA). Higlerformance 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 disaetiemes 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 chromatograpigss (GGVIS) spectrometry was
introduced inthe early 1960$18], the successful demonstration of ®MMS for the
drug detection, environmental [19% nThd ysi s [
disadvantage of the GMS is thd the analytes should be thermally stable under GC
conditions [20]. The resolving power of the HPLC is greatly enhanced in ultra
performance liquid chromatography (UPL{2]l] 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 rapidcapointof-need (PON) applications.
Several protein detection methods sucheagymelinked immunosorbent assay
(ELISA) [22, 23] radioimmunoassay (RIA)24] or bioassay methodf25] and
Surface Plasmon Resonance (SE®) are demonstrated for the detection of growth
hormone. ELISA is a widely used protein detectiorthod, which works based on

the immunoassay. In immunoassay, the concentration of protein is measured by a

specific antigen (proteimgntibody interaction. For ELISA, a known amount of



antibody is introduced to the substrate functionalized with the unkmowount 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 ELIS#atist
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 aatigjody 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-MIST is a powerful
bioassay method widely reped 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 magpectroscopy, the proteins are ionized using gas
phase, electron spray or chemical ionization method and proteins are separated based
on masgo-charge ratio and analyzed by electromagnetic fields. TheviBCis a
complex process and it requires expengmggruments. 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 protedsarbed 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 prd@é&ities



Mary K Lawless et al.[28] reported the application of reverse phase -igh
performance liquid chromatography (RFPLC) for the separation and quantification

of 36 amino acid peptides. This peptide hafrinsic 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 detecbioh970, 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 h#ise 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 matules.

s
[l }
NH—C—NH— (_ Peptide

Figure 1.3 Reaction of FITGPeptide conjugatidB0].



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 (UTAS) or Laim-a-chips (LOCs) are fabricated by integrating one

or multiple biochemical analytical process modules in a single [iip One of the

main process modules in the dab-a-chip is microfluidic circuits, which transport

and handle small amount of Hiquids and reagents fahe detection and analysis. A
detailed classification map of the lab-a-chips based on the integration process,
sensing method and actuation schemes is illustrated in Figurd32]4 Two
approaches of integian processes are commonly used for the-dada-chip,

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

actuation schemes.

In monolithic integration, all the process maoekilare 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 hybmtdgration 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, aleacsmosis and syringe injection. As the
syringe injection is the simplest method, it is used in thesis work.

The sensing techniques used in the uTAS are mechanical, optical and electrical as
illustrated in Figure 1.4. Mechanical detection of biochemiaahctions are
demonstrated with micro or narscale cantilever sensor chig@3]. The biochemical
reaction performed on the cantilever introduces a change in surface stress or mass,
which could be measured from thefldetion 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 ot lilyie to the biochemical reacti¢3®,

34]. Optical detection can be based on chemiluminescdB6¢ absorption,
fluorescence, plasmon resonancdtsin evanescenci6]. Absorption is an earliest
optical detection method, which depends on tmomophores present in the
biospecies that are responsible for the absorption of ligie 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 othe 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 Surfac®lasmon Resonance (LSPRY].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 deiscijpeatly
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 reactianAt 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 @tlcOC 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 (OWLC)

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 micrenano integration has been an interesting topic in micro total analysis
systems research at present. A LSPR senor is developed for thédmbeétection of
bovine growth hormone, in which a novel method of manufacturing gold-iskamal

is developed. This method is simple, low cost and compatible to integrate in
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microfluidic chips. LSPR property of silvéd?DMS nanocomposite is investigated for
the labelfree detection of bovine growth hormone. Subsequently, by synthesizing the
silve-PDMS nanocomposite directly in the PDMS microfluidic device, a novel all
PDMS labon-a-chip is developed. Finally, the evanescence and LSPR detection
method are combined and a namhanced evanescence sensor is developed by
integrating gold nangslands in silicaon-silicon optical chip and PDMS microfluidic

chip.

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

perspectives, S. Badilescu and M.Packirisamy Z02]L).
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Lab-on-a-chips (LOCs), also called micro total analysis system$AS) 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 é@rhence 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 andlysis time is much shorter. Figure

1.5 shows a generalized block diagram representation of UBRE A fully
integrated UTAS is capable of transporting the samples and reagents through pre
treatments and mimg 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 foe bicanalysis 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 1390 in which,
theoretical perfunance 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 aneérpoborte[40] fabricated a cell detection

system by integrating a molecule separation unit bas¢#0diquid chromatography

12



in a microfluidic channel. This system was fabricatgdubing anisotropic etching

and bonding of silicon wafer. Electrochemical detection was used in the first fully
synthesized €TAS devel op[4lf This gystarmehadotwoo r t e
silicon micropumps connectedth the lon Sensitive Fiel&ffect Transistor (ISFET)

using silicon rubber and demonstrated to be useful for the detection of pH and

phosphate. In the early stages of e TAS,

microdevices due to the easiness of mumaation. 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 biospecigs8, 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 biomolecuel§#5].

In 1996, Ramsey and Jacobgdf] 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 ordeto 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 extaity.

et

€

In 1998, Burns et g7]f abri cated a €TAS by integrating

as nanoliter liquid injector, sample mixer and positioning system, temperature
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controlled reaction chamber, an electrophorgifticle 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 DNAradliter volumes.

In the early stages of LOCs, silicon micro fabrication technology was adopted for the
fabrication of LOCs due to the availability of weltablished integrated circuit
fabrication process. However, in order to meet a large variety oireegents, other
material platforms and novel fabrication methods are being investigated at present.
Some of the polymeric materials such as polydimethylsiloxane (PDMS), Poly (methyl
met hacryl at e) ( PMMA) were found t8 be
because of the cosffective fabrication methodologies and excellent material
properties supporting €TAS functional!
biocompatible, optically transparent and easily moldable to any complex 3D
structures by softthography, therefore, it has been widely used for the fabrication of

e TAS. In the year 2000, Barthol omeuze
method using PDMS microfluidic device, in which, a PDMS microfluidic channel
was fabricated by using SU8 moland 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.

Fabr i c afASoam intedgratece optical platform has several advantages, as
semiconductor fabrication technologies can be used for the fabrication of

microphotonics and microfluidic parts. In 2001, Friis et [d48] fabricated a

14
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microfluidic channel on silican-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 exiong with a laser of 488nm coupled to the waveguide. The
attenuation of the silican-silicon (SOS) waveguide is very low in the order of
0.01dB/cm[49] and hence the SOS is attractive for the integration of ruptizal
components.

In 2003, Ruano et a[50] published a work on a fluorescence based biodetection
system, in which they fabricated several microphotonics components such as
waveguides, beam splitter;if&nd and Ybranch onsilica-on-silicon platform using
flame hydrolysis deposition (FHD), photolithography and silica micromachining. The
microfluidic channel and reservoir were micromachined on the -mhesilicon
waveguide and by using two thick PDMS layers, the micraftuistiannel 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 sitices-silicon waveguide (Figure

adopted from Ruano et §0]).

The use of multiple material platforms for the integratiore®AS got significant
attentions because the projes of different materials can be exploited for various
applications Optical properties and photo patterning qualities of SU8 paved the way

to build eTAS by integrating optical waveguide and microfluidics. In 2003,
Mogenseret 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. SU8 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 procé¥#h SU8 negative

photoresist and PDMS, a hybrid integrated LOC was fabricatedeags et al[52]

16



in 2004. In their work, the qualities of SU8 and PDMS are used for the integration of
an optical waveguide with microfluidic channel. Sirtloe refractive index of SU8 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 clenmliffusion

mixer and photo detectors is demonstrated foe@AS by Balslewet 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 silon platform. Fluorescence detection was achieved by

the inbuilt photo detector and dye laser.

—_—
Fluid mixer

Figure 1.7 Fully integratecc TAS (Adopted fromBalslev et al[53])

In 2005, David A. Changyen 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 comued to the silic@n-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 frorbavid A. ChangYen et al[54]).

Detection of multiple analytes 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 analytesspectrometer has to be integrated with the chip.
Chandrasekaran et [&l5] reported an optical microfluidic system of hybrid integrated

excitation laser and spectrometerchip (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 ifree 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 ng¢eto be equipped with micromanipulators.

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

Spectrometer
Input fiber
Collector fiber
Peristaltic pumg
bdddd|
/ |
Fluorophores
Fluid out

Figure 19 Hybrid integrated optical microfluidic system for tHeiorescence

detection(adopted from Chandrasekaran e{s%h)])

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 interedthe 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 eggrch 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 det¢84prin SPR sensor, a thin

metal laye 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 goldchda 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 bee
greatly addressed in literatufg7]. Integration of nanomaterials in microfluidics
channel facilities the application of unique properties of nanoparticles for the
biosensing with the handling of small améal 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 systeln®quires large apparatus.
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Au-LSPR substrate »—~ Microfluidic channels

Figure 1.10 Gold nanoparticle integrated microfluidic device for the ldhed

detection (Figure adopted fro¥fi Zhang et alLab- on achip [58])

Integration of gold nanoparticlenia 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 defin 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 devie 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 haestain qualities in order to adapt them for
the integration of nanetructures in microfluidics. The adhesion of nanostructure
with microfluidic device, the feasibility to deposit nanostructures with various size
and shape and the easiness of implememtatf 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 hormonesyrthesized

and misused in sports and dairy industiye 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
demandfor 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 theopoedd
(PON) wouldbe required for an effective controlled use of growth hormone.

From the literatures on latn-a-chip, it is evident that various methods of improving
florescence detection sensitivity in fab-a-chip device are still required. In addition,

the integratiorof nanastructures 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 thed is adopted for the development of-taba-

chip because of the higher sensitivity and stability. The labeled andfiabel
detections have their own merits and demerits, hence, both of the approaches are used
for the detection of growth hormone. Theare 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.

22



It is indeed necessary to develop novel nanofabrication technologies for the
developmen of naneintegrated 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 microfluidiclevices.

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 cetection needs be developed.

1.4 Objective and scopef the thesis

The main objective of the thesis is to develop opticalolaa-chip device for the
detection of growth hormone in milk.
The main objective of the thesis is achieved through followilepsijectives:
1. Develop a low cost optical microfluidic system for the realization of atab
a-chip.
a. A hybrid integrated laton-a-chip on silicaon-silicon and PDMS.
b. Test the fluorescence detection ability and sensitivity
2. Optimize the labeling conditioof growth hormone and detect in the-latpa-
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 thedake-chip.

23



Increase the sensitty and specificity of the detection by developing a novel
evanescent wave based fluorescence sensor and analydetebgon limit
and performance.

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

. Develop a labefree based sensor using gold nasland and integrate into a
microfluidic device

a. Simulation and development of novel nanofabrication method for the
deposition of nangslands and test the refractive indsensitivity of
the sensor platform

b. Test the labefree sensing ability of the nanslands on the glass
substrate and subsequently develop a method to integrate them in a
microfluidic chip for the realization of labn-a-chip.

. Develop a low cost LOC bysing silverPDMS nanecomposite for label free
detection of growth hormone.

Integrate the nansland on a silican-asilicon waveguide for the nano
enhanced evanescent dab-a-chip and test label free detection sensitivity of
the device.

. Separation ogrowth hormone from milk and detection.

. Develop amonolithicallyintegrated lakbn-a-chip by integrating microfluidic

channel, optical waveguide and spectrometer on chip.
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1.5 Organization of the thesis in a manuscriptbased fomat

This thesis is writtenn manuscriptased format with 11 Chapters. In the present
Chapter, main objective and saobjectives are explained. A brief introduction of the
existing methods of detection of growth hormone and various significant methods
reported for the developmerus$ 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 ier@ion 1.4and the thesis is formatted according

to the fAThesis Preparation and20hlk)sd sofEx a
the School of Graduate Studies at Concordia University. The Chap&rar@
duplicated from one published journal articlereth 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 Refeg 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: Thi s chapter covers the Objective 1(a)
of the thesis explained in Section 1.4

Ref[59: Jayan Ozhi kandat hil and Monsiicork umar n F
(SOS) Waveguide Integrated PDMS iaba-chip for Quantum dot Fluorescence

Bioodet ect i oed ®ptJl7, 01B00® (AD1Z)mpact Factor: 3.188)
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Integration of microfluidics and optical components is an essential requirement for
the realization of optical detection in lalp-a-chip (LOC). In this work, a novel
hybrid integration of silicaon-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 avhilay 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 higbpectratio microstructtes 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 techieddg
namely, diamond machining and soft lithographyere 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 silfesilicon
photonic waveguides with a straight microfluidic channel, opens up new possibilities
to produce lowcost biochips. The performance of SBBMSintegrated hybrid
biochip is demonstrated with the detection of laser induced fluorescence of quantum
dots. As gantum 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: Thi s chapter covers thev®©bpadtiscep20o

thesis explained in Section 1.4

Refl60]: Jayan Ozhikandathil, Simona Badilescu and Muthukumaran Packirisamy
fiDetection of Fluorophordagged Recombinant Bovine Somatotropin (rbST) by
using Silicaon-silicon (SOSPDMS Labona-c hi po6 Accepted for

IEEE Sensor Journal, 20 Enpact Factor: 1.5)

The presence of potentially harmful substances in milk is a concern for consumers.
The discovery of the recombinant DNA technglaglowed the production of large
guantities 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 potentialceffon 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 higist of equipments. In thigork, a novel
optical labon-a-chip (LOC) is proposed for the detection of a fluoropkagged

rbST. The advantages of silioa-silicon (SOS) platform for the optical waveguide
and polydimethylsiloxane (PDMS) for microfluidics are exploited for theidabon

of a low cost labona-chip. The tagging of rbST with two different types of
fluorophores such as FITC and Alexa Fluor (4387 is carried out and used for the

detection in the proposed kalo-a-chip.
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Chapter 4 is duplicated from the article acceged with minor modifications by

the Journal of Biophotonics: Thi s chapter covers the Objec

and scopeo of the thesis explained in Sect
Re;Jayan Ozhi kandat hil and Mut hukumarn Pack
growth hormme by evanescent cascaded waveguide coupler on-sitisai | i ¢ o n 0

accepted to Journal of BIOPHOTONICS 20(@thpact Factor: 4.343)

An evanescent wave based biosensor is developed on theosidacon (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 farrbends and tapered waveguides are
demonstrated for increasing the penetration depth and enhancing the sensitivity of the
evanescent wave sensor. Insthwork, a monolithically integrated sensor platform
containing a cascaded waveguide coupler with optical power splitters and combiners
designed with $ends and taper waveguides is demonstrated for an enhanced
detection of recombinant growth hormone. I tbascaded waveguide coupler, a
large surface area to bind the antibody with increased penetration depth of evanescent
wave to excite the taggetST is obtained by splitting the waveguide into multiple
paths using Y splitters designed withands and sidequently 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 timedomain method) simulation of waveguide with a point seumdRsoft

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 articleprepared to submit to the |IEEE Journal

of Photonics:Thi s chapter covers the Objective 4
the thesiso explained in Section 1.4
Re:Jayan Ozhikandat hil and inesdiffrenéetimmea r an P ac
domain simulation and implementation of a morphologietllyed gold nandgslands

integrated biosensor, Prepared to submit to the IEEE Journal of Photofiropact

Factor: 2.344)

This chapter presents simulation analysis and implé&tien of morphology tuning

of gold naneislands structure deposited by a novel convective assembly technique.

The gold nanaslands were simulated using 3D Finiéference TimeDomain

(FDTD) techniques to investigate the effect of morphological chasg@sdsorption

of protein layer on the localized surface plasmon resonance (LSPR) properties. Gold
naneislands structures were deposited on glass substrate by a novel aodstow

convective assembly process. The structure formed by an uncontrolledtideposi

method resulted in a namuster morphology, which was annealed at various
temperatures to tune the optical absorbance property by transforming thelustao

to naneisland morphology by modifying the structural shape and interparticle
separationdistances. The dependence of the size and the interparticle separation
distance of the nanglands on the LSPR properties were analyzed in the simulation.

The effect of adsorption of protein layer on the nat@ands structure was simulated

and a relatiorbetween 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 goldigtamd
integrated sensor against refractive index was computed and compared with the

experimental results.

Chapter 6 is duplicated from the article accepted for publicationin Journal of

Biomedical Optics: Thi s chapter covers the Objective

scopeo of the thesis explained in Section
Ref [61]: Jayan Ozhikandathil, Simona Badilescu and Muthukumaran Packirisamy

A Gol d -isMmdnStructures Integrated in a Lama-Chip for Plasmonic
Detection of Bovine Growth Hor monedo Accep
Biomedical Optics July issue 20XBnpact Factor: 3.188)

Three dimensional gold nanostructures fabricated through a novel convective
assembly method are treated thermally to obtain a-isered morphology. The new

structure is proved to be adequate for the detection of bovine growth horoyone,

using an immunoassay method based on the Localized Surface Plasmon Resonance
(LSPR) band of gold. The nafisland structures are integrated into a microfluidic

device and the spectral measurements are done by introducing the device directly in

the lightbeam of a UWisible 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:Thi s chapter covers the Objective 5o0f t

explained in Section 1.4
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Ref : Jayan Ozhi kandathil and Mut hukum
Polydimethylsiloxane Nanocomposite integrated -daka-chip for Plasmonic

Detection ofBovi ne Gr owth Hormoned submitted to
2012.(Impact Factor 3.88

A novel method of integration of a silvpolydimethylsiloxane (PDMS)
nanocomposite in a microfluidic channel for the realization of aota&-chip is

reported m 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 antigghody

interaction is investigatl. 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 dee without reducing the sensitivity achieved on

the silverPDMS substratel$2].

Chapter 8 is duplicated from the article submitted to Biomicrofluidics Journat

This chapter covers theamdbjecbpee 6f of he
explained in Section 1.4

Re:fJayan Ozhi kandathil and Mislafsikegratedr an Pac
evanescencebased labon-a-chip on silicaon-silicon and PDMS hybrid platform for

t he detection of r e c o rsubmitted ntd Jougnalo ef t h hor
Biomicrofluidics (Impact Factor: 3.896) article submitted to Biomicrofluidisi?

Journal
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Integration of nananaterials in optical microfluidic devices facilitates the realization

of miniaturized analytical systems with enhansedsing abilities for biological and
chemical substances. In this work, a novel method of integration of goleisiands

in a silicaon-silicon-polydimethylsiloxane microfluidic device is reported. The
device works based on the namohanced evanescentechnique achieved by
interacting the evanescent tail of propagating wave with the gold-iskmals
integrated on the core of the waveguide resulting in the modification of the
propagating UWisible spectrum. The biosensing ability of the device is inyat®d

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 antibodgntigen interaction.

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

phase extraction technique and detaon by using gold nangislands: This

chapter covers the Objective 7 of the
Section 1.4

A labelree method is used for the detection recwabt 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 naistands formed on a glass state through
antibodyantigen interaction. The formation of naistands is by a simple, low cost

and uncontrolled convective assembly process. The uncontrolled convective assembly

technique resulted in a nawtuster morphology which was not suitabler fitne

32



biosensing, hence the naoluster morphology was transformed to nasland
morphology by postleposition heat treatment. The detection limit of rbST by using

the naneaislands formed on glass substrate is as low as 5 ng /ml.

Chapter 10 explains the FDTD simulation of spectrometeron-chip and

monolithic integration process of spectrometeon-chip, microfluidic channel

and optical wavequice on silicaon-silicon platform: This chapter covers the

Objective 8 of the fAobjpkiocedin®ectiomindd scopeod o
In this chapter, a multiple waveguide system, microfluidic channel and a-micro
spectrometer are monolithically integrated on siboesilicon platform by using

single step lithography and etching. A concave grating spectromedesiigned 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 witlussario
fluorophores. The fuorophores used for the detection of rbST 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 miespectrometer 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 asbeam lithography.
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1.6

Major contributions of the thesis

In this thesis, detection of bovine growth hormone in milk by usingpfaéchip

platforms is achieved. Following are contribution in the field of theolabhip

achieved in this thesis.

1.

3.

5.

A novel hybrid integration method rfdéhe realization an optical latm-a-chip

is developed. Advantages of PDMS for the fabrication of microfluidic chip
and the advantages of the sitimasilicon waveguide for the optical chip and
the proposed integration method greatly simplify the fabdnaof low cost
LOCs.

Optimization of labeling conditions of bovine growth hormone with two types
of fluorophores such as Alex@&7 and FITC is achieved.

A novel cascaded waveguide coupler (CWC) system is proposed and
implemented on silican-silicon waveuide 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 nhano
islands for the label feedetection of bovine growth hormone is carried out.

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

The naneslands are integrated into a microfluidic environment and a low

cost labon-a-chip is fabricated.

. A novel method of integration of silver nanoparticles in PDMS microfluidic

chip is developed and a low cost all polymerdaa-chip is realized.
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8.

1.7

Method of manufacturing the naimglands on the glass was successfully
implemented for the formation of namsland on the silican-silicon
waveguide and a narenhanced evanescent wave-taba-chip is developed.
Method of integration of a fully integrated lao-a-chip by integrating

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

2.1 Introduction

The field of Micro Total Analysis System§i{AS) or Labonachips (LOCs) has
gained increased attention since its introduction by Maral. in 199Q39]. This is
because of several advantageSAS perform bioanalysis and detection with higher
sensitivity by using small amount of reagent volumes in short time. Typically, a
bioanalytical process incled 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 siagthip. Adaptation of conventional micro
fabrication technologies for the integration pTAS is complicated and crucial.
Several innovative approaches have been reported for the integration of micro total
analysis systemfgl3, 44, 63] Hybrid integration ofuTAS by using different material
platforms such as silicon, glass and polymeric materials syoblydimethylsiloxane
(PDMS), Poly (methyl methacrylaj((PMMA) and SU8 [51, 6466] has also been
reported. The main benefit of hybrid integrationdfAS is that the properties of
different materials can be exploited for suppaytdifferent functionalities ofiTAS.
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 appr@@ttas 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 diagnostioltan immunoassay$67]. Fluorescent dyes are
compatible for tagging with the biomolecules and detecting via photoluminescence
properties. Emergence of quantum dots (QDs) replaces conventional dyes in
immunassays 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[éB] has
furnished a detailed table of advantages of QDs over the fluorescent dye molecules
for the biodetection. Miniaturized opftuidics biochips together with highly efficient
fluorescent probes can facilitate bedside testing in hospital withll @mounts 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 sirapterrate and
inexpensive methods of integration of optical microfluidic systems. A simpler
approach of fabricating the optical detection modulgTAS is by integrating optical
fibers directly into microfluidic channel§9]. 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 @anponents using single material platform is a highly
useful approach for the realization of portable and roluiAS. For such a
monolithic integration of optical waveguides, the materials having the better
transparency to the wavelength of operation aasibility 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 shoipteater than the cladding in
order to satisfy the condition of total internal reflection at the-ctardding interface

and hence the light is guided through the core. The fabrication of microfluidic
components requires the patterning of material intmptex 3D highaspect ratio
structures and also they must be sealable with a strongteakbonding. 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 fabricgtingS because of
several advantages; it is beompatible, optically transparent down to the UV range
making it attractive to fabricate optical components, easily moldable to any complex
3D microstuctures by soft lithography which is a low cost fabrication process. D. A.
ChangYen et al. [54] reported an attempt of developing waveguides and
microfluidics monolithically on PDMS. The refractinedex requirements of core

and cladding of waveguide is achieved by modifying the curing temperature of the
PDMS. The complexity in the proposed proceéssthat 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. Thefdse SOS waveguide is
reported as low as 0.01dB/dA0].

The silicaonsilicon (SOS) platform has been proven to be suitable for the
miniaturization of monolithi@analytical system$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 procesgarameters, therefore, the mia@ptical components such as
waveguide, couplers, grating based spectronjé@retc. can be fabricated. SOS is

an interesting technology in the optical point of view as the agistvell
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 |qsegcal
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 repted in the literatures are deep micromachining of the silicon
dioxide and hermetic sealing of the microfluidics circuits due to thepiamar
topology of the waveguide.

As mentioned, the fabrication of optical components on SOS platform requires
depositia, photepatterning and anisotropic etching of silicon dioxide layers. In order
to minimize the optical loss, the roughness of the etshefdce and verticality of the
structures are to be given more attention. In addition, the core layer needs to be
deepy buried, typically 1520em deep inside the cladding layers. Therefore, the silica
layer has to be deeply etched (more thaan®Oto bring the microfluidics to the
optical path. Technologies such as Deep Reactive lon Etching (DRIEY2jand

Laser machining73]are reported for the highspect ratio micromachining of silica
layer, but they are expensive, complex and time consuming. Recently-a@3ow

nontraditional micromachining technology called SACE (Spark Assisted Chemical
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Engraving)[74] has been employed for the machining of silica layer deposited on
silicon substrate. Development of microfluidic chahand optical waveguide on
SOS by using SACE is still underway due to high roughness surface associated with
the SACE. Laszlet al[75] have reported a method of making microchannel on glass
by diamond sawing whicks simple and can be carried out in a general laboratory
environment. Even though this technique is suitable for fabricating straight
microchannels, the machinadrface can be very rough.

In this work, a novel optical microfluidic system is developedrtggrating silica
onsilicon (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 fabricatioaf a straight microfluidic channel in SOS waveguide, which is
simple and a costffective method. However, in order to have a fluidic system, the
SOS chip is further integrated on a PDMS platform containing more microfluidics
components. The microfluidistructures requiring high aspeetio 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 oxggaasma treatment. The use of thin
PDMS layer for the sealing of device could solve fabrications issues duelarar

topology of the waveguide.
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The use of diamond machining together with the integration on PDMS made the
fabrication of optical UTAS an eg 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 eCP (microfluidics asisted 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, mopgpetc. 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 smoothenecciBP.

2.2 SOSPDMS Optical-Microfluidic system

Figure 2.1(a) shows the schematic illustration of the - PO®S integration process.

This process is designed to implement an optical microfluidic system by using
simple, easy and lowost 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
guality 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 faciliy. 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 chiptlee 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 fluidngected 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 whileiglgag this integration process:
sealing of the SOS waveguide with Rplanar 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 treat@me of the

main issues with the oxygen plasma bonding is that pkussated 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
solvethis 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 nonplanar regions of the waveguide and produce a leak proof

hermetical sealing.
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Figure 2.1(a) Schematic illustration of Siliean-silicon-PDMS OpticalMicrofluidic
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 refv@cindex 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 diexiill 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 2.2lllustration of Silicaon-silicon waveguide

Since the topology of the waveguide is fmanar, 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 Planarizetn (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 combinatiomwzéchanical 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
sizedepemlent 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
the present configuratn. In order to adopt this technique for the waveguides having
the unevenness of ~5&em, etchingdg77with two

Ruano et al[50] reported monolititc 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 twoNP® layers. Herein, to get a
hermetic sealing, a thin flexible PDMS layer is bonded between theplaoar
waveguide and a thick PDMS layer containing the fluidic ports. This kind of double
layer sealing is required since all the fluidic parts includingithed 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 SGBDMS integration greatly simplifieshé 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 tip with a straight microfluidic channel to facilitate the realization of complex

opticalLOCs through an easy and inexpensive process.

2.4 Device fabrication and Integration

2.4.1 Fabrication of SOS chip with waveguide and microfluidics

The fabricatbn 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 Deposon (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 (1&m width) of the waveguide, plaresist masking layer was patterned by
using UV photolithography. The core layer was micromachined by Reactive lon
Etching (RIE). Finally, the top cladding layer was deposited with the process as that
of the parameters of the bottom cladding layer forobirs. Due to the conformal
deposition of top cladding layer on the patterned core layer, a thickness unevenness of
around Bm was observed on the waveguide. Finally, the waveguide was diced into
4.5x6.5mm samples as shown in Figure 2.3(a). Each 4.5x6.5mqmn has six
waveguides of ~10>3n core cross sections separated byeh@0The waveguide
facets were polished by using diamond lapping film ok Jparticle sizes (Allied

High tech) to enhance the coupling of light to the waveguide. In order to assess the
guality of the waveguide facet, the facets were imaged by-FER. 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 Labon-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 éthe 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 Sizenof
coated on it. The thickness of the blade was&0Q0rhe 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 8dm. 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 ter®40 order to

have a channel depth of ~HpO (+/-10 em). The machining speed was set to 1
mm/sec. Figure 2.4shows 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 ~&rhGas shown in Figure 2.4.
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(a) (b)

Figure 2.4(a) Top viewshowing 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 wasBB0The

depth of the microfluidic channel in the PDMS wasp80. The mold for the PDMS
platform was designed in commercial software called ProEngineer and fabricated on
brass by CNC machimg. 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 bg twocomponent 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 plased in a vacuum desiccator and
degassed until all the gas bubbles were removed. Further, PDMS was casted on the
brass mold and baked at’80for 5 hours. The baking temperature or time is not
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critical as the optical property of the PDMS such as theactée index is not a
concern in the present work. The crlisking 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

=

3_

PDMS chip made by soft lithography

Figure 2.5Brass 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, secosdhe 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 plama 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(CHg),- unit in PDMS to silanol group (8DH). The quality of the bond is
determined by the exposutine 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 plasmgposure 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 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 secorastiiehSOS 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@&chip,

52



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 twh t
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 58C 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 baketCao83 hours.

Then thePDMS 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 PDM%Slatform 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 microfidic channels. Then the fluidic tube (obtained from
Gilson Mandel) having the inner diameter of 260 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 fromBtwev 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 Z@for one hour. Figur@.6(a) shows the photograph of

the fully integrated SO£DMS labon-a-chip.
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Steps Process Fabrication method

1 Integration of microfluidic channel on S Diamond dicing
waveguide

2 Fabrication of PDMS platform for th PDMS Softlithography
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 STBS labon-a-chip.

SOS Chip

100 ym

Stagnation area

Figure 2.6 (a) SOSPDMS Labon-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 MihisuE 3 peri stal tic
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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 ofub size, purchased from the Duke Scientific, (caga
number G0500) was used. The polystyrene spheres were dispersed in DI water at a
volume fraction of 16 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 ai@s 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 thdluidic 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 atted. 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 enofluidic assisted chemical polishingQP). 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 ammuonilworide 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 aftert di5o
minutes of soaking. Hence, in the casee@P, 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 clauakd fiber holders obtained

from the Newport. Micropositioners are fraxis controllable. Light from a fiber

laser (OZ Optics, 635 nm, 1 m W) was directly coupled to the waveguide with the
help of optemechanical setup. A multimode fiber is aligned whk 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 SGRDMS Labon-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 stabfgythe QDs are

used in many biodetection applications such as the detection of protein toxins
(staphylococcal enterotoxin B, cholera toXn8), ricin, shigalike toxin 1 (SLT),
staphylococcal enterotoxin B (SHBY], Escherichia coli O157:H7 and Salmonella
typhimurium [80] and the detection of singlaucleotide polymorphism in human
oncogene p53 and for the multiallele detection of thgalitis 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 {aipplications.

57



For the investigation of fluorescem detection capability of the SFPMS LOC, the
guantum 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 asivede 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) 8&&orded 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 @f® S
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 655ahm th
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 amégrmoel is
~110um 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 chaheelevice

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 measurem@imes.detection limit of thelevice

is found to be as low as 0.1B4. 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
beween the fluorescence and concentration of quantum dots. This experiment
demonstrates that the proposed LOC can be used for maapjlications based on

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

dot.
2.6 Conclusiors

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

lithography were used for the fabrication of device. By exploiting the benefits of
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PDMS for fabricating higtaspect ratio microfluidics structures together with the
integration of low loss SOS photonics waveguides greatly simplifies bredtion

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 -BOSIS integration
demonstrates the possibility of realizing simple and-éegensive LOCs for bio

detection based on quantum dot fluorescence.
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Chapter 3: Detection of fluorophoretagged
Recombinant Bovine somatotropin (rbST)
by using Silicaon-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 pitaitary extract,
which is responsible for the increase of milk production, is bST. The effect of bST on
milk production was discovered in 193}. 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 controyedsial

82, 83] because of its potential effects on animal and human health, henge,
forbidden in many countries. To provide meaningful information to consumers and to
identify the rbSTHreated animals, highly sensitive analytical methods arersztju

The concentration of bST was traditionally estimated using, either an etinked
immunosorbent assay (ELISA22, 23] a radioimmunoassay (RIA34] or bioassay
methods[25]. ELISA assays have a limitation that is the concentration of antibody
can only be reported in relative terms
and concentration. More ecently, a sensitive method based on liquid
chromatographynass spectrometry (L-®1S), combined with electrospray ionization
[13, 26, 85, 86hasbeen 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 thimethod difficult to implement for the rapid
detection of bST and rbST in milk. Surface Plasmon Resonance (SPR) biosensing
method has also been sugges{@@] for the detection of rbST, however, the
measuremestare 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 milks very important and still a challenging task, hence, this
work proposes an optical labra-chip platform for the detection of fluorophere
tagged rbST. The advantages of thedaka-chip are principally, a low consumption

of reagents, portability, saibility for the Point of Need (PON) application, and low
cost, compared to other existing methods

Since 90s, miniaturized total analysis systepiBAS), alternatively called Labn-a-

chips (LOCs) have gained increased attentions as a major breakthrough in analytical
chemistry. Though the concept of miniaturization of analytical systems was initially
proposed39] 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 integrationfanultiple 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, howef@ra wide range of applications,

new materials and fabrication processes were also reported in litejédyr&0}
Silicon, glass and polymeric materials such as polydimethylsiloxane (pIB45

poly (methyl methacrylate) (PMMA)B7] and SU8 [64] are widely used material for
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the fabrication of miniaturized total analysigstems.

Even though there are many techniques reported for thdebdation, fluorescent
detection is still a widely used approaet®] 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-a-chip, an optical setup consisting

of a light source coupled to the waveguide tiglo 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 beeanp48, 50] suitable for

the miniaturization of analytical systems.

Labeled and labdree are the two widely used methods of optlzaded detection of
biomolecules. Fluorescence detection is widely used method of quantitative
detection of biomolecules. Highly stable fluorescent probe are already demonstrated
for the detection of DNA88] and proteing89]. Also, tre 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 conditiointhe fluorescent probe

with biomolecules, however, a large variety of biologically important molecules are
commercially available in fluorescelabeled forms. On the other hand, main benefit

of labekree detection method the absencef labeling procss and low cost.

In the case of the labélee methods, the optical resonance properties of metallic
nanoparticles are extensively used for analytical purpkes90, 9]. Fluorescent

dyes[67] or quantum dot$68] are proven to be useful for labeling and detection of
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various biomolecules. Fluorescein derivatives are used foride wange of
applications such as fluorescence microscopy, flow cytomd8g] and
immunofluorescencbased assay$93]. FITC received the most attention for
conjugation with poteins as it reacts with amino groups in peptides and forms stable
thiourea bond§o4].

In this chaptey the detection of fluorophoitagged rbST is demonstrated by using a
low cost optical laln-a-chip. The adantage of PDMS for the fabrication of high
aspectratio microfluidics components and Silioa-silicon (SOS) for the fabrication

of optical waveguide is exploited for the fabrication of adaka-chip. By using soft
lithography, any higlaspectratio 3D-microfluidics components, required for thedab
ona-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 @S by using the diamond sawing technique.
Finally, the SOS chip was integrated on the PDMS platform for the realization of a
low cost optical lalna-chip. In our previous worfs9], the proposed labn-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 themectrometer. Such an-lme excitation and collection of emission was
possible due to the narrow emission spectrum of the quantumiddise present
study, two types of dyes, FITC and Ale@d7 are used for the tagging and the
detection of the rbST. Ste the emission spectra of the dyes are wide, thi@en

excitation resulted in the overlapping of the excitation and emission spectra in the
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spectrometer, and hence a new testing scheme is used as illustrated inuth8.Fig

in order to excite the spes from the top of the microchannel. The tagging procedure
for the rbST with two types of fluorophores such as FITC and AfelXa was
optimized for maximizing the fluorophoqmlypeptide ratio. The purpose of the
present work is the optimization of thé&ing 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-fli®fophore conjugates

and demonstrate the capability of the pragubd.OC for reliable quantitative
fluorescege detection and measuremenihe present work demonstrates the
possibility that the proposed LOC can be developed further for the detection of rbST

in milk.

3.2 SOSPDMS Lab-on-a-chip

An optical microfluidicsystem is fabricated by a novel hybrid integration method.
The use of PDMS for the fabrication of high aspetio microfluidics circuits and
silica-on-silicon planar waveguide technology for the fabrication of low loss optical
waveguide are exploited 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 silimxdel
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 wavegudéhd-
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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 processest 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-hggectratio
microfluidics components on SOS platform is expensive and a challenging process.
Hence a lowcost 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 fluorefsigged
recombinant bovine somatotropin is shown inufegB.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
fluorophoretagged biomolecules that are to be tested will be pumped through the
fluidic path as illustrated ifrigure 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 spectnoeter. The emitted fluorescence light is collected

through the waveguide and coupled to the spectrometer.
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Figure 3.1Schematic illustration of SGBDMS Labkon-chip.

The process of integration of SBP®HMS labon-a-chip is illustrated in Figre 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 i[9%f.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 wadegun 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 wiahgutelay, 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 inr€ig.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

$0S Chip

Waveguide facet where
light is launched

Fluid injection zone

Lqmdﬁi>

)

Slot for the SOS Chip PDM S

(Glass substrate

(a) (b)

Figure 3.2lllustration of integration of SOEDMS Labon-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 tecos ahd
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 represesttstefi

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 separatioegss 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 domg rbST 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 atibST has to be absorbed on the functiomaimicrochannel 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 bovinsomatotropin(rbST, Molecular Weight22 kDa) was obtained

from CedarlangON, Canada. FITC, Alex&47, Phosphate Buffered Saline (PBS)
and sodium carbonat@carbonate were obtained from Sigikrich, CanadaThe
PBStabletwas dissolved in deionized (DI) water at 0.1M concentration and 7.2 pH.
Sodium carbonatbicarbonate waslissolved 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 carbondiearbonate buffer at a concentration of 1 mg/ml.

A gel filtration column filled with Sephak G25 beads was used to separate the
unreacted FITC. The use of Sephadex beads formed by cross linking dextran with

epichlorohydrin was widely reported fohe separation of biomolecule$he bed
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volume and the bebeight of the column @re3.5 ml and 2 cm respectively. The
PDMS base and curing agent (SYLGARD 184 Kigre obtained from Dow

Corning

3.3.2 Tagging of rbST with FITC

The procedure reportefP9] for taggingmmunoglobulin G(lgG) with FITC was
modified as explained below2 mg of FITC wasdissolved in 2 mL of 0.1 M sodium
carbonatebicarbonate buffer solutiorl ml of rbST was mixed with 200l of FITC
solution and the reaction was carried out for several hours and at different
temperatures. Thereaction mixture was stirred by usingagretic bars. The
separation of labet rbSTwas carried out by using colunghromatography. The
Sephadex G25M column was used for column chromatography. The column was
stabilized by elutingvith a PBSsolutionfor one houy prior to the separation process.
Then the reaction mixture was added to the column t#wedseparation was carie

out by collecting10 fractions. To each fraction, 0.25 ml of PBS was added to the
column and the presee of labeledpeptides was asseed by measuring thdV-

Visible spectrum.

3.3.3 Tagging of rbST with Alexab47

The rbST solution was prepared in 0.1M sodium bicarbonate buffer at a concentration
of Img/ml. Then, 1 ml of the rbST solution was mixed withul56f 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
columm was stabilized by elutingvith 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 &l PBS. Each fraction0(2 ml of PBS$, was added to the
column andhe fractiors werecollected.The presence of the conjugate is assessed by
measuring the abdmsincespectrum in the UWisible range. The fracti@containing

the conjugatearepooled together and storedarsolution o2mM sodium at &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 dioxidee 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 1.445igkmess 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 totalaintern
reflection. Thickness of the core layer wasrbas 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 teuhlOby using UV photolithography

and reactive io 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 bging a diamond lapping film of Gfn 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 fabricateby 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 dem@sshe mixture in a
vacuum desiccator to remove the gas bubbles. Then PDMS was poured into the brass
mold and baked &80°C for 5 hours. Figre 3.3 (b) shows the PDMS microfluidic

chip fabricated by soft lithography.

As mentioned above, a straight micraohel 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 &#0in order to have a
channel depth of ~106m (+/-10 em). Figure 3.4a) shows the mroscope image of

the microfluidic channel fabricated on the SOS chip. Both the width and depth of the

channel was measured by using an optical microsempkthey were ~1E0n.
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Figure 3.3(a) SEM of waveguide facet (b) PDMS microfluidic chip

(a) (b)

Figure 3.4 (a) Microscope image of SOS waveguide with microchannel (b)-SOS

PDMS Labon-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 ira 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 camected to the device to pump the sample to the devicard~ig
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3.4(b) shows the SOBDMS Labon-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 fom 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 polisbh@g)(was

used for polishing the wall of theienochannel. 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-gpetfor the detean 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 optoechanical setup used for the detection of fluorophore
tagged rbST. This setup consists of two micropositioners, optical fibres, light source
and a spectrometer. The LOC was fixed onai3 controllable micropositioner, and

a Saxis controllable micropositioner is used to align the fluorescence collection fibe
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 (L$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 AkB4Y tagged rbST. A commercially
available spectrometer (USB 2000) obtained from Ocean optics was used for the

measurement of fluorescence dpaw.
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Figure 3.5Experimental setup with SGBDMS Labon-a-chip

3.4 Results and discussion

The absorbance spectrum of the conjugates showed two peaks, the one at 280 nm
correspondgthe absorption of rbST and the second one at 495 nm or 650 nm
corresponds the absorption of FITC or Aleé&y, respectively. The concentration of
fluorophore in the conjugates was estimated from the extinction coefficient which is
measured from the absamce at 495 nm or 650 nm in the absorbance spectrum of
FITC or Alexa647 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 dhe 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 formuj&4j:

Concentration oflye, G= — (3.1
WhereAqye is the absorbance of conjugate due to the fluorophores arfd,gﬁtethe
extinction coefficient of unbound dye, which is expressed as the optical density of

0.1% dye solutioomeasured in a 1 cm cell.

The concentration of rbST in the conjugate is estimated by using the fd@6jla
# - _— (3.2)

Where CF is a correction factor as the dye also contribute a small absorbance at the

280 nm. This value was obtained from the

 is 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 othie fluorophores

The degree of labeling of the conjugates is assessed based on the molar fluorophores
peptide ratio, which is given H96]:
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FIP = (3.3)

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 thevid\ble absorbare
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 rbST and FITC for 5 hours and ¥ 5The concentration of FITC, rbST

and the dgree 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 inhé conjugate was found as M by using the
Equation 3.1, herein thglye of FITC was 70000MCM™[97] and theAqye (Asgs) Was

1, which was measured from the Figure 3.6(a). The concentration of rbST in the
conjugaé was estimated by using the Equation 3.2 asuM3@r 30ug/ml), herein

the Asgowas measured from the Figure 3.6 (a) as 0.37. The extinction coefficient of
the rbST,} was 14,960 MCM™ and the correction factor CF was 0.35. The molar
fluorophorespeptde ratio of the FITC tagged rbST was calculated by Equation 3.3 as
approximately 10.

Figure 36 (b) shows the absorbance spectrum tloé Alexa647 conjugates
synthesized through the reaction of Ale&/ with rbST for 3 hours at room
temperature. The re@on 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 th@bsorbance maximum at 650 nm. The concentratiohlexa647

in the conjugates was calculated 5.4 uM, herein the of Alexa647 is
239000M'CM™ [98] and the Aye (Assq) Was meased from the Figure 3.6 (b) as 1.3.
The concentration of the rbST in the conjugate wstsmated by uation3.2 as
8.79uM (or 19 pg/ml). The molarF/P ratio of the Alex#&®47 conjugate was
approximately 1.

To find the detection limit of the proposed Lab-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 37(a) shows the fluorescence detection from the FITC conjugates. Though the
absorbance maximum of the FITC is at 495, tine FITC conjugate was excited by

the LED source of 470 nm. The fluorescence emission recorded for the lower
concentration of conjugates is given in theuregB.7(a). When the concentration of
conjugates was reduced below the 312 ng/ml, no signal wasmed. Hence the
detection limit of the device for the FITC tagged rbST wasrgjial.

The fluorescence signal detected from Al&4X tagged rbST is shown in Figure
3.7(b). The Alex647 emits light at 6 nm upn the excitation. The absorbance
maximum ofthe Alexa647 dye is 650 as shown in thigglire 3.6(b), howeverfor the
excitation of Alexa647 conjugates, a fiber laser of 63% was used. The Alex@47
conjugate was diluted to lower concentrations to investigate the detection limit of
device for thedetection of Alex&47 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 loencentrationsof conjugates is
shown in the Figure 3(b). Whenthe concentration of the conjugate was reduced to
lessthan the 24Gg/ml, there was no signal recorded. The detection birtihe LOC

for the Alex647 conjugate is found to be lower than the FITC conjugate.
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Figure 3.6 UV-Visible absorbance spectrum of (a) FITC conjugated rbST, (b) Alexa
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Figure 3.8Fluorescence intensitpeasured in the LOC for the tagged and unbound

fluorophores against the concentratiof, C

In order to compare the sensitivity of the Lkasa-chip for two conjugates, the
concentration of fluorophores of the two conjugatesgi@en by Equation3.1 is
presented against the fluorescence intensity inir€ig.8. The fluorescence intensity

of the unbound fluorophores ialso included in Figure 8.for comparison. The
fluorescence intensity is proportional to the power of excitation, quantum yield and
the extinction coefficient of the fluorophoreSince the quantum yield depends upon
the degree of labelling99], a precise estimation of sensitivity of the fluorescence
detection becomes a complex problem.

The total mwer of excitation on the microchannel of width of At was

approximately 3 dW for FITC and 2QW for Alexa647. The intensity of the

81



fluorescence signal emitted by the fluorophores may be estimated by:

k=—xQT U¢xIL C (34)
Wherel; is the fluorescence signal emitted by the fluorophorgs,tRe total power of
excitation on the microchannel of are,, A U i s t he extisnheti on co
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 EquatiorB.4 can be written by replacing LfAvith a constant K:

=PAxQl Uixlk C (35)

Hence, the ratio of intensity of FITC conjugates to that of Al®&a conjugates can

be written as:

i i (3.6)

h h

Where F|?|:|TciS 37|JW, QY,FITCi S Orrc9 /ZS, 700()0 I\/Ilcm'l, Pl,AIexa is ZQJW and

Qvrrcl s 0 aeli8239000M'cmit. Therefore the Equatid®hi6is written as:

— pP8TIT (—— (3.7)

For a given concentration of the fluorophores, that is fgfcGCajexa the ratio given
by the Equatior8.7 is 1.042. From the Fige 3.8, the ratio of ditc t0 laexa 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 labé&liag.
similar analysis for the unbound fluorophores yielded a ratio of 0.89, which is close to

the estimated value.

3.5 Conclusiors

The detection of tagged rbST was demonstrated by using a low cast-éathip.

The proposed device was fabricatedimtggrating silicaon-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 @&aation of rbST with
fluorophores are optimized for the high&3P ratio. The fluorophoreagged rbST

was diluted to different concentrations and detected in the LOC. The detection limit
of the device for both the conjugates was investigated. Though/Rheatio of the
Alexa-647 conjugates was less that the FITC conjugate, the &léXaonjugate 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 sengitivilye
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 thepresent device is high, compared to the residual bST
present in the milk, reported to bel@ ng/ml[100]. The rbST may be found in milk

of the rbST treated animals and the amount of roST can be of the ordedoédaiof
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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 -sifisdlicon
platform, it is possible to enhance the sgwity 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 syste
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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 bovioenatotropin(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. Since then, bST has been used

for increasing the production of milk and
recombinant DNA technology, large quantities of artificial hormones called
recombinant bovine growth hormone also knowas 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 metbds of detecting peptides include the enzyimieed
immunosorbent assay (ELISA22, 23] radioimmunoassay (RIAR4, 84] bioasay
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 bDeltataitve st ear mognbdmaas$ ohf
concentration. Recently, thkquid chromatographynass spectrometry (L-®1S)

combined with electrospray ionizatigd3, 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 shmatotropin However, the LEMS is a
complex technique and requires expensive instrumentations. A surfaceplaased
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 proposefbr the detection of fluorophore tagged
recombinant bovine growth hormone.

Among the various methods of baetection, opticainethods by using
fluorescenci9], surface plasmon resonance (SRB2] andevanescentvavebasel
method§38, 103] are attractive approaches dte their higher sensitivity, better
stability, better spatial resolution and highatisiination capabilityEvanescent wave
sensing methods have been widely reported for chemical and biological detection
[104, 105] The evarescent wave is the exponentially decaying tail of thielep

mode in an optical waveguide, which is highly suitable for the transduction of
surfaceassisted 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
absorptim 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 absomt based detection is one of the earliest-datection
methods, which is limited to the biomolecules having ctheomophoresvhich are
responsible for the absorption of light. In the fluorescence sensor, the biomolecules

are conjugated with certain flusscent 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 boundthe 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 [il¥sor planar
waveguideg107]. In optical fiberbased evanescent wave sensor, the thickness of the
cladding is reduced or removed so that the evanescent wave can interact with the
species immobzed 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 uncladdeand 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 impfeed 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 evanesmentinteraction

length needs to be increased to achieve highertséysiThe evanescent penetration

depth in a waveguide is given by:

d, = (4.1)

Where & is the free space wavelength of
nc is the refractive index of coréis the angle of ray at the cectadding interface
with respect to the normal amfj is the critical angle. It can be seen from Equation
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4.1 that thed, is maximum whend approaches the critical angle. Therefore,
alternatve methods reported to increase the evanescent wave penetration depth are
selective ray launchinfl08], use of fiber probes with tapered geomgi§9] and

use of bend§110] in waveguides. The tapering of the fiber probe could increase the
evanescent wave penetration depth and also reduces the mismatohnmoers. The
bending of the fiber could bring the anglelose to the critical ag, which transfers
power from the guided modes to the leaky modes and hence more light is available to
excite the taggedpecies. The unclad fiber probes witkbend is reportefiL 10, 111]

for enhancing the detection of kspecies. The Wend 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
senseos have several advantages. The mechanical robustness, feasibility of integration
of multiple optical and microfluidics components for the realization eblab-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-onsilicon (SOS) waveguide is used for the realization of an evanescent wave
sensor. SOS has been proven to be adost and good platform for the integrated
optical circuits as the existing wetlharacterized 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 bmicrofluidic component§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 tleection of the
recombinant bovine growth hormone. The waveguide pattern composed of a single
waveguide split into multiple paths usingpend couplers and subsequently combined

to single waveguide was monolithically integrated on the SOS platform. The
fluorescently taggedbST molecules are immobilized on the surface of the
waveguide. By splitting of the waveguide into multiple paths, more area is available
to immobilize the taggedbST. In addition, the penetration depth of the evanescent
wave can be icreased with the use of thebend and taper. In this paper, an
evanescent wave sensor with enhanced sensitivity is realized by using cascaded

coupler integrated with-Bends, tapers and splitters.

4.2 Evanescent wave fluorescence sensor

A schematic ilistration of the evanescent wave fluorescence sensor is shown in
Figure 4.1. An sbend section with fluorescently tagged-sjmecies placed around the

core of the waveguide is shown in Figure 4.1(a). As the light propagate through the
waveguide, the evanesnt 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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Evanescent wave biospecies
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Figure 4.1 (a) Evarescent wave sensor, (b) Sketch of the SOS waveguide with antibody and

taggedantigenimmobilizedon 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 higbiactive 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 tagge8T. The buffer solution containing

the taggedbST is placed on the core, hence the tsmucontaining biespecies acts

as a top cladding layer of the waveguide. The antibody immobilized on the core
interacts and binds with taggedST on evanescent field of the core. Therefore, the
taggedrbST available within the vicinity of evanescentldieis excited. The

fluorescence signal emitted by the tagge8T 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-taghling of the fluoresence

is explained in ref112]. The backcoupled fluorescence occurs when the oscillations
of the excited dipoles of the fluorophores which are closely bound to the core produce
the electromagnetic near field anderlap 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 fibef{113] and planar waveguid@d07] structures demonstrate that

the fluorescence collection efficiency increases with theumber of the waveguide.

In this work, the fluorescence collectiafficiency of the straight and-tgeend are
simulated by FDTD techniques. Théend 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 efficiecy of straight and
s-bend waveguides

As explained before, in the evaneseemive fluorescence sensors, the fluorophore
tagged biomolecules are selectively adsorbed to the core by the functionalized
antibody molecules. The fluorescenthgged moleculesare 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 claddingofte wavegui de. Using the Snell 6s

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 fev reflections at the coreladding interface. However, by using the
wave optics, we can see that the light sources located near thdamding interface

can interact with evanescent tail of the guided modes by transferring some of the
power from the ligt 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 FUullWAVE was carried out. A 2D
model of waveguide with a point souroé wavelength of 650 nm placed in the
cladding near to the core was used for the FDTD simulation. A power monitor was
pl aced at the end of the wavegui de. The
defined as the ratio of total power received in a powenitooto 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 modetfleed 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 and thewidth, W was varied

from the 5pum to 2Qum. 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 distashcé the light souce 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
saurce kept at the cladding to the propagation mode. When the diddaoicéhe
source from the core was more than 500 nm, the collection efficiency was found
negligible. An exponential relation between ftthend collection efficiency can be
observed in thd~igure 4.3(b). When the 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

distanced of the source from the waveguide for different waveguide widths.

The fluorescence collection efficiency of the straight waveguide estimated for
different widths (W) of thewaveguide 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 isasmg

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 Wnumber is proportional to the width of the core and the numiguided

modes supported by the waveguide, the field at theaadsling interface is stronger

and the collection efficiency increases with th@Mnber.
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4.3.2 The fluorescence collection efficiency ofteend

The suitability of the $end for therealization of the cascaded waveguide coupler is
tested by estimating its fluorescence collection efficiency. Herein, the effect of radius
of the sbend is investigated on the fluorescence collection efficiency. The width and

length of the dend were kepat 2Qum and 10Qm respectively in the FDTD

simulation.
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(a) (b)
Figure 4.4 (a) FDTD simulation of fluorescence coupling of light bigend and (b)

The estimated fluorescence collection efficiency agairesradius (R) of the-Bend.

For the estimation of thuorescence collection efficiency of thebend, a point
source was placed at 100 nm away from thersds and a power monitor was placed

at the end of the-kend. The FDTD simulation showing the coupling of light from the
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point source located in the cldidg of sbend 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 1000nm.

The simulation of saight and gend confirmed that when the radius of tHeesd 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. df 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 Schematimf evanescent wave sensor using cascacdeeguidecoupler

in comparison with a straight waveguide.
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The advantage of the-lxend for the evanescent wave sensor is that a multiple
waveguide system can be realized by cascadiguplers made up oflzends.

The sensor with multiple waveguides of 5 stages, namely S1, S2, S3, S4 and S5 as
shown in Figure 4.% designed for evanescence coupling based sensing. The 1x2 Y
splitters were designed withbends As shown in Figre4.5, thelight is coupled to a

single waveguide which is Bpinto multiple paths byix2 Y splitters and after five
stages of splittingthe waveguides are combindy 2x1 power combiners\ 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 BeamPr% and thebend 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 iqu®for cascaded waveguide
coupler. In the tapered section, the width is increased foréat the tapeend where

a splitter and a combiner connect. An enlarged view showing the cascaded waveguide
and tapers are also illustrated in Figure 4.5 for clearbwsig 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 SOSwaveguide chip is microfabricated in a clearormo The process steps

involved in the fabrication of SO®aveguide 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 plasemanced chemicaapor deposition
(PECVD). PlasmaLab 80 Plusf Oxford instrumens is used forthe 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’@ 3@
deposiion gas mixture of silane and nitrogen (5 percent,S8% percent B at a

flow rate of 170 sccm and nitrous oxide (N 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 Mz. The rate of depositionwas 50 nm/minuteThe
deposition was carriedut for 4 hours and 30 minutes to yield an oxide layer of
thickness of ~1dm for the bottom cladding of the waveguide. The process parameter
is changed to achieve higher refractiveexdor the core layer. The flow rate of the
mixture of silane and nitrogen (5 percent §id5 percent B is increased to 500
sccm and flow rate of JO was increased to 500 sccm, and the RF power is increased
to 200W at 13.56 MHZThe deposition is carrieout for 45 minutes in order to get a
thickness of gum for the core layerThe refractive index characterization of silicon
dioxide was carried out bgllipsomety (Spectroscopic ellipsometer, Model: VASE,
Soprg. The refractive index measured for tbere 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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1. Silicon wafer

2. Deposition of bottom cladding layer

. Deposition of core layer

4. Lithography and RIE of core layer

)

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
waveguidecouplers was designed in-ddit and transformed to the DWL66 laser
writer and directly written on the wafer. The laser whtad of 2 mm having a
resolution of 500 nm was used for writing the pattern. The photoresist AZ1518 was
spun on the wafer at 300pm and baked at 190 for 2 h in an oven, which resulted

in a qum 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 mites 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 etchub® of oxide without burning the photo resist mask.
For the RIE, the chamber was pumpedvddo 50mT and the process gaseblF;,

Ar and CR 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 Og3n/minute. The total etching time wase hour including the 30
minutes of etch pause, which resulted in the etch depth of then.1&EM

micrograph of the waveguide is shown in Figure 4.8.
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Waveguide

Figure 4.8 SEM micrograph of SOS waveguide, (apend coupler of the multiple
waveguide system gja 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
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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 lagesource 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 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 1um accuracy are used ihe setup. Two fxis controllable micropositioners
obtained from Newpolt' 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 X4xis 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.

Sensor chip

LASER T I CCD Camera

Fiber

Microscope objective lens

(2)

Multiple waveguides

(®) ©
Figure 4.10 Experimemal 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 confirnthat 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 waveguel 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(fhhe Sample was fixed in a micropitioner

stage as shown in Figure 4.10(light from a fiber laser (OZ optic¥owerlmW)

of 635 nm wavelength wadirectly couplel to the waveguidéy a single mode fiber
(9-125um, corecladding diameterjvith the helpof a 5 axis micropositioner stage
(Newport™). A CCD cameravith 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 usedbserve the
waveguidefiber 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 microscopémages 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 ofight 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 4.12Image of the waveguide facet (a) Single waveguide (b) Multiple

waveglide

4.6 Biosensing experiments

4.6.1 Materials

Recombinant bovine somatopin (rbST, Molecular Weight22 kDa)and the anti

rbST were purchasedrom Cedarlane, ON, Canada. Ale&d7, Phosphate Buffered
Saline (PBS) and sodium carbonbiearbonate wereeceived from Sigm&ldrich,
Canada. The PBS tablet was dissolved in deionized (DI) watec@icentratiorof

0.1M with a pH of 7.2 For the peparation of rbST solution,odium carbonate
bicarbonatéuffer solution with aoncentratiorof 0.1M and pH of 9.@vas usedThe

rbST was dissolved in sodium carbonate bicarbonate buffer at a concentration of 1
mg/ml. A gel filtration columrhavingSephadx G 25 beads was used to separate the

unreacted FITC.
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4.6.2 Tagging of rbST with Alexab47

The rbST solution was prepared at 1 mg/ml in 0.1M sodium carbonate bicarbonate
buffer solution. Then 50L of Alexa-647 solution of 5 mg/ml was added to 1 ml of
rbST solution. The reaction of roST and Ale&7 was carried out under continuous
stirring for at various times and temperatures for obtaining the best labeling ratio.
After the reaction, the labeledST was separated from the reaction mixture by
column chromatography usirgephadex G 2%lution of column was carried out in

10 fractions of 2ml PBS. The UVisible absorbance spectrum of each fraction was
measured by spectrophotometer (LAMBDA 650, KierElmer) to assess the
presence of conjugates. The degree of labeling and the concentration of rbST in the
conjugates were calculated as explained ii94f96] The degree of labeling anlet
concentration of rbST in the conjugate were estimated at 1 anqugl@l,
respectively. The conjugate was diluted to different concentration in PBS for the

sensing experiments.

4.6.3 Immobilization of fluorescently taggedST on the sensor chip

A schematic representation showing various steps involved in the adsorption of
fluorescently taggeST onto the SOS waveguide is shown in Figure 4.13. The first
step of sensing is the immobilization of ariST. The antrbST was prepared at a
concentrdon 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®&t it0@n oven for at least

one hour. The surface of the waveguide core was modified with 3
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Aminopropytriethoxysilane(APTES, sigma Aldrich)[114] in order to attach the
antirbST covalently. The waveguides were immersed in ethanol containing 2%
APTES br 15 minutes, rinsed in ethanol and heated al@®6r 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 irb&Ttisolution for 1

h and washed i’BS. The Figure 4.13(b) represents the sample after theb&ii

was adsorbed. In order to block the rspecific binding site, the sample was soaked

in bovine serum albumi(BSA) and the sample was washed with PBS. Figure 4.13(c)
shows the samples aftelocking the norspecific binding sites. Then the waveguide
was fixed in the measurement setup shown in Figure 4.9 and the t&@&jedvas
added on to the waveguide covering all the waveguide regions. The representation of
sample with taggeddST is as stwn in Figure 4.13(d).

YeY YT 1Y

o
$,6.3.$,8

H Y ' &

Waveguide OH groups  Anti-rbST BSA Tagged-rbST

Figure 4.13 Steps involved in the functionalization of waveguide chip, (a) modify
the waveguide surface with APTES silane to absorb thela®i (b) absorb anti

rbST and (c) block nespecific sites and (d) absorb the taggedltbS
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4.7

Results and discussion

1200ng/mi
560ng /ml
+-- 280ng/ml

* - 140ng/ml
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Figure 4.14 Fluorescence signal recorded in the sensor chip after argtigdaody
binding for various concentrations of tagg&®T, for (a) single waveguidé)

cascaded waveguide coupler.

In order to investigate thauability of the sensor for quantitative measurements of
tagged rbST, the variation of fluorescence signal against the concentration of tagged
rbST was established. Several identical S@Seguides chips were used for the
detection experiments in order $tudy the variation of fluorescence signal against the
concentration of taggedST. The evanescenbupled fluorescence signal is
collected through the waveguides and coupled to the spectrometer. The intensity of
the fluorescence spectrum was foundtikating immediately after adding the tagged
rbST on the waveguide and fluorescence spectrum was stabilized attemii@utes.

The fluorescence spectrum was recorded after 15 minutes of adding therta§fed

In order to assess the enhancement of thsitegty of cascaded waveguide coupler,

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

The fluorescence signals recorded for various concentration of tagg§&dn 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
coneentration of taggedobST 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 v&afound 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 rbST was 600 ng/ml or above for the cascaded waveguide
coupler. The fluorescence ma@ intensity of the sensor measured for various
concentration of taggexbST for single waveguide and cascaded waveguide coupler

is presented in Figure 4.15.
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When the fluorophore taggetdST is added to the waveguide immobilized with the
antirbST, the tgged rbST was adsorbed onto surface of the waveguide and gets
excited with the evanescent light. The fluorescence signals emitted by the-tagged
rbST are collected back to waveguide. When the concentration of the t&@gjed

was increased, all the bindisges on the surfaces are eventually filled and hence the
sensor output is getting saturated. Therefore, when the concentration ofrla§d@ed

was increased above 600ng/ml, both the single and cascaded waveguide are getting
saturated as shown in Figu#d5. 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 evanescemwave based fluorescence sensor using a cascaded waveguide
coupler is designed and implemented on the sdieailicon platform. Advantages of

SOS platform for the monolithimtegration of a cascaded waveguide coupler
platform using Y plitters designed by-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 Alexeb47 tagged recombinant bovirsmmatotropin For the specific
detection of rbST, the artbST was adsorbed to the waveguide and the tadg&d

was detected by the enhanced evanescence fluorescence coupling. The sensitivity of
the proposed waveguide coupsystem realized by cascading waveguides was found

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

5.1 Introduction

Developments of novel narfabrication technologies have attracted significant
attention because of the plasmonic properties of nhanomaterials and the feasibilities of
exploiting them for the labdlee detection of biological and chemical substances.
Surface plasmon resonance (SPR¥ed sensors have been widely reported for the
labelfree detection of protetprotein interactiorjl15, 116] DNA hybridization[88]

and bacterig117]. 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 excitatiof26]. 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
propeties in the visible and nedamfrared (NIR) regions of the electromagnetic
spectrum, and they have been proven to be useful for theftabetlletectiofl18-

121] and feasible to integrate in a microfluidic device for the developments-oftab
achip devicefb7]. The optical resonance behavior of NPs is commonly referred to as
localized surface plasmon resonafc8PR), 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 LSPBased sensor over the SBRsed sensor is that the LSPR

property of nanoparticles can be tafld 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 substrafg22, 123] Therefore, the immobilization of
nanostructures with nanoparticles of various sizes and shape is an important
fabrication process for the development of nbmasensor. Subsequentlthe
biomolecules are adsorbed on thenanostructuresand hence the biomolecular
interaction can be assesdgyl monitoringthe positionand/or intensityof the LSPR

band monitored by transmission or reflection spectroscbipg.essential qualities of

the nanostrctures 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 fabricatbn of nanostructures are nasphere lithography (NSLL24, 125] vapor
deposition[126], direct thermal deposition and electrochemical depogjiia8], etc.

NSL is useful for the deposition of ordered nanostructure by depositing a metallic
nancefilm on a self assembled polystyrene spheres. Evaporation of gold film and
annealing to yield a nanostructure film is a ukehethod. 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 reportgd27]. The polymergold (or silver) nanocomposite is also
reported to be useful for the biosensing applicatjefs 128, 129] Hence the process

of formation nanostruares on the substrate with suitable LSPR band is an important

task in the development of nab@sensor.
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In this work, 3DFinite-Difference TimeDomain(FDTD) simulation of a gold naro
islands and nanolusters and a comparison with the experimental tesireported.

The fabrication process of the naistands 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 andiniared regions of ligt. The
morphology of gold aggregates is not very useful for the biosef@irjgbecause of

wide resonance peak. Therefore the modification of the morphology for the desired
optical resonance property is acled by a posteposition 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 theusa®io

is investigated with four hemispheres separe d by da . d 6k eiasd cweadr i e d
study the effect of nanduster. The distancd is in fact varying during the post
deposition annealing process. The modification of LSPR of thelgoidsphere was
simulated with a protein layer of certain eaftive index and thickness. In addition,
effects of thickness and refractive index on the LSPR property were also investigated.
The refractive index sensitivity of the getéino 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 th®rude[130] model as:
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wheregl is the plasma frequency of the free electrpnsgs the angular frequenof

the light illuminating to the nanoparticles ands 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 lght, th
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]] :

p i - o— Lg

whereV is the volume of the nanoparticle, is the dielectric constant of the medium
ang®dé6is a factor which depends on the shape
5.2,we can see that the polarizability s maxi mum wheti § eadualart

t o s ,anRd the] 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 the geometry facta 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, tHeelusar
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of two nanoparticles will interact and the electric field experienced on eatibl@is

a resultant field. Due to the interaction of the Aezds, 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 nasiand structure on glass is
discussed. The narduster morphology produced by the convective assembly was
transformed to nanslands by posteposition annealing. The effect of annealing
temperature on the morphological transformation and the opticalterse property
was characterized by SEM and WXisible spectroscopy, respectively. Then the
nancisland morphology was simulated with a gold ndwemisphere models and the
optical property of the nanduster is analyzed by-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 naistand structure on a ssirate. (a) angled
convective assembly (b) schematic of gold aggregates and (c) schematic of geiklarats

structure.

The strategy designed for the formation of widely separatedistamals 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
adsorled 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 prepareddnjucingchloroauric acid by sodium
citrate using Tur ke vi c h §182]. ihe tnanophrticle 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 nandgaftam 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 yedtdé gold
nanostructure as shown in Figure 5.1(b). Subsequently, by using the heat treatment,
morphological transformation of the aggregates to the -idaod morphology is
achieved.

The substratevas cleaned with soap solution, DI water, then rinsethveicetone,

dried and insed with 2propanol. Then the substrate was silanized and washed in
toluene and heatdd an oven at 1T for 1 hourbefore the deposition procedhe

glass substrate wasnmersed in the gold colloidal solutionat an angle of
appoximately3@ in vials and kept in the oveat temperatures between &6d 86C

for 1-2 days until the whole amount of goldag transferred to the substrate as shown

in Figure 5.1(b).

The sample with nanoluster 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 convectivassembly resulted in a nanluster 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 aftanealing at 400 to 48C 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 nanostructuresush lower than its bulk form, the
nanccluster is melting and due to high surface tension of the molten metal, the
cluster morphology transforms to dropli&e nancisland morphology. When the
annealing temperature was further increased t8-680°C, the separation distance
between the nansland 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 particlesiieanf im?

were found having the size between 40 to 80 nm with an average separation distance

of 50 nm, when the sample was annealed at abo&€550

(@) (b) (c)

Figure 5.2 SEM micrographs of (a) Nanduster obtained after deposition (b) annealed at

400-450C (c) annealed at 55600°C.

The LSPR property of the samples was measured byidMle 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-Uigible spectrum of the narcluster
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
450C resulted in an LSPR band with two peaks as shown Figure 5V8fign the
samplesvere annealed at temperatures in the range oBBBIC, a single peak was
obtained as shown in Figure 5.3(8)batch of 20 samples annealed at%56or 1 h

had a resonance peak at 545+10 nm. The adhesion of the NPs with the substrate was
found to be Iss good for annealing temperature at around®G5To increase the
adhesion, the annealing temperature was further increased 46 86 annealing

was carried out for 20 h, which resulted in naslands morphology with good

adhesion and a more stableamance peak at 5455 nm.

0.8

Absorbance (a.u)

|
350 400 450 500 550 600 650 700 750 800

0.2

Wavelength (nm)

Figure 5.3 UV-Visible absorbance spectrum of (a) raomealed sample, (b) samples

annealed at 40850°C, and €) samples annealed at 5600°C.
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5.4 FDTD modeling

The FDTD met hod solves the Maxwell 6s di f f e

central difference in space and time and solve numerically by using computers. The

four Maxwell 6s equations in differential f
n0 — (5.3)
n®d T (5.4)
n 0 — (5.5)
n .6 ‘0 ‘- — (5.6)

T h e Ma xeguatiorls éekate the temporal change of electric fietoh the spatial
change of magnetic field (H=B/u), and vice versa. The consmmamdlfd are the

permeability and permittivity of themedium, respectively and J is the current density.

FDTD uses a second order finite centered approximation to the spdcemsn
derivatives in Maxwell s curl eqguations to
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 tiretsanst

delayed by the half sampling time stei83]. The material can be modeled by

specifying its characteristics at every ¢&B4].

A commercially available software, Rsoft FullWAVE is used for the FDTD

simulation of gold nandsland structure. The gold naigland is approximated to a

hemisphere and the LSPR property against the diameter of the hemisphere is
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investigated. Perfectly matched layeMIP [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

comgetely absorbing on the boundary without any reflections.

Source ) .
| e Power monitor

y
m/ Gold nano-hemisphere

| Substrate |
(a)

Contour Map of Ex at Y=0.001

/Source 1'OI
E
N il |
-0.06 -0.03 000 0.03 0.06 _1!
X (pm)
(b) (©)

Figure 5.4 (a) Schematic of the model (b) SEDTD model of the gold hemisphere

FDTS Simulation (c) Electric field distribution estimated by FDTD in the gold nano

hemisphere.

Figure 5.4 (a) shosvthe schematic of the model, herein a gold A#misphere 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 nam@msphere was kept in a power monitor to monitor the

total power absorbed to the nahemisphere. Figure 5.4(b) shows the 3D view of the

122



gold nanehemisphere modeled in the Rsoft FullWAVE. The electric field
distribution on the gold nareemisphere simulatedy FDTD is shown in Figure
5.4(C). By using the Fast Fourier Transform (FFT) algorithm, the absorbance
spectrum of the goldanchemisphere was computed\s the simulation domain is
disaetized into small elements called grids or mesh, the size of the mesh decides the
accuracy of the modelLarge computational resources and long time is required for
the simulation with smaller mesh elements, hence a mesh convergence study is
carried out® 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 spectrufh) Simulated LSPR spectrumof the gold

nanchemisphere
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Figure 5.5(b) shows the absorbance spectrum computed by FDTD. The diameter of
the gold nanehemisphere was set at 70 nmA comparison of the LSPR spectrum
computed by the FDTD with the experimental result is shown in FigiieThe
measured and the simulated LSPR peaks are at 545 and 543 nm, respectively and the
shape of both of the eptrum waslsofoundsimilar. The size of the nanislands on

the tested structures annealed at’65(Figure 5.2(C)) varies from 1000 nm while

the modeling is carried out with a gold hemisphere of 70 nm. The variation in the size
of the naneaslands cald 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
hemisphereby 70 nm diameter, with widely separated nasiands morphologys

closer to reality.

5.5 Dependene of the size of gold nandemisphere on the optical
absorbance spectrum

A hemisphere was simulated to establish a relation between the size and the
resonance peak of the gold namemisphere. The simulations carried out by
increasing the diameter (D) dhe gold nandiemisphere 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 nhemisphere, (b) A redhift

of peak wavelength against the size of the gold #emisphere.

The spectrum showed an increment in peak wavelength and in the intensity of LSPR
spectrum against the diameter o€ tgold nandhemisphere. 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 investigatiof morphological transformation is
shown inFigure 5.7(a) The model consists of 4 gold nahemisphere separated by
distanced. The diameter (D) of the hemisphere was 70 nm. The refractive index
distribution of tle 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 obtainedhe efect of the separation distanad) for 4 gold nane
hemisphereon the LSPR property of the morphologg also studied using this

model.The spacingl was varied equally in both directions.

Contour Map of Transverse Index Profile at Z=-0.001

L L
TOEEEEEEE N BN .
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Figure 5.7(a) FDTD Model of 4 hemispheres morphology R&fractive index

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

Figure 5.8shows the simulation results of the interparticle coupling effects on the
LSPR property. The plasmon shiftgp$-is the shift of the peak wavelength of the
LSPR spectrunof the 4 nanénemisphere from the peak wavelength of the single
hemisphere from a certain separation distashceThe separation distanceof the
nanostructures is increased frdmm to 50 nm The LSPR spectrums computed.
When the particewere toucing each otherd=0), the optical absorbance spectrum

was a wide bandas shown in Figure 5.8Vhen thed was increasedio 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 thel was further increased, the band at higher wavelength was found to be
mowving towards the lower wavelength and the wide band observed in the lower
wavelength was found to be slowly vanishing. Whendth&s increased to 25 nm or
above, only a single band same as that of a single goldheanisphere is observed.

The LSPR spectru 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 nahemisphere against the particle

separation distancd,

The resultant LSPR band is arising from the #fedd coupling between the particles
as explained in the Section 5.2. The simulation demonstrates that théeldear

coupling of the gold nanbemisphere is negligible when the separation distdnse
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25 nm or above, and the hemispheres are completely isolated from thieldear
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 at5000, the closely packed
nancislands morphology is obtained. Because of the strong near field coupling
effectsof closely packed nanislands, 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 changa morphology and spacingl) similar to the results in Figure 5.8.

The plasmon shift ¢ - normalized with the LSPR peak wavelengti)gof the
isolated nane s | and, /[t dm plotted sagaiggb-the intparticle coupling
distance ¢d) normalized with respect to the diameter (D) of the natamd, 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

nanchemispheres.
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It has been already observed that the plasmon shift dedm@st exponentially
against the interparticle separation distance for the case of two metaspiares

[136, 137] In the present study, the FDTD simulation with 4 guodgho hemispheres

also ehibited 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 nanehemispheres resulted in almost the same exponential trend. That means, the
nearfieldc oup |l i ng /s afalseamgst éxpomwentially over a distance of 0.3
times the diameter of the naigtands regardless of the size of the islands. Therefore,
the interparticle coupling effects of smaller islands in the annealed morphology
(Figure 52) contributes less in the resultant LSPR band when compared to larger

nanaislands.

5.7 Sensitivity of LSPR of the gold nanehemisphere to adsorbing
protein layer

It is important to investigate the sensitivity of th8PR peak to thechange in
refractive indexfor the bbsensing process. In biosensiige analytes bind to the

gold nanostructure and the refractive index of the environmenthef gold
nanostructure changes, resultimga shift of theLSPR band For that, a model
composed of gd nanehemisphere 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 geold nano

hemisphere with alyer 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 dhbdthickness 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 (a)land (b) show

the change of LSPR spectrum of the goétho 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 refractve 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 rand&38]. 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-6® nm. Hence, the gold naihemisphere is suitable for the
sensing ofsurfaceassisted phenomena, which is highly desirable for the specific
detection of antige@antibody interaction occurring on a sensing substrate in a

thickness layer of less than-80 nm.
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Figure 5.12Variation 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 2Q188], 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 nnghwéppens in the
region (b) of the Figure 5.12. The region above760nm is irsensitive to the
thickness of the bitayer. Therefore the simulation results show that gold nhano
hemisphere is highly suitable as a sensing platform for the detection oflbohes

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

In order to assess the suitability of the n#slands integrated platform for
biosensing, the sensitivity of the naistands to the change in refractive index of the
sensing layer has to be determined. Therefore the change of LSPR peak against the
changeof refractive is measured by using solvents having known refractive indices.
Annealed samples were placed ircwvettefilled with a solvent and placed in the

light path of the UWVisible spectrophotometer. Herein, as the sample is placed in the
bulk liquid the thickness of refractive index layer is insensitive to the LSPR band.
The deionized (DI) water with a refractive index of 1.33 was used as the reference

solvent . The shift of LSPR ( o) for sol
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LSPR peak corrg®nding 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 oméyrefriactive

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. Thaatefe 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 namemisphere with protein laye

having the refractive index of solvents.
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The refractive index sensitivity can be assessed using the relation between LSPR shift
(ppand the change in refractive indeg . Wheregp andg rare defined as:

pe A (5.9

mn & m (5.9
where,p as the change in the absorbance peak waveleagth,the absorbance peak
wavelength corresponding to the mediumth a known refractive indexay is the
absorbance peak wavelengitrresponding to elionizedwater,pnis the differece
between the refractive indices of the solvent and that of wafes the refrative

index of the solvent andl, is the refractivéndex of water.
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Figure 515 Measured and simulated variation of LSPR shift against change in

refractive index.
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Thevariation of LSPR shiftcp p-against the change of refractive indexij(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 refactive index, as measured by the slop of the graph shown in Figure 5.15 is
62.879 nnRIU. The sensitivity predicted by FDTD simulation is 89.749RId as
shown in Figure 5.14. The slight disagreement between the simulated and the
measured sensitivity isue to the approximation of the naistands morphology with

a single gold nanbemisphere of 70nm diameter.

5.9 Conclusiors

FDTD modeling of a morphological transformation of nashaster into nanéslands

and its LSPR sensitivity is presented in thigper. Formation of nariglands
morphology by a simple and lewost convective assembly followed by a post
deposition annealing is discussed. The reloster is modeled with 4 golgano
hemisphere, and the separation distance between them is variediytacstypling
effects and the resultant LSPR spectrum. The change of LSPR spectrum due to the
nearfield coupling and its dependence on the interparticle coupling distance between
the naneislands is also investigated. It is found that the 4fieddt coupling strength

falls exponentially for a spacing of 0.3 times the diameter of the-istarals. Hence

the field coupling effects due to smaller particles in the nsland morphology is
considered negligible. The biosensing potential of the-gaftb islands 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, theskasalo
morphology is highly suitable for the detection of antigeibody interaction even

for the larger molecules such as proteins and peptides. The LSPR sensitivity against
refractive index sensitivity was investigated experimentally and theoreticdily. T
theoretical sensitivity is 89.749 nRIU, which is found greater than the
experimentally obtained sensitivity of 62.879 /RtJ. The simulation is carried out

with a simplified model of the narsland morphology, in which a single gold
hemisphere havingthe diameter of 70nm is approximated with ndsiand
morphology obtained with the annealing temperature of°G5Mowever, the
sensitivity analysis shows that the simulation and experimental results have same

trend.
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Chapter 6: Gold nanc-island struct uresintegrated in a
lab-on-a-chip (LOC) for plasmonicdetection
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 lBosomatotropin
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 effettilk
production was discovered in 193}, 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 producthrithe use is forbidden inadada and

in the European UniorUse of therecombirant bST (rbSThs a growth promotes
controversia[l4, 16, 82]because of its potential effects on animal and human health.

In order to provide meaningful informatido consumers and to identify the rBST
treated animals, highly sensitive analytical methods are required.

Conventionally the concentration of bSih various biological mediavas estimated

by wusing an enzymdinked immunosorbentassay (ELISA) [22] [23] a
radioimmunoassay (RIA)84] [24] or bioassay method®5]. The most important
limitation of ELISA assays is that the concentration of antibody can only be reported
in relative terms such as dAtitero, t hat
More recently, a sensitive method that allowse tdiscriminationbetween the
recombinant and the endogenous forms of somatotropin has been developed. It is
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based on liquid chromatographyass spectrometry, combith 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 toplement for a rapid detection of
bST and rbST in milkSurface Plasmon Resonance (SPR) biosensing method has also
been suggeed for the detection of bg26]. However, the measurement was carried
out in anexpensive 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 s@ixieibit unique optical absorbance
property and hence they have been proven to be useful to a variety of fieldssuch
photonics, SER$139], optoelectronics, nedield microscopy, catalysis, chemical
and biological sensing. The plasmonic band, also callethe Localized Surface
Plasmon Resonance (LSPBandof gold and silver nanoparticles can be tuned by
adjusting the sizeshapeand morphology or by alloyinfg40] [141]. The LSPR band
could also be shifted to the neanfrared region, a region of particular interest for
biomedical applicatins such as cancer hyperthernil#@2]. Other biological and
medcal applications of gold nanoparticles and nanostructures are in the field of
biological labels, biosensors, drug discovery, diagnosis and monitoring of various
diseases.

The bnding of analytes onimmobilized gold nanoparticleschanges the local
refracive index of the swrounding environment that resulis a shift to longer

wavelengths of thecorrespondingAu LSPR band Gold and silver spherical
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nanoparticles with different dimensions and configurations have been widely used to
recognize ad detect vaous biecmoleculeq122, 143151] The growing expertise in
nanofabrication methods enables the preparation of gold and silver nanostructures and
patterns of various complexities. However, most research orbelspd assays has
focused on twalimensional (2D) structures, that is, a gold maget on glass having
alow density of nanoparticlg422, 144]

In order to enhance the sensitivityd#tection multilayers of gold nanoparticles have
been fabricatedising layerby-layer depositionf41, 152]or the immersion of the
substrates in the colloidal gold stan for various time intervald153]. Au
multilayers prepared by the laydyy-layer deposiion method showed a higher
refractive index sensitivity compared tbe monolayer sensorsised previously
However, the method is tedious, and involves several steps of fabrication as the
nanoparticles have to beated with polyelectrolytefl54]. Gold nanostructures for
sensing purposg455] or for SERS substrates were deposited by thermalogation

and sputtering as we[ll56]. For a comprehensive review on the preparation of
nanostructured film arrays see @5 7] and references therein.

In this chapter the fabrication and characterization of thdémensional gold
nanostructures falmated by convective assemhby explained The mechanisnof
self-assemblyis based on the flow of a colloidal suspension induced by evaporation
from the liquid meniscus formeat thesubstratesolution interfaceThe technique of
convective assembly reli@ the interaction forces between particles and/or particles
and surfaceghat drive to the formation of ordered arrangemeriaring the

deposition process, due to the strong attraction forces between the gold nanopatrticles
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(NP) and the gold glass attaction,gold aggregateare formed on the substrates as
shown in Figure 6.1The rate of selhssembly is governed by the evaporation from

the liquid meniscus, the particle concentration and the particle diameter. The high
density of gold nanoparticles the multilayers and the transparency of the samples
allow the use of a conventional Wisible spectrophotometer for the measurements.
The proposed method is simple and can be carried out in a general laboratory
environment without any need of special agmatus 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 platfdfenjo1] have
recenly shown that multilayer films, also called thrdenensionally assembled gold
nanostructures can be fabricated from gold nanoparticles by convective assembly
from the evaporating meniscus of aqueous suspendibreedimensional Au
nanostructures displayvo plasmon bands, one around 3D nm that belongs to
plasmon resonance of isolated gold nanoparticles and a second one, at longer
wavelengths (60000 nm) due to a collaee surface plasmon oscillatigrss]. The
600700 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-particlecoypling effect, see referengeso] 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-miércaptoundecanoic acid
were used for monitoring an antigeantibody interaction. Tdn resultsdemonstrated

that with spherical nanoparticles,higher sensitivity of bisensing 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 thieding event is less precise than in the case

of the sharp LSPR band corresponding to isolated particles or small aggrégates.
this reasonfor improving the sensitivity of the detectica postdeposition annealing

of gold multilayers was investigaten this work.The presentvork is focused on the

bio-sensing experiments carried out by using g@dacislandstructures obtained by
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annealing of gold multilayersThe multilayers with different particle packing
densities and degrees of aggregationpsepared by the convective saésembly of
colloidal gold using a simple oven, instead of com@eg tedious processes ussd
other authors[160, 161] 11-mercaptoundecanoic acid is used to form a-self
assembled monolayen the gold nanoparticles. The sensing platforms pregdared
convective assembly and annealingere tested forthe detection of bovine
somatotropin (bST) through antigantibody interatons. A calibration curve that
correlates the shiftf Au-LSPR band with the concentration of antigen is established
in the range ob to 1000ng/mL and the detection limit of polypeptide is determined.
The mechanism of sensing by using the annealed galbstructures is also
discussedFurther, amicrofluidic devicehaving the gold nanoparticlegtegrated into

a microchannel was designed, fabricaded used for the analytical process.

6.2 Experimental

Hydrogen tetrachloroaurate (lll) trihydraid AuCl,.3H,O) was purchased from Alfa

Aesar. Sodium citrate, irhercaptoundecanoic acid in ethanol (Nano Thinks Acid

11), phosphate buf f ediisepbpylcarbodiimidlee and RBS) , N
hydroxysuccinimide were obtained from Sigikrich Canada.The antign, the

natural bovine somatotropine (bST, MW 20 kDa) and its corresponding polyclonal
antibody(ant-bST, raised in a guinea piglere obtained from Dr. Parlow (National

Hormone &Peptide Program, HarbBOCLA 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 nanopatrticles were prepared by using the reduction of chloroauric acid
by sodium citrate, following Tlre v i ¢ h 6 §* Brieflyt FT6ant of chloroauric

acid solution containing around Bleg/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
temperatire. 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 2propanol. Before the deposition process, the glass substrates
were kept in & oven at 108 for 1 hour. Silanized glass substrates were immersed

with an angle (=30 in vials containinghe gold colloid solutions (3 mL) (Figure
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6.2) and kept in the oven at temperatures between 60 af@, 8mtil the whole
amount of gold was trsferred to thsubstrate (1 to 3 days).

Nanoparticle multilayer films were peahnealed in a furnace for one hour at’@o0
500°C and 556C, respectivelyGold nanoparticles were further functionalized with a
solution of mercaptoundecanoic acid in ethldoy covering the active surface of the
platform (around 15@00puL). For thebio-sensingexperiments, the concentration of
antibody on the functionalized gosdructure was kept constant1&0 ng/mL and the
concentration of antigen wasned between and 10000 ng/mL.

The sensitivity of the sensor platform was determined by measuring the spectra of
both nonannealedand annealed gold nanostructures in solvents with different
refractive indices. The sensor platform was immersedieionized water andg
subsequently,in different solvents and kept for 2 hours before the spectral
measurement. Transmission WAS spectra were acquired by using a Peikimer

650 UV-Visible spectrometer. Rectangulguartz 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

|

(A) Microfluidic platform Bonding

Glass substrate
20mm :

2 mw

(B) Sensing platform Gold nano-island structure

N
Fluid outlet

Fluid inlet

2000006000000
Glass Substrate

R

Gold nano-island structure

(C) Device

Figure 6.3Assembly process of the microfluidic device.

The microfluidic structure incorporates three or more parallel microfluidic channels

to activate the microfluidic flow between two liquid reservoirgy(ife 6.3 (A)). The
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width of the channel was chosen to be $a0 by considering twdactors:first, the

width of the light beam which was ~2 mm and second the sealithg ohannel. Due

to the high flexibility of PDMS, sealing of the channel having thétlivof more than
500em 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 em, separated by 20Qm. The depth of the microchannel was 16@. The
microfluidic structure was fabricated on PDMS by soft lithography. The mold for
casting the PDMS was fabricated on SU8 phretist. Patterning of SU8 is done on a
silicon wafer by using UV photolithographyhe SU8 mold was silanized ppomote

the removal ofthe 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 vacuuncdési¢o remove the

gas bubbles, and casted to the mold and baked@tf805 hours.

The substrate holding theanacisland structures is shown in Figuré.3B). The
device (Figure 6.3(C))was fabricated by bonding the glass substrate to a PDMS
substratewith the help of oxygen plasma treatment. The glass substrate containing
gold nanacislandstructures and the PDMS slab containing the miigidit structure

were treated with oxygen plasma for 35 seconda plasmacleaner and bonded
together immediatelyThe inlet and outlet tubes were fixed with the liquid reservoirs
using silicone glue. Figure 6.dhows photograph of the nanoparticle integrated

miocrofluidic bio-sensor.
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Figure 6.4 Photograph of the narslandsintegrated microfluidic biesensor

6.4 The experimentd procedure for the bio-sensing

Gold nanoparticles were first functionalized wighsolution ofmercaptoundecanoic
acid in ethanol by covering the active surface of the platform (aroun@Q®(L).

Then the crosfinker solution (N, Ndiisopropylcarbodiimide and N
hydroxysuccinimidgwas dropped on the sample to covalently attach the antibody to
the gold nanostructuregfter 10 min, the spectrum of theurfctionalized gold is
measuredAfterwards, an antibody solution is introducedoirthe sensing platform
and kept in contact with the gold nanostructure for at least one Hogirchangen

the position of LSPR corresponding to the binding of antibody was meadired.
concentration of antibody on the functionalized gold structurekeps constant and

the concentration of antigen was varied between 5 and 10000 ng/mL. The excess of
antibody is washed awayith a PBS (Phosphate Buffered Saline) solution and a
blocker (norfat milk powder solution) is passed, théme corresponding antiges

added tothe sample and the LSPR spectrisrecorded to monitor the change of
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LSPR corresponding to the antigantibody interaction. The proceduszepeated in

the microfluidic device by pumping the solution into the device.

6.5.1 Results andDiscussion

6.5.1 Tuning the morphology of the 3D gold nanostructure from nanoaggregates
to nanoislands

Figure 6.5 Images of the neannealed sample (a), sample annealed a5 1

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

The non-annealedsamples showed a dark blue coloration (Figiife(a)) while the

sample annealed at 58D had a red tint. As it can be seen in the FiguBfc) the

films showed the striping behavior characteristic to samples deposuety by
convective selassembly [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 samule
uniform. The SEM images corresponding to tlve samples are shown in Figure .6.6

It can be seen that, before annealing, the nanoparticles are aggregated, forming long
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