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Preface

Biosensors are a special category of sensors that detect the presence and
concentration of biological analytes. After the discovery of first biosensor in 1962 (Enzyme
electrode for glucose detection by Leland C. Clark) many research groups took interest in
the field and from then onwards new innovations and constant improvements in existing
methods and materials have contributed to immense advancement in pathological diagnosis

these days.

Among different types of biosensors based on transduction method, optical
biosensors have become a leading field of research due to their high sensitivity and
precision measurement capability. Also, they are least affected by external electromagnetic
noises which makes them a suitable choice for real-time monitoring of bio-analytes in
wearable sensors. Label-free optical techniques like Surface Plasmon Resonance,
Interferometry, Fiber Optic sensors, Ring Resonators etc. are being studied extensively for
the last two decades due to their precision, accuracy and robustness. Multiparametric
measurement systems i.e., systems that monitor several sensor parameters simultaneously,
is a comparatively new field in optical biosensor research. Multiparametric systems are in
general way better in terms of selectivity and reliability than their single parametric
counterparts. Most of the label-free optical biosensors reported up until now are single
parametric in nature. So, the thesis focuses on developing a label-free optical
multiparametric system which is capable of monitoring five interlinked optical parameters
(Transmittance, Reflectance, Internal Scattering, Surface Scattering and Absorption)

simultaneously. Image processing was found to be a convenient and cost efficient method

vii



for extracting different optical parameter information from transmitted and reflected spot
images. An automated image acquisition and analysis system has been developed in this
thesis based on MATLAB image processing environment which provides information about
all the interlinked parameters as well as some non-interlinked parameters (RGB channel
information) simultaneously. Such system has immense potential in the field of

multiparametric optical biosensing.

Often precision optical structures for interferometry or ring resonator arrangements
require costly and complex fabrication methods. So, cost efficient and easy to fabricate thin
film structures has been chosen as biosensor platform. Also, proper choice of biosensor
material depends on some vital properties like biocompatibility, low toxicity, good
absorption capability, large biomolecular interaction space etc. and consideration of all
these properties has led to two distinct types of porous thin film samples for biosensor
measurements in multiparametric optical setup. Porous Silicon (PS) is well known for its
biocompatibility, low toxicity and large surface to volume ratio which allows increased
interaction space with biomolecules, thus increasing sensitivity of PS based sensors. PS thin
film on silicon substrate can be fabricated easily and cost effectively by standard
electrochemical etching procedure. Also, variation of etching parameters or preparation
parameters can modulate characteristics of the PS films. Thus, a detailed investigation on
effect of preparation parameters on the structure and properties of PS thin films has been
performed and optimization of PS thin film structures for biosensing application has been
presented in this thesis. As PS samples are optically non-transparent in visible spectra, only
reflected spot image information could be utilized in multiparametric measurement setup.
So, to utilize all five interlinked parameters obtained from transmitted and reflected spot
images, semi-transparent polymer based thin films were considered. Chitosan is a synthetic
biopolymer having unique properties like biocompatibility, anti-bacterial and antifungal
properties, wound healing property etc. Chitosan thin film is optically transparent and
controlled addition of Silica Nanoparticle (SiNp) can modulate the refractive index of
Chitosan Silica Nanocomposite (CSNC) thin films. Also, hot NaOH etching of composite thin
film can induce pores in the structure producing a sponge like polymer composite network
which increases surface to volume ratio of the CSNC thin films significantly. Physiochemical

properties of the film can be controlled by simply varying SiNp size which changes pore
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diameter and morphology of the thin films. Detailed investigation on the effect of different
pore size in physiochemical properties of CSNC thin films have been presented and

optimization of the films for biosensing application has been carried out in this thesis.

Diabetes mellitus is a metabolic disorder which affects millions of people worldwide
and if left untreated, causes heart, kidney, nerve, eye damage and in extreme cases death
also. There has been a lot of research going around the world on glucose sensors for early
detection and continuous monitoring of glucose level in human body fluids. So,
multiparametric optical measurement of glucose might be a promising field of research with
significant importance. The main aim of the thesis is thus set to multiparametric optical
detection of glucose level in pathological range using PS and CSNC thin film sensors. Surface
functionalization is a crucial step in any biosensor fabrication as it aids selective attachment
of bio-analytes on sensor surface thus reducing background noise generated by complex
solution and increasing selectivity of the sensor significantly. For selective binding of glucose
molecules, the thin film sensors were functionalized with Glucose Oxidase (GOX) enzyme.
GOX is basically a catalyst that aids the conversion of glucose molecules into Gluconic acid
crystals which are clustered around GOX sites on the sensor surface changing the optical
properties of the sensor. As PS thin film sample morphology aids GOX attachment, simple
physisorption process is used to produce GOX functionalized PS sensors. On the other hand,
CSNC thin films required chemisorption process of surface functionalization where GOX
molecules are attached to CSNC surface via Glutaraldehyde crosslinking chains. Both PS and
CSNC thin film glucose sensors were analysed in terms of different biosensor characteristics
like sensitivity, selectivity, response time, stability etc. and finally a comparison between the

two glucose sensors has been presented in the final chapter of the thesis.
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1. Literature Review and Scope of Work

Chapter 1

Literature Review and Scope of Work

1.1. A Brief Introduction to Biosensors

Sensors have always been a topic of great interest as they have the ability to detect
changes inside a system or surrounding environment. Sensors have a wide range of
applications; for example, physical sensors measure physical parameters like temperature,
pressure, displacement, stiffness etc., while chemical sensors measure concentration of
different chemical substances called analyte. In this section, a special type of sensor called
biosensor is introduced and their basic structure, types and fields of application have been

presented.

Page |3



1. Literature Review and Scope of Work

1.1.1. What Is Biosensor?

Biosensors either contain a biological element or can detect biological analytes both
qualitatively and quantitatively. It is hard to put an exact definition of a biosensor because, a
canary bird in cage can also be considered as a biosensor, as they were vastly used by the
miners to determine the presence of toxic gases. According to |. Palchetti and M. Mascini
‘any physical (thermometer) or chemical sensor (microelectrode implanted in animal tissue)
operating in biological samples can be considered as Biosensor’ [1]. Also, a sensor which
consists of a biological element and a physicochemical detector can also act as a biosensor,
whether it detects a biological sample or not and this is also the recent definition of a
biosensor [2]. According to IUPAC, biosensor is ‘A device that uses specific biochemical
reactions mediated by isolated enzymes, immunosystemes, tissues, organelles or whole cells

to detect chemical compounds usually by electrical, thermal or optical signals’[3].

1.1.2. History of Biosensor

From the very beginning, living beings like animals, plants all have biological sensors
within them. For example, sunflowers are living solar tracking system and almost every
plant has optical sensors within them. Human beings themselves are loaded with all kind of
sensors. Eyes operate as optical sensors, ears as acoustic sensors, nose and tongue as
chemical sensors, skin as pressure and temperature sensor etc. and there are numerous
other sensors stuffed inside every living being. These sensors inside living body are purely
biological.

From the point of view of research and discovery, the very first biosensor was
invented by Leland C. Clark for glucose detection. He was considered as the father of
biosensor and in 1962, he demonstrated glucose detection by amperometric enzyme
electrodes [4]. Influenced by his work many researchers took interest in the field of
biosensors and in 1969, Guilbault and Montalvo discovered first potentiometric biosensor
using urease immobilized ammonia electrodes to detect urea [5]. In 1975, Yellow Springs
Instruments launched first commercial glucose biosensor [6]. Then came the fibre optic pH
sensor in 1982 which was found suitable for glucose measurement [7] and in the same year,
first fibre optic-based implantable glucose sensor was discovered [8]. The journey has been

long since then; different new approaches were invented for precision and accurate
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1. Literature Review and Scope of Work

measurements. Optical techniques, amperometry, immunoassay, chromatography and
many other techniques are being investigated everyday for further improvement of
biosensor performance. Currently nanotechnology has been introduced to produce
biocompatible nanostructures like porous membranes, thin films, composites etc. which
have improved sensitivity of the biosensor systems remarkably [9]. Today research in
biosensors is not limited to a narrow field but has combined principles of basic science i.e.,
physics, chemistry, biology with electronics, nanotechnology, applicatory medicines etc. and

has formed a huge interdisciplinary area of research.

1.1.3. Biosensor Structure

As we have discussed before, a biosensor can detect and measure presence of
different types of physical, biological or chemical elements. The subject of interest, which a
biosensor detects, is called analyte. Analytes can be chemical or biochemical substances.
Complex biochemical substances like cells, antigens, DNA, RNA, virus, bacteria, living
microorganism etc. can act as analyte for a specific biosensor. Simple chemical compounds
that require constant monitoring for the diagnosis of common health problems like glucose,
uric acid, sodium, potassium, calcium etc. are also analytes.

So, what should be the sequence of a biosensor design for human health
monitoring? First, disease specific biomarkers or target molecules are pin pointed and their
normal and abnormal pathological range is studied. These biomarkers will be the analyte for
the designed biosensor system. Then a particular biochemical compound that has affinity
towards that analyte is selected. For example, antigen and antibody has affinity towards
each other which means if some immunoglobulin (IgG) antibody is added in a complex
solution containing anti Immunoglobulin (IgG) antigen, it will only selectively bind to its
antigen sites. These bonds are generally weak non-covalent bonds like hydrogen bonds, Van
der Waals forces, electrostatic and hydrophobic interactions [10]. So, the elements which
selectively bind target analyte from a complex solution are called capturing agents and they
are implanted on the biosensor surface by surface functionalization process. These surface
functionalized capturing agents are called Bio-receptors of a biosensor system.

Now, with the help of bio-receptors, target analytes can successfully interact with

the biosensor avoiding most of the background noises generated by complex solution. The
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1. Literature Review and Scope of Work

next step is to choose a transducer. Transducers are devices which convert one form of
energy to another. In biosensors, different types of problem specific material are used and
the capturing agents are immobilized on them. These materials may be anything from
porous structures, membranes, thin films etc. and their choice is solely dependent on the
requirement of biosensor sensitivity. Transducers made from these unique materials are the
core of a biosensor device and almost all the properties of the device are controlled by
them. Introduction of analyte molecules on the biosensor surface changes some
physiochemical properties like electrical, optical, mechanical etc. of this base material. As a
result, the transducer generates some change in their output signal which is recorded and
sometimes further processed for reliable measurement.

Often signal processing is required for increasing system accuracy, noise reduction
and calibration of the transducer output. In many cases also, signal processing block is
optional.

A schematic diagram of the building blocks of a biosensor is given in figure 1.1.

Biosensor Block

Fig.1.1. Schematic diagram of a biosensor

1.1.4. Classification
Biosensors can be classified in three different ways based upon choice of bio-
receptors, transducers and sensing material. A brief chart of biosensor classification is

provided in figure 1.2.
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Bio-receptors or biorecognition elements may range from enzyme, antibody, cell,
DNA/RNA, microorganisms to biomimetics [11]. As bio-receptors enhance selectivity of a
sensor significantly; their proper choice can provide noise-free, accurate results for problem
specific applications. Classification based on transducers is mainly divided into three classes
optical, electrical and mechanical. Optical transducers will be discussed in details in section
1.2. Briefly there are many optical techniques available like Surface Plasmon Resonance
(SPR), Interferometry, Fibre Optical arrangements, Optical Waveguide Lightmode
Spectroscopy (OWLS), Chemiluminescence, Fluorescence etc. for high precision
measurements [12-14]. Electrical transducers are well known for their rapid response [15].
Amperometry, Potentiometry, Conductometry etc. produces direct electrical signal which is
desirable for many small size, compact, wearable sensors [15-18]. Mechanical sensors like
Piezoelectric, Cantilever Resonance, Surface acoustic wave etc. are robust in nature and
they are being investigated a lot recently [19]. Mechanical biosensors have the potential to
measure change in mass, surface stress, interaction force, displacements, viscoelasticity etc.
in cellular and subcellular regions [19, 20]. Sensor material is also equally important for
achieving high sensitivity and accuracy of a biosensor. Development in nanotechnology has
provided a good range of nanostructured materials with large interaction space and high
sensitivity [9]. There has been remarkable development in the field of photonic crystal,
liquid crystal, molecularly imprinted polymers etc. which are being utilised vastly in

biosensor devices [21-25].

1.1.5. Application

Biosensors are used widely in different fields like healthcare, environmental
monitoring, industrial process control, military, defence and many more. In medical
industry, they are used extensively in disease detection, drug discovery, artificial tissue,
bone, organ engineering etc [26]. They provide detailed insight in the field of biomolecule
and their interaction study [26]. Their vast application in fermentation control and analysis
of beverages and quality control in food production industry is also well known [27]. In
environmental study, they take part in pollution and toxicity analysis of water and soil [28].

Plant pathology and soil quality analysis is essential in agriculture which is monitored by
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biosensors for better production [29]. Biosensors have become an inevitable tool in forensic

science and military applications nowadays [30].
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1.2. Optical Label-free Biosensor

From the classification chart of biosensors (figure 1.2) it is clear that choice of proper
detection method and material is quite challenging as there are so many options available.
In this section, a focussed discussion on optical label-free biosensors has been presented

and current trends on such systems have also been discussed.

1.2.1. Optical Detection: Merit and Demerit

Optical detection is preferred due to their high sensitivity, specificity, accuracy,
precision and robustness [12, 13]. Optical biosensors are immune to electric and magnetic
interferences thus provide lower noise level [13]. Limit of detection i.e., the minimum
amount of analyte that can be measured by the sensor increases immensely due to this
noise immunity. The main advantage of such sensors lies in their ability towards high speed,
real-time biomolecular reaction kinetic analysis where many other detection methods fail
[12]. Optical detections are extremely reliable and provide accurate results in analyte
detection and measurement.

The main disadvantages faced by optical methods are, many of the reliable
instruments are extremely costly and prone to physical damage. Due to this drawback
electrochemical sensors are preferred often, despite their high background noise and

inaccuracy at lower detection range.

1.2.2. Label based Vs. Label-free Technology

Optical biosensors are classified in two main categories i.e., label based and label-
free detection. In label-based detection scheme; a chemical compound called ‘tag’ is
attached to the biorecognition element or the analyte molecule. Optical tags may be
fluorophores or chemiluminescent compounds, which produce change in optical signals in
the presence of analyte molecules. Label based sensing techniques are very sensitive as they
can even sense the presence of a single analyte in a whole solution; but as its measurement
is dependent on the mass of the analyte, proper amplification and processing is required for
small output signals [31]. Also, the major drawback of labelling is, the process is pretty

laborious and it sometimes changes the bioactivity of the analyte biomolecules. For
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1. Literature Review and Scope of Work

example, it causes reduced mobility or steric hindrance due to misfolding [31]. The tags are
not always biocompatible and also the number of fluorophore attachment is not
controllable which leads to fluorescence signal bias, resulting difficulty in quantitative
measurement [32]. On the contrary, change in optical signal in label-free process is
produced directly from the analyte molecules. Label-free detection methods measures
biomolecules in their natural form which saves both expensive, time consuming tagging
process and prevents biomolecular fouling [32]. Another most incredible advantage of label-
free detection is reaction kinetics monitoring where one can record actual binding events of
even the weakest biological interactions and difficult target molecules [32]. So, label-free

detection method has become a promising field in modern biosensor research.

Table I: Comparison of labelled and label-free detection method

Detection Scheme

Label based
detection

Label-free
detection

Advantage

Detection is extremely
sensitive with detection
limit down to a single
molecule.

Relatively cheap and easy
as no labelling is required.

Quantitative and kinetic
measurement of molecular
interaction is possible.

Does not interfere with the
function of biomolecules.

Detection signal does not
scale down with the volume
of the sample. Femtoliter to
nanoliter detection is
possible.
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Disadvantage

Labelling process is time
consuming and laborious.

The labels often interfere
with the function of a
biomolecule.

Number of fluorophores on
each molecule cannot be
precisely controlled.

Quantitative analysis is
challenging due to the
fluorescence signal bias.

Detection is less sensitive
compared to label based
detection.

In the refractive index based
sensors, the signal intensity
often dies out due to larger
molecule attachments or
complex functionalization
process.
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1.2.3. Label-free Detection Methods
A lot of label-free optical detection methods are currently available for reliable and
precision biomolecule measurement. In this section, only the prominent ones that have

proved their worth over the last few years have been discussed.

1.2.3.1. Interferometry: When more than one light wave superimposes on each other,
interference patterns occur. Interferometry is a study of these interference patterns, which
consists critical information like frequency, phase, path difference, intensity etc.
Interferometers are widely used in measuring small distance, refractive index changes and
surface irregularities. Some of the interferometer based techniques with significant

biosensing application are listed below.

> Mach-Zehnder Interferometer (MZI): Basic structure of MZI consists of a rib
waveguide with two Y junctions as shown in figure 1.3. There are two arms between the Y
junctions, sensing arm and reference arm. In the sensing arm, a portion of the cladding is
removed, so in this area the evanescent field can interact with the outer surrounding. This is
the active sensing area of the structure and the larger this area is, the better the sensitivity
of the device. Bio-receptor molecules are implanted on the sensing area like all other optical
label-free sensors. Coherent, single frequency, single polarized light is coupled through one
end of the guide which should preferably be a single polarization and single mode structure
to eliminate multimodal and cross polarization interference at output end [31]. When
binding of target molecule occurs, change of refractive index in the sensing arm generates a
phase difference from the reference arm, resulting in an interference pattern in the output

terminal, where it is detected by a photodetector and thoroughly analyzed.

Y-junction

Input \ /
Sensing area
4

\ /Y-junction

Output

Reference arm

Figure 1.3. Schematic diagram of MZI structure [33]
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Heideman et al. first demonstrated the scope of MZI biosensor by detecting human
chorionic gonadotropin (hCG) antibody achieving LOD around 5x10°® RIU and experimental
DL 50pM hCG [34]. After that, further development has been achieved and biotinylated
immunoglobulin immobilized 10-MZ chips [35], sensitive detection of IgG molecular
monolayer [36], detection of 1% streptavidin monolayer [37] have been reported.
Implementation of high performance antiresonant reflective optical waveguide (ARROW), a
five layer guiding structure, for biosensing application has also made a huge improvement in
this field [38]. The combination of slot and strip waveguide in the two arms of MZI structure

provided detection limit as low as 1pg/ml of streptavidin solution [39].

> Young’s Interferometer (YI): Like MZI, in Young's interferometer coherent, single
frequency and single polarized laser light is coupled in the waveguide, which splits in the Y
junction as shown in figure 1.4. The only difference with MZI structure is that the reference
arm and the sensing arm do not combine. At the end of the sensor chip a CCD is placed,
which captures the interference pattern caused by two effective light sources. Change in the
phase difference between the two arms due to change in Rl in the sensing arm, causes a
change in spatial distribution of the interference fringes which is analyzed by fast Fourier

transform of spatial intensity [40].

Figure 1.4. Schematic diagram of Young’s Interferometer [41]

According to Brandenburg and Henninger, the basic Yl scheme yielded system
resolution of 10”7 RIU [42]. Further development for multiplexed sensing was demonstrated

by Ymeti et al [43] in his ultrasensitive, fast virus detection Yl model. Later Wang et al.
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demonstrated a polymer base rib waveguide YI structure which provided detection limit of

2.4 pg/mm? for surface sensing of C-reactive protein solution [44].

> Fabry-Perot Interferometer (FPI): In general, FPl configuration, two partially
reflective mirrors separated by some distance form a cavity, where a single incident beam of
light breaks down into multiple beams of some phase difference by repeated reflection from
the mirror surfaces. The transmitted parts of the beams form interference pattern and by
focusing them with a lens, concentric circles of bright and dark fringes can be observed. In
1997, porous silicon based FRI biosensor was reported by Victor et al. [45]. The micro-
structured porous silicon layer (figure 1.5) produced Fabry-perot fringes and upon
attachment with antibody molecules a shift of the fringes was observed. Afterwards fiber-
optic FRI [46, 47], polymer based micromachined FRI [48] were developed for better sensing

performance of biomolecules.

nght source CcCD
detector

Porous Si layer

Bulk silicon

Figure 1.5. Schematic diagram of Porous silicon FPI [45]
There is also Hartman interferometer which proved to be a good sensing
technique as detection limit as low as 2ug/L was achieved [49]; but in the last decade report
on this interferometric biosensor has been quite low. In the following table some important

works on interferometric detection in the last decade has been presented.

Table Il: Some significant works in the last decade

Type of Sensor Analyte Biorecognition LOD Year & Reference
Element
Polymer rib C-reactive protein Human CRP 2.4 pg/mm? 2012 [44]
waveguide YI specific Antiboby
Silicon nitride slot Streptavidin Biotin 1pg/ml 2013 [39]

waveguide MZI
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Nanostructured Protein A Human IgG <10pg/ml 2013 [50]
FPI
Cascaded MZI and Goat IgG Antigoat I1gG 1ng/ml 2014 [51]
ring resonator
Optofluidic FPI Glucose - 15ng/ml 2014 [52]
Optical Fiber FPI Yeast growth - - 2016 [53]
Multiplexed Yl Anti-rabbit IgG, BSA, atrazine-BSA 1 ng/ml 2016 [54]
streptavidin, conjugate
atrazine
Asymmetric MZI Aflatoxin M1 Antibodies < 5x107 RIU 2016 [55]
fragment (Fab’)

In-fiber MZI BSA - 2.57x10* mg/ml 2017 [56]
Microfluidic FPI Biotin Streptavidin 1012 M 2019 [57]
Surface plasmonic = BSA, HEK-293 cell - 9x10*RIU 2020 [58]

coupled FPI (for BSA)
Optofluidic YI BSA - 0.48M 2020 [59]

1.2.3.2. Surface Plasmon Resonance (SPR): When an active surface (electron rich metal) at
the interface of media with different refractive index, is impacted by polarized light, the free
electrons of the metal surface start to oscillate generating surface plasmon waves (SPW).
For a particular angle of incidence, resonance occurs and the polarized light is absorbed
producing a dip in output reflected intensity pattern, which is monitored in SPR
spectroscopy. In Kretchmann’s configuration as shown in figure 1.6, Prisms are used to
couple light. The top surface of the prism is coated with a thin metal film. Polarized light
from an external source is incident on the metal prism interface which results a total
internal reflection for a critical angle and the generated evanescent field penetrates through
the metal surface. For a particular angle of incidence greater than this critical angle, the
propagation constant of the evanescent field exactly matches with the SPW and resonance
occurs, resulting photons to be coupled in the SPW. This resonance angle is highly
dependent on the properties of the metallic film, wavelength of the incident light and
refractive index of the medium on both side of the metallic film [60]. Now if biomolecules
get attached to the receptor molecules immobilized on active metal surface, the effective
refractive index of the medium changes, thus changing the resonance angle. This change in
Rl is linearly proportional to the number of analytes attached to the metal surface [61]. So,
analyte concentration can be measured by monitoring resonance angle. Also, reaction

kinetics in the flow cell can be observed real-time.
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GE Healthcare’s Biacore systems are the first commercially available prism coupled
SPR system. These systems have typical DL 10 to 107 RIU [31]. Some instrumental
improvement achieved maximum 102 RIU [62]. The main disadvantage of prism coupling is
that it is bulky and cannot be used in ‘lab on chip’ models. In contrary, fiber optic coupling
can be done by removing a small portion of cladding and coating it with thin metal film. In
order to achieve better performance another new structure has been developed, where a
thin metal layer is sandwiched in between two dielectric layers of same Rl [63-67]. This new
structure gives better performance in sensing large molecules and complex solutions like
whole blood. Due to the presence of two metal dielectric interfaces, Long Range Surface
Plasmon (LRSP) and Short Range surface Plasmon (SRSP) are generated. LRSP evanescent
field penetrates deeper onto the solution, so it is used to monitor bulk Rl change; where

SRSP evanescent field penetration is weak and it only monitors surface Rl change.
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Figure 1.6. SPR biosensor Schematic Diagram [68]

TABLE lll: Some significant works in the last decade

Type of Sensor Analyte Biorecognition LOD Year & Reference

Element

SPRCD Micro-ribonucleic Thiolated DNA 2pM 2010 [69]

(Surface Plasmon acid oligonucleotides
coupler and
disperser)

LRSP E. coli 0157:H7 cAb, no. ab75244 50 cfu mL? 2012 [70]

SPR IgM Dengu Antigen - 2014 [71]

Smart phone SPR Bovine 1gG Staphilococcal 47.4nM 2015 [72]
protein A
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SPR Glucose oxidase/ = Glucose/Uricacid = 3.4/0.27 pmol/I? 2017 [73]
Uricase
SPR HER2(+) Exosome Anti HER2 8280 2019 [74]
Antibody exosomes/pL
Optical fiber SPR Infliximab Anti infliximab 23.5ng/ml 2020 [75]
Magnetic SPR AHIN1 Corresponding - 2020 [76]
monoclonal
Antibody
SPR Valspodar and Lentiviral particle _ 2020 [77]

cyclosporine

1.2.3.3. Optical Fibers and Waveguides: Optical fibers and waveguides are popular in
biosensing field as they are simple, compact and highly sensitive. Due to simplicity of
fabrication, they are highly cost effective and there is also a huge scope of material

modification for better performance achievements.

> Optical Fibers: Optical fibers are made up of core and cladding which surrounds the
core. Refractive index of cladding material is slightly less than core, so that total internal
reflection (TIR) can take place at an incident angle greater than critical value. When TIR
occurs some portion of the EM energy leaks out from the core cladding interface which is
called evanescent field (EF). The intensity of this Evanescent waves (EW) dies down
exponentially with increasing distance from core. This EF intensity is highly sensitive to the
surrounding medium. If biomolecules are introduced in fiber optic surrounding medium EF
gets affected by the change of effective refractive index in cladding-surrounding medium
interface. When cladding is sufficiently thick, EWs are unable to reach sensing interface due
to their low penetration depth. Approaches such as, stripping of a small portion of cladding,
tapering, bending has been incorporated to increase penetration depth so that interaction
between surroundings and EF can be sufficiently strong for reliable sensing application [78].
For different analytes the absorption spectra are different and thus qualitative and
guantitative measurement of verities of analytes is possible.

Absorption of EW at 280 nm was demonstrated using Goat Anti-Human IgG as model
analyte, and minimum detection limit was found to be 0.1pg/ml [78]. Tapered U bend
plastic optical fiber biosensors were also reported for cell detection [79, 80]. Mixed scheme

of detection like SPR based optical fiber where a part of the fiber is coated with thin gold or
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silver layer to induce plasmonic effects, or Interferometric biosensors with optical fiber,

have enhanced overall performance as reported by Cao et. al. and Li et. al. [81, 82].

y Bioreceptor 4 Analyte
(HIgG) (anti 1gG)
s ¥ ol

Spectrometer UV LED

Figure 1.7. Schematic on sensing principle of basic fiber optic biosensor [78]

> Optical Waveguide Lightmode Spectroscopy (OWLS): The basic principle of OWLS
(or grating coupler sensor) depends on the grating coupling phenomenon, where light can
be coupled into a waveguide structure using optical grating pattern implanted on the
surface of the waveguide. The grating acts as a guided-mode resonance filter which gives
very narrow bandwidth [83-85]. In OWLS a polarized monochromatic laser beam falls on the
grating surface as shown in figure 1.8 and for a particular angle of incidence this light will be
guided through the waveguide, which can be detected by two photodetectors connected to
the assembly. The angle of incidence, for which guided-mode resonance will take place, is
highly dependent on the refractive index of the cover medium, wavelength of incident light
and grating pitch. So, if the refractive index of the cover medium changes due to
introduction of biomolecules, this coupling angle also changes. Precise measurement and
real time monitoring of incident angle vs. guided intensity is possible in OWLS instruments
and the adsorbed mass density can be calculated by well defined de Feijter’s formula [84].
Microvacuum organization has developed a highly sensitive grating coupler
biosensor system OWLS 210 [86], which contains surface functionalized grating coupler
waveguide chip OW2400. There is a flow cell in this arrangement which allows analysis of
binding kinetics also. J Voros et al. and J.J Ramsden et al. discussed different biological
applications of OWLS like Protein-DNA interaction, Lipid bylayers, Biomembrane etc. in
their work [87]. Adanyi et al. developed an immunosensor for the detection of Aflatoxin
and Ochratoxin in both competitive and in direct immunoassays, which yielded the limit of

detection between 0.5 and 10 ng mI~? in both cases [88]. Namsoo Kim et al. performed
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Salmonella detection with a direct binding optical grating coupler immunosensor and

reached detection limit of 1.3 x 103 CFU/ml [89].
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Figure 1.8. Schematic diagram of OWLS [85]

> Resonant Mirror: This type of configuration combines high sensitivity of waveguide
device and simple construction of SPR sensors [90]. It is typically a three layer waveguide
structure as shown in figure 1.9. The high index waveguide layer and the high index
substrate layer which may be a prism, is separated by a low index metal or dielectric layer.
At the spacer-substrate layer interface, the waveguide model is leaky; so instead of total
internal reflection inside the waveguide structure, light is strongly reflected back from the
substrate. The model supports TE and TM both modes [91] unlike SPR structure, which only
allows TM mode. When light is incident on the substrate layer at resonance angel, it is
strongly coupled in the high index waveguide layer and at each reflection point in this layer,
light is leaked out and gives strong reflection at output end. As light propagates along the
waveguide layer, the evanescent field interacts with the functionalized sensing layer and
with attachment of analyte, Rl of the cover changes, changing the detector output.
NeoSensor is a commercially available biosensor using RM structure [92]. Zourob M. et
al demonstrated an improved structure of the RM based biosensor, which may be a
promising model for further reliable biosensing application and reaction kinetics study [93].
In the last decade reports on resonant mirror biosensor has dropped significantly; but still it

is a very successful model worth to be discussed.
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Figure 1.9. Resonant Mirror sensor [90]
> Metal Clad Waveguide (MCWG): This is also a leaky model, so it is called Metal Clad

Leaky Waveguide (MCLW). The structure is not much different from the RM structure, only
here the waveguide layer is low index and the spacer layer is a metal layer.

Light is guided along the low index waveguide layer and the presence of the metal
layer enhances evanescent field penetration depth in the bulk solution which enhances the
sensitivity of the device compared to RM structure [94]. According to Skivesen et al., there
are two types of MCWG operational modes, peak type and dip type [95]. When the metal
layer, separating low index waveguide layer and high index substrate layer, is about tens of
nanometers thick and imaginary part of its dielectric constant is small, a dip in the output
response will be observed. And when the opposite happens i.e., the metal thickness is only a
few nanometres and dielectric constant imaginary part is large, a peak in the output
response is observed. These peaks and dips are very sharp, making the sensor structure
extremely sensitive [95]. Skivesen et al. in her later studies demonstrated a refractometric
setup of MCWG sensor chips which detected sedimentation of mammalian skin cell with
minimum DL 8-9 cells/mm? [96]. A DL of 8x10* spores/ml for Bacillus subtilis var. niger
bacterial spores was observed in peak type waveguide sensor [97]. Won Joo Im et al.
recently used MCLW as an immunosensing tool and showed a DL approximately 3.8x10%

RIU for human interleukin 5 [98].
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Figure 1.10. MCWG sensor schematic structure [99]

TABLE IV: Some significant works in the last decade

Type of Sensor Analyte Biorecognition LOD Year &
element Reference
OWLS Deoxynivalenol DON specific polyclonal 0.005ng ml? 2011 [100]
(DON) Antibody
LSPR optical Glucose Glucose oxidase - 2012 [101]
fiber
MCWG Human hIL5 Antibody 10ng/ml 2012 [98]
interleukin5(hIL5)
OWLS Carp Vitellogenin Lipovitellin 0.07ng ml? 2013 [102]
MCWG C reactive protein CRP polyclonal 1.22x 10* RIU 2014 [103]
Antibody
Plastic optical E. Coli O55 Staphylococcal protein - 2014 [80]
fiber A
OWLS Polyphenol polyclonal anti-PPO 0.005607 U/ml 2015 [104]
oxidase (PPO) Antibody
Interferometric Human IgG Anti human IgG 2.3 ng/ml 2018 [105]
optical fiber
OWLS Sulfamethazine Anti SMZ Antibody 1pM 2018 [106]
(SmMz)
SPR optical Thrombin DNA Apt29 1nM 2019 [107]
fiber
U bend Plastic CHIKV-nsP3 anti-polyhistidine 0.52g ml? 2021 [108]
optical fiber protein monoclonal Antibody

1.2.3.4. Ring Resonator: The basic principle behind optical ring resonator is Whispering
Gallery Modes (WGMs) [109-111], though here the wave that makes the revolution is not

sound wave but light wave. The structure (figure 1.11) consists of one or more waveguide
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loops with straight waveguides (bus waveguide, coupling waveguides) to couple light in and
out of the loop. When light is incoupled at resonance wavelength [109] in the ring
waveguide structure, it is guided through the ring with repeated total internal reflections
and produces constructive interference by overlapping revolution cycles, allowed by the
structure. The detector waveguide outcouples the light from the ring after certain
revolution cycles. The WGM and circulating waveguide mode is analyzed by Mei theory
[109-111]. The evanescent field of the whispering gallery wave, on the ring resonator
surface, responds to the change of effective refractive index on the cover medium due to
binding of target molecules. Now this light-analyte interaction length is important, as large
interaction length implies higher sensitivity. In ring resonator structure the interaction
length does not depend on the physical structure of the sensor chip like all other methods,
but the number of revolutions which is determined by the Q factor [112] of the ring
resonator. So, the higher the Q factor, the better the sensing performance. The binding of
target molecule changes the WGM spectral shift, which is directly or indirectly monitored
and this gives the required information about the amount of target molecule and also
provides reaction kinetics information. Based on this theory, three major structures have

been implemented up until now.

IN Coupling Region ouT

=

Figure 1.11. Schematic diagram of Ring Resonator [113]

> Chip-based Ring Resonator: In this type, microring, microdisk, microtoroid-shaped
resonator structures are fabricated on a chip [114-116]. The advantage of them is, they have

mass production and optoelectronic integration capabilities, but their severe disadvantage
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is that, except toroidal structure they have poor Q factor, and the structure design
procedure it quite laborious and challenging. Though theoretical DL of these models is
found to be 10 RIU [117], practically such precision has not been achieved yet. lan M.
White et al. demonstrated a ring resonator DL of roughly 107 [118]. Erol Ozgur et al.
recently demonstrated a limit of detection 0.11nM for human Interleukin 2 in complex

solution, using highly sensitive Microtoroidal structure [116].

Figure 1.12. FESEM of (a) Microring [119], (b) Microdisk [120], (c) Toroidal-shaped resonator [121]

> Stand alone Dielectric Microsphere: Microsphere resonators have higher Q factor
compared to the previous one, so they have better sensitivity and by directly monitoring
WGM spectral shift, 107 DL order can be achieved [122]. lan M. White showed that small
molecules can be detected in trace quantities at the microsphere resonator surface [123].
DNA detection using microsphere was demonstrated by Vollmer et al [124] with 1pg/mm?
detection limit. Further work on viral detection [125], large molecules like bacteria detection
(E. coli) [126] was also performed. In his further studies lan M. White et al. demonstrated a
porous-wall hollow glass microsphere structure (PW-HGM) [127], which gave improved
sensitivity due to nanopores introduced in the microsphere structure. Though it was tested

for vapour detection at first, it has immense capability in biosensing applications.

Figure 1.13. SEM image of Microsphere resonator structure [128]
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> Liquid core (LCORR) / Optofluidic Ring Resonator: In capillary based optofluidic
structure, the capillary wall thickness is made very thin (less than 5um) and the outer radius
of the capillary is made around 100um [129]. The evanescent field of WGM, due to this thin
wall, penetrates the hollow core and interacts with the Rl change of the solution inside the
core (figure 1.14). This structure is being widely used in biosensing applications recently. For
example, H. Zhu et al. demonstrated DNA detection limit 10pM [130], virus particles have
been detected with LOD 1000 particles/ml [131], protein (BSA) detection limit was found to

be 1pg/mm? [132] and so on.

Analyte

Surrounding medium
Evanescent field

Ring resonator

----- Resonant light

v

Figure 1.14: Schematic diagram of Capillary based optofluidic ring resonator [133]

TABLE V: Some significant works in the last decade

Type of Sensor Analyte Biorecognition LOD Year & Reference
element
Optofluidic Ring = T Lymphosite cell CD4+ and CD8+ - 2010 [134]
Resonator Antibody
Silicon Microring Human IgE and Anti IgE and anti | 33pM and 1.4nM 2013 [135]
Thrombin thrombin
aptamer
Glass Oligonucleotide Receptor - 2014 [136]
microsphere Oligonucleotide
Double-side Ring Salmonella Salmonalla total 10® RIU 2014[137]
Add-drop Filter bacteria Antibody
microring
Microtoroid Human interlukin = Anti IL-2 Antibody 0.1 nM 2015 [116]
resonator 2
Silicon on Testosterone Molecularly 48.7 pg/ml 2015 [138]
insulator imprinted
microring polymer
SWG microring  Biotinylated BSA / Streptavidin / 3.9x10* RIU 2016 [139]

microRNA

capture DNA
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Optofluidic Biotin Streptavidin 0.41 pM 2018 [140]
Microbubble
resonator
Porous silicon BSA - 0.5 pg mm™2 2018[141]
microring
Microdisk laser Streptavidin Biotin 104 ng/ml 2018 [142]
Silicon Microring Coxiella burnetii DNA probe - 2019 [143]
Au-Np coated Glucose Glucose oxidase - 2020 [144]
Silica
Microsphere
HD microdisk Human IgG Goat anti-human 0.060 am 2020[145]
IgG
Silicon Nitride Neuropeptide Y - 0.25g/ml 2020 6]
microring

1.2.4. Label-free Optical Biosensor Materials

Just like different sensing principles, choice of sensor materials is a very important
aspect in biosensor fabrication. Biocompatibility, non-toxicity, large surface to volume ratio,
good absorption property etc. are the few things need to be taken in consideration while
choosing biosensor materials. Here, some of the important materials that are being used
extensively in label-free optical biosensing have been presented.
1.24.1. Nanomaterials: Nanostructured materials have unique physiological and
chemical properties that differ from bulk materials. Due to the recent advancement of
chemical synthesis process in nanotechnology there is huge scope of preparing different
types of nanostructures like nanospheres, nanorods, nanotubes, nanowires, nanofibers,
nanoflowers, quantum dots etc. Nanoparticles are typically of the dimension range 1-100nm
which is quite comparable to biomolecules thus there is significant interaction between
nanostructured layer and analytes which ensures enhanced signals for biosensors. The
benefit of using nanomaterials as sensing platform lies in their easily tunable size and shape
dependent properties, large surface to volume ratio and capability of fabricating

miniaturized biosensors.

Metal Nanoparticles like gold and silver nanospheres are used extensively for signal
enhancement of nanoparticle enhanced SPR sensors, fiber optic sensor coating, grating

couplers etc. In SPR, signal is generated due to interaction between incident photons and

Page |24



1. Literature Review and Scope of Work

conduction electrons of the metallic nanoparticles. Peak extinction wavelength of SPR
signals was found to be sensitive on the size and shape of the nanoparticles [147].
Triangular silver nanoparticles were found to have remarkable optical properties and

combining it in LSPR configuration produced LOD as low as picomole to femtomole [147].

) R E e (

Figure 1.15. TEM image of silver (A) Nanosphere, (B) Nanoprism, (C) Nanobar, (D) Nanowire and SEM
image of silver (E) Nanocube, (F) Nanopyramid, (G) Nanorice, (H) Nanoflower [156]

Metal Oxide nanostructures are also of great interest recently due to their
biocompatibility, enhanced absorption property and non-toxic nature. Zinc oxide (ZnO) is
being investigated for optical biosensors due its room temperature photoluminescence and
unique structural properties. ZnO film was reported to have surface structural property
favourable for direct immobilization of antibody [148]. Hydrothermally synthesized ZnO
nanorod based non-enzymatic optical sensors have been demonstrated for selective,
interference free detection of human serum glucose [149]. Titanium Oxide (TiO3) is also an
interesting metal oxide platform due to its stability in aggressive chemical environment,
non-toxic nature and room temperature photoluminescence. Viter R. et al. demonstrated
Salmonella detection using TiO; nanoparticle coated glass sensors [150]. Green synthesis
i.e., synthesis of TiO, nanoparticles from plant extract was has been reported for
antibacterial sensors [151]. Nanoporous structures like porous aluminium and porous silicon
are very popular for their large surface to volume ratio which provides increased interaction

space with analytes leading to better sensor response. Thin film transducers made of
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nanoporous alumina proved to be a reliable diagnostic tool for point of care application in

chronic wound healing [152]. Nanoporous anodic alumina barcodes were reported to have

biomedical sensing application in UV-visible region [153]. Sha Li et al demonstrated porous

silicon microcavity as highly sensitive platform for bacteria detection with LOD as low as

20 bacteria ml~1 [154]. Grating coupled porous silicon waveguide was reported by Xing Wei

et al., which showed better molecular detection capability than standard grating couplers

[155].
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Figure 1.17. SEM image of (a) Porous Alumina [159], (b) Porous Silicon [160]

TABLE VI: Some significant works in the last decade

Sensor Material Analyte Biorecognition LOD Year & Reference
element
TiO, Nanotube Human IgG Protein A - 2010 [161]
Porous silicon Protease Gelatin - 2010 [162]
Porous anodic Pancreatic cancer = Biotinylated anti- <1000 cells/ml 2012 [163]
aluminium oxide cells (PANC-1) EpCAM Antibody
Gold nanorods Aflatoxin B1 - 0.16 ng ml™? 2013 [164]
TiO; coated PSi Sheep IgG Rabbit anti-sheep 0.6 pug/ml 2014 [165]

IgG
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ZnO Nanowire Uric acid - 5.74% 2015[166]
Gold nanostar DNA target DNA probe 6.1 nM 2015 [167]
TiO; Nanoparticle Salmonella Anti-Salmonella - 2017[150]
typhimurium serum
Porous silicon Protein A Protein A binding 3.17 uM 2017 [168]
aptamer
Porous anodic Tumour necrosis Anti TNF-a 0.13 pg/ml 2018 [152]
alumina factor-alpha Antibody
(TNF-a)
Core shell Staphylococcal Anti SEA Antibody 0.2/0.4 nM 2019 [169]
gold/silver enterotoxin A
nanoparticle (SEA)
Porous anodic Cathepsin B - 0.08 nM 2020 [170]
alumina
Au and ZnO Cholesterol Cholesterol- 0.6161 2020([171]
nanoparticle oxidase

1.2.4.2. Composite Materials: Isotropic and inhomogeneous materials which are
composed of two or more different materials and possess unique physical and chemical
properties are known as composite materials. Composites are classified mainly by matrix or
binder material and filler or reinforcement phase [172]. Matrix can be of vast range from
polymer, carbon, metal, ceramic etc. Fillers can be different type of nanoparticles, fibers
etc. which is supported by the matrix. The mixture of these two or more phases creates
properties which are not observed in the constituent individual materials and these
properties can be optimized by varying filler or matrix type and concentration. Thus,
composites can be created and optimized according to the need of application and thus
have become an interesting field of research nowadays.

Polymer Matrix Composites (PMC) is used due to low cost, biocompatibility and
diversity in physiochemical properties. PMC physical and chemical properties can be
modified easily which enables selective active biomolecule attachment. Biopolymer chitosan
and silver nanocube composite was reported by Di Zhang et al. for mouse IgG detection in
lower concentration range. It was observed that in presence of the composite film, limit of
qguantification was four times less than traditional SPR sensors [173]. Gold-
Polymethylmethacrylate (PMMA) nanocomposite showed significant improvement in LSPR

sensing after surface treatment like annealing which helped the gold nanoparticles to move

towards the surface, increasing biomolecular interaction [174]. Gold/Cadmium sulphide
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guantum dot in polyamaidoamine (PAMAM) matrix has also been demonstrated for highly
sensitive and selective detection of dengue virus [175].

Magnetic nanocomposite Fe3O, and Au nanorod (AuNR) was demonstrated to have
both magnetic and optical properties which contribute to enhanced antibody
immobilization and sensitive detection [176]. Ceramic composite Au/TiO2 thin films have
been used in LSPR sensing and it was observed that plasma treatment increased surface
sensitivity of the nanocomposites significantly [177]. Porous silicon-ZnO nanocomposite has
also been investigated in biophotonic application for Aflatoxin B1 detection [178]. Two
layers of Graphine oxide-Au nanoparticle composite was reported to have amplifying effect

in SPR response and detection limit as low as 0.1 fM was achieved for microRNA sensing

[179].

Figure 1.18. SEM image of (a) Au-PMMA nanocomposite [180], (b) PSi-ZnO nanocomposite

TABLE VII: Some significant works in the last decade

[181]

Sensor Material Analyte Biorecognition LOD Year & Reference
element
Zn0O-Au Rabbit 1gG Goat anti-rabbit - 2010 [182]
nanocomposite IgG
Fe30,/AuNR magnetic Goat IgM Anti- goat IgM - 2012 [176]
nanocomposite
Graphine oxide-Au microRNA-141 Capture DNA 0.1fM 2017 [179]
nanoparticle and small molecule
composite molecule
adenosine
Hybrid Au Anti BSA BSA 145 fM 2018 [183]
nanoparticle/graphine
oxide composite
Zinc oxide and Urinary p-cresol Molecularly 28 nM 2018 [184]
Molybdenum imprinted
sulphide polymer
nanocomposite
Porous silicon ZnO Aflatoxin B1 Anti-AFB1 - 2020 [178]
nanocomposite (AFB1) Antibody
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Au/CdS quantum dot- Dengu Virus E IgM 0.1 pM 2020 [175]
PAMAM protein
nanocomposite
Graphine oxide/ Dengu Virus Anti DENV 0.08M 2020[185]
Polyamidoamine (DENV) E Antibody
nanocomposite protein
1.2.4.3. Molecularly Imprinted Polymers (MIP): MIP is comparatively new in the field

of biosensor but proved to be huge breakthrough in replacing standard biorecognition
elements or capture probes. Their main advantages over biological counterparts are
chemical and thermal stability, longer storage life, durability and multi-time usage
capability. These artificial bioreceptors are very much cost effective and can be easily
fabricated. MIP consists of binding sites which have physical structure and chemical
properties complementary to the target molecules or templates. They act similarly to the
biological antigen-antibody system. MIP synthesis requires a pre-polymerization mixture
which contains template molecule, functional monomer, cross-linking monomer and a
radical initiator in a suitable solvent. Polymerization is initiated by exposing the mixture in
UV radiation or heat. Higher degree of cross-linking provides mechanically stable micro-
structures inside the polymer matrix after extraction of template molecules. There are two
methods of MIP synthesis with respect to template and functional monomer interaction,
which are non-covalent or self assembly and covalent imprinting. In covalent imprinting
process template molecules are covalently attached with functional monomer before
preparing pre-polymerization mixture. Though covalent imprinting protocol produces high
yield of homogeneous binding sites; self assembly is way more popular due to its simplicity

and capability to produce higher affinity binding sites [186].

2D self assembled thiol monolayer with recognition properties towards dansylated
amino acids has been prepared on SPR chip and selectivity for the template over didansyl-L-
lysine has been observed [187]. Compact, low cost and highly sensitive detection of
anesthetic propofol was reported using microfluid optical biochip with on-chip imprinted
polymer [188]. Smartphone based aflatoxin B1 detection has been demonstrated with
imprinted polymer membranes synthesized with acrylamide functional monomer and LOD

was found to be as low as 20ng/ml [189]. MIP based photonic material as integrated optical
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antibiotic enrofloxacin sensor has been proposed by C.A Barrios et al. [190]. Multifunctional
MIP composites with both magnetic and optical properties have been reported for rapid
and cost effective detection of doxycycline in pig plasma and LOD of 117nM was achieved

[191].

"

Self-assembly i Polymerization Slovent Analyte
extracﬂon binding
— — S

Noncovalent imprinting

Polymerization Chemical
cleavage indi

Covalent imprinting

, ’ " Chemical

synthesis
—_

Figure 1.19. Schematic diagram of MIP synthesis [186]

TABLE VIII: Some significant works in the last decade

Sensor Type Analyte/ Biorecognition LOD Year & Reference

Template element

SPR Fab fragments Molecularly 56 ng/ml 2011 [192]
imprinted
polymer

SPR Procalcitonin Molecularly 9.9 ng/ml 2013 [193]
imprinted
polymer

SPR Citrinin Molecularly 1.7 pg/ml 2015 [194]
imprinted
polymer

Microring Progesterone Molecularly 83.5 fg/ml 2017 [195]
resonator imprinted
polymer

Optical Fiber Urinary p-cresol Molecularly 28 nM 2018 [184]
imprinted
polymer

SPR Troponin T Molecularly 14.8 nM 2018 [196]
imprinted
polymer
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Interferometry Parathion methyl Molecularly 79.43 fM 2019 [197]
imprinted
polymer
SPR Aflatoxin B1 Molecularly 1.04g/ml 2020[198]
imprinted
polymer

1.244. Photonic Crystals: Photonic crystals (PC) are periodically modulated dielectric
structures which control the motion of photons. Such materials exhibit distinct optical band
gap much like electronic band gaps present in ionic lattice which is responsible for electron
motion control. At the boundary of high and low refractive index medium in periodic
structure, interference of reflected and refracted photons occurs generating constructive
and destructive patterns which produces the effect of photonic bands allowing a range of
electromagnetic frequencies to pass through it. On the other hand, the frequencies that lie
within the photonic band gap are reflected back and only their evanescent fields penetrate
in the crystal. Lord Rayleigh first experimented with stacked periodic dielectric layer and
found that they exhibit one dimensional photonic band gap. In recent time, due to immense
advancement in nanostructure development processes, two and three dimensional PC
structures can be fabricated easily by photolithography, drilling, direct laser writing, self
assembly and many more [199].

In 1D PC periodic modulation of refractive index is either in horizontal or in vertical
direction. Bragg Mirrors and fiber Bragg gratings (FBG) are some common examples of 1D
PC. Mirrors made from dielectric stacks are extremely efficient as absorption of light in
dielectric material is minimal. Their only drawback is that they operate in a very narrow
range of incident angle close to normal incidence. In FBG refractive index of the core axis is
modulated in a periodic sinusoidal pattern. FBG has very narrow bandwidth and they have
been used extensively in dispersion compensations, filters etc [200]. In 2D PC periodicity in
refractive index is in two directions and propagation of light is restricted in the plane of
periodicity. Generally, two types of structures are considered for 2D PC i.e., array of
dielectric pillars or rods in homogeneous dielectric medium and array of holes in
homogeneous dielectric medium. When refractive index difference between dielectric

pillars or hole with background dielectric is significantly high then 2D photonic band gap is
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generated for propagation in the plane of periodicity. 3D PC has periodic modulation of
refractive index in all three dimensions thus allowing photon confinement in all directions.
Initially 3D structure fabrication was a challenge due to their complex geometry. Self
assembly produces 3D PC naturally but, in this process, choice of lattice symmetry is limited.
On the other hand, lithographic approaches can obtain almost any type of lattice symmetry
and large photonic band gap [201]. Woodpile structure fabricated by 3D lithography has the
potential to produce full photonic band gap provided the refractive index contrast is

sufficiently high.

Figure 1.20. Photonic crystal structures [202]

Defect modes are generated intentionally in PC structure to introduce sharp peaks in
the band gap region and this sharp peaks changes position with biomolecule introduction
into PC environment, which have great importance in biosensing application. PC structures
incorporating porous materials, nano and microcavities, waveguides, multilayered thin films
etc. have been reported extensively for the detection of protein, nucleic acid, cancer
biomarkers and different types of pathogens [203-207]. PC structures incorporating TiO;
nanorods have been reported for enhancement of detected absorbed mass density of
analyte [208]. PC biosensor for rapid screening of cancer cytotoxicity and proliferation has
also been reported [209]. PC waveguide structure and PC surface wave biosensor were
demonstrated for highly sensitive protein detection platform [210,211]. Long period grating

inscribed in PC fiber has been used to monitor in situ antigen antibody binding [212].

TABLE IX: Some significant works in the last decade

Sensor Analyte Biorecognition LOD Year &
Material element Reference
2D PC Influenza virus H1N1 1 ng/ml 2010 [213]

haemagglutinin
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Open cavity Myoglobin Myglobin 70 ng/ml 2013 [214]
based PC Antibody

PC optical fiber Anti 1gG IgG 0.267mg/L 2013 [215]

Open Cardiac Troponin | (cTnl) Anti cTnl 0.1 ng/ml 2014 [216]
microcavity PC Antibody

PC colloidal Penicillin G Penicillinase 1uM 2016 [217]

crystal hydrogel

PC microcavity Gentamicin Anti-gentamicin - 2017 [218]
Antibodies

1D PC grating Parasite Extracellular EV specific 2.18 x 10° 2018 [219]

Vesicles (EV) Antibody EVs/ml
1D PCslabs IgG & C-reactive protein - 0.1 & 87 nM 2019 [220]
PC microcavity Hepatocyte Growth (HGF) & (MIP1) 9.813 pg/ml & 2020 [221]
Factor (HGF) & Antibody 15.437 pg/ml

Macrophagelnflammatory
Proteins (MIP1) Antigen

1.3. Glucose Sensors

Diabetes mellitus is a metabolic disease which can cause serious health issues if left
untreated. Normal level of glucose in human serum is in the range of 4-5.8mM (72-
105mg/dl). In hyperglycemia, serum glucose level becomes greater than 5.8mM for fasting
(10-12 hours) and 9.2mM for postprandial measurements [222]. On the other hand,
hypoglycemia causes serum glucose level to drop below 3.6mM [222]. While hypoglycemia
can cause emergency conditions immediately, hyperglycemia is a slow killer and severely
affects heart, kidney, eyes and nervous system unless diagnosed early. So, role of glucose
sensor is tremendous in maintaining healthy population. Also, pressure on the food
companies to minimise glucose levels in foods and beverages, has increased the demand of

glucose sensors in industrial application.

There are basically three standard techniques for clinical measurement of blood
glucose i.e., reducing method, condensation method and enzymatic method. Enzymatic
methods are preferred over the other because of their high accuracy, specificity and
reliability [223]. Glucose specific enzymes like glucose oxidase, hexokinase and glucose
dehydrogenase are generally used in enzymatic method [224]. Glucose Oxidase (GOX) is

being widely used in electrochemical, mechanical and optical sensing of blood glucose in the
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last few years due to their fast response and low cost. In the following section, significant

works on GOX based glucose sensors have been presented.

1.3.1. Electrochemical: Merit and Demerit

Electrochemical sensors are the most common type of glucose sensor due to their
high sensitivity, rapid response and ease of miniaturization. Enzyme electrodes and different
types of amperometric, voltametric, potentiometric and impedimetric glucose sensors fall
under this category. Amperometric glucose sensors are widely used in continuous

monitoring systems and wearable sensors.

GOX assembled on graphene platform has been reported by Ping Wu et al. for direct
measurement of decrease in reduction current upon glucose introduction [225]. Gold
electrode was modified with electrodeposition of chitosan gold nanocomposite and nickel
hydroxide for enhanced electron transport for increased sensitivity of the glucose
electrodes [226]. Au nanoparticle assembly on PVA/PEI nanofiber mat were reported by E.
Sapountzi for ultrasensitive electrochemical glucose monitoring [227]. Amperometric
glucose sensors were reported by L. Wang et al. based on Ag nanowire and chitosan-glucose
oxidase film [228]. Fine pointed GOX immobilised electrodes were presented by J. Li et al.
for low-invasive amperometric glucose monitoring [229]. GOX immobilised graphitic carbon
nitride nanosheets were also reported by K. Tian et al. for reliable amperometric glucose
sensing [230]. Screen printed carbon electrodes were demonstrated by D. Maity et al. for
amperometric detection of blood glucose [231]. Encapsulated GOX in liposome microreactor
amperometric glucose sensor were presented by G. Huanan et al. [232]. Paper-based
enzymatic electrodes were reported by M. Parilla et al. for enhanced potentiometric
response in glucose sensing in biological fluids [233]. A Nafion-GOX/GO/AZO membrane
based potentiometric arrayed glucose sensor has been demonstrated by J. C. Chou et al.
[234]. GOX immobilised PVDF thin films were utilised by A. Hartono et al. for capacitive
glucose sensing [235]. GOX modified Si-Al electrodes were demonstrated by L. Chen et al.

for capacitive non-Faradic glucose sensor [236].

Electrochemical glucose sensors have some limitations also. Fabrication process of

these sensors is challenging as micro cracks or tears can cause significant drop in output

Page |34



1. Literature Review and Scope of Work

response. These sensors lack robustness and get affected by external electromagnetic
interferences easily [237]. Also, slow biocatalysis due to the interface of enzyme and

electrical contacts often reduces response of the electrochemical sensors [238].

1.3.2. Mechanical: Merit and Demerit

Piezoelectric and microcantilevel sensors are comparatively less popular in the field
of glucose sensing; but their ability to measure mechanical properties like induced mass,
surface stress, viscosity etc. even in sub atomic range makes them an ideal choice for highly

sensitive glucose sensor.

Solid mounted thin film piezoelectric resonator was reported by H. Zhao et al. for
continuous glucose monitoring through viscometry [239]. GOX/ZnO nanowire array based
piezoelectric self powered electronic skin was reported by X. Xue for glucose detection in
body fluid [240]. GOX functionalized gold coated glass slides were used as glucose reaction
sites to study induced force on microcantilever sensor due to induced mass change [241].
Surface stress induced by the reaction between glucose and GOX is measured using GOX
functionalized microcantilever sensor for highly selective glucose detection [242]. Gold
coated silicon cantilevers were also reported by S. Subramanian et al. for glucose sensing
[243]. Layer-by-layer nanoassembly modification of microcantilever sensors was reported by

X. Yan et al. for increased glucose sensitivity [244].

The main disadvantage of microcantilevel sensors is their incredibly small and fragile
structure. Also, dynamic mode of operation is strongly affected by unwanted viscous

damping [245].

1.3.3. Optical: Merit and Demerit

Optical glucose sensors have high sensitivity, precision, accuracy and robustness.
They have lower noise level than standard amperometric sensors and are immune to
external electromagnetic interferences. Different types of spectroscopy and interferometry

enables high sensitivity even in non-invasive measurements. Enzymatic optical glucose
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sensors are generally invasive i.e., they require blood, serum, saliva, tear or urine samples

and they can produce limit of detection even as low as femtomole [246, 247].

Glucose sensitive membranes coated on gold-glass sheets were reported by Y. Yuan
et al. for broad range SPR based glucose sensing [248]. Silica mesocellular foams with
trapped GOX were also used by the same group for SPR based glucose sensing [249].
Spectral interrogation based SPR sensors along with self assembled monolayer based
preparation showed higher sensitivity and stability [250]. Fiber optic SPR glucose sensors
were also reported largely by different groups [251-256]. Optical fiber based Mach-Zehnder,
plasmonic and heterodyne interferometers were reported extensively for glucose detection
[257-261]. GOX immobilised PDMS waveguides were reported by D. A. chang-yen and B. K.
Gale for fabricating integrated optical glucose sensor [262]. Also, whispering gallery based
GOX functionalised glucose sensors were demonstrated by I. Brice et al. for significantly high

sensitivity in glucose sensing [263, 264].

Despite of the remarkable sensitivity and accuracy provided by optical detection
methods, temperature dependent instabilities are common in these sensors [265]. Also,

many of them uses costly components compared to electrochemical sensors.

1.4. Scope of Work

Optical label-free detection techniques discussed in section 1.2.3, relies on either
costly instruments or complex and time consuming fabrication methods. Also, most of
them measure a single optical parameter for precision analysis. The drawback of single
parametric optical system is that, they are unable to detect changes in different optical
properties simultaneously and thus fails to explain the overall change in the sensor
material properties due to analyte introduction. Also, for different analyte concentration
range some parameters may show maximum sensitivity and linearity while the others
show poor calibration curve. Thus, it is a well known fact in any measurement system that
utilization of more than one parameter enhances reliability and overall performance of the
system. So, multi-parametric measurement systems have great advantage over single

parametric ones.
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Image processing based optical label-free detection system is a comparatively new
field and such systems have not been extensively reported yet. Images of reflected or
transmitted spot contain intensity and spectral information which can be utilised to
acquire several interlinked or non interlinked optical parameters simultaneously for
reliable measurements. Also, use of simple components and software based image
processing make the system extremely cost efficient. Design and development of such
sensitive, reliable and cost efficient system have the potential for significant contribution
in the field of optical biosensing.

Among all the types of biosensor material discussed in section 1.2.4, nanostructured
and composite thin films have the simplest and cost efficient production process. They are
highly sensitive materials with small response time compared to many bulk sensors. Also,
porous thin films provide unique properties and large surface area for biomolecule
interaction which makes them a suitable choice for precision detection of analyte. Such
porous thin film structures combined with multiparametric optical detection system can
prove to be an extremely sensitive and cost efficient platform for glucose detection in

pathological range.

1.5. Objective of Thesis

From the discussions in section 1.4, objectives of the thesis have been formulated
and listed below.

» Design and development of an automated image acquisition system using MATLAB
GUI environment.

» Image analysis and processing to acquire five interlinked optical parameters
(transmittance, reflectance, internal scattering, surface scattering and output power)
simultaneously as sensor system output.

> Fabrication, characterization and optimization of non transparent and semi
transparent (in visible spectra) porous thin film sensors for multiparametric optical
sensing.

» Performance study and comparison of both sensors in terms of different sensor

characteristics for glucose detection in pathological range.
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1.6. Thesis Outline

The thesis contains a step by step progression from sensor material fabrication to
finally glucose sensing application in multiparametric optical detection system. Initially an
extensive review on existing label-free optical biosensor methods and materials has been
presented and from the next chapters, objectives undertaken in section 1.5 have been
established systematically.

In Chapter 2, Porous Silicon (PS) thin film sensors have been fabricated as non
transparent sensor material. PS thin films fabricated under different preparation
conditions have been characterized and optimized for label-free optical biosensing
application.

In Chapter 3, Chitosan-Silica nanocomposite (CSNC) thin films have been prepared as
semi-transparent sensor material. Silica nanoparticles of different size have been prepared
and characterized. CSNC thin films and membranes have been fabricated, characterized
and optimized for label-free optical biosensing application.

In Chapter 4, MATLAB GUI based automated image acquisition and analysis system
has been designed and developed for multiparametric optical detection of bio-analytes.
Detailed analysis of system noise originated from different optical components has been
carried out and a simple noise reduction method has been proposed for reliable
measurements.

In Chapter 5, finally glucose sensing performance of surface functionalized PS and
CSNC thin films have been studied in the multiparametric optical sensor system and
comparison between the two sensors has been presented in terms of different biosensor
characteristics (i.e. sensitivity, selectivity, response time, stability etc.).

In Chapter 6, final conclusions of the thesis have been drawn and a further outlook

on future scope of work has been presented.
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Chapter 2

Porous Silicon as Biosensing Material

2.1. Introduction

Porous Silicon (PS) was first discovered by Uhlir in 1956 [1] while working on
electrochemical polishing of silicon surface at Bell’s Laboratories (USA). The discovery did
not receive much attention from the scientific society at that time. In 1990, Canham
reported photoluminescence of PS in visible range upon UV excitation [2] which caught a
significant amount of interest in the material because silicon devices were unable to

produce efficient luminescence due to their indirect band gap. Electrochemical etching
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procedure for PS preparation was also simple and cost efficient compared to conventional
lithography or epitaxial techniques for nanostructure preparation. So, further research on
the properties and application of PS has been carried out from then onwards. PS is a
nanostructured thin film electrochemically etched on Silicon wafer surface with thickness
ranging within few micrometers. Also, its pore diameter or particle size, thickness and
porosity can be varied easily by controlling the etching parameters [3]. PS is classified in
three categories based on their pore size i.e. microporous (pore size £ 2nm), mesoporous
(pore size ~ 2-50nm) and macroporous (pore size > 50nm) [4]. Nanoporous silicon is
comparatively a new term and the range of its pore size is not well defined. In general, any
structure that is in < 100nm range can be safely defined as nanostructures. So, pore size of
nano PS is considered in between 1-100nm. Electrochemically prepared PS has found a wide
range of applications due to its easily controllable morphological and physical properties.
Also due to their large surface to volume ratio and biocompatibility [5], they have found
significant application in biological fields like biosensor [6,7], tissue engineering [8,9], drug
delivery [10] etc. Numerous biosensors have been reported based on optical and electrical
properties of PS. Initially optical biosensors were reported utilising only photoluminescence
emission as transduction method [11-13]. Later on, study of other aspects of nanocrystalline
structure introduced different types of unique optical transduction methods. For example,
interferometric PS thin film for IgG detection [14], DNA modified PS double Bragg mirror
structure for AOB detection [15], nanostructured PS supporting Bloch surface modes for
protease detection [16], PS resonant microcavity based matrix metalloproteinase detection

[17] and many more [18-22] have been reported in the last few years.

In this chapter, physiochemical properties and preparation method of PS films have
been discussed first. Then, PS thin films formed with different preparation conditions were
characterized and finally, optimization of the thin films has been carried out for successful

biosensing application. This work has been published in [23].

2.2. Properties

Nanostructured materials in general, show significant change in physical and

chemical properties compared to their bulk counterparts. As the size of bulk material
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reduces and reaches to nanometer range, quantum effects become dominant and the
material no longer behaves the same way. PS has unique structural, mechanical, electrical,
optical, thermal, physiochemical and biochemical properties which enable its use in versatile
fields like optoelectronics, biotechnology, sensing, microelectronics and micromachining,
energy conversion, environmental monitoring etc. Tunable properties of mesoporous silicon
are compared with bulk silicon in Table I. Main emphasis in this section is given on structural

and optical properties of PS as transduction method opted in this work is purely optical.

Table I: Comparison of tunable properties of meso PS with bulk Si
(Table adapted from [24])

Property Bulk Si Meso PS
Porosity = 20-95%
Density 2.33 g/cm? 0.12-1.9 g/cm?
Structural Pore size (diameter) — 2-50 nm
Surface to volume ratio 1 m?/ cm3 500 m?/ cm?
Lattice structure Diamond Diamond
Young’s modulus 160 GPa 1-100 GPa
0.2-10 GPa (layer)
. Hardness 11.5 GPa -
Mechanical 0.05-1 GPa (composite)
Yield strength 7 GPa —
Fracture toughness 0.6 MPam”: =
Bandgap 1.1eV 1.1-3.2eV
Infrared refractive index 3.5 1.1-3.0
Optical All colors (layer)
Color Gray :
Brown-yellow (particle)
Reflectivity (500—1000 nm) 10-35% 0.1-10%
Resistivity 10-10° Qcm 10°-10*? Qcm
. Free electron mobility 1350 cm?/Vs 0.1-30 cm?/Vs
Electrical =
Hole mobility 480 cm?/Vs 2—-6 cm?/Vs
Dielectric constant 11.5 2-8
Conductivity 150 W/mK 0.03-20 W/mK
Melting point 1414°C 800-1414°C
Thermal -
Specific heat 0.7 J/gK —
Diffusivity 0.8 cm?/s —
PL wavelength 1000-1200 nm 400-1300 nm
L. . 0.01-0.23 (films)
Emissive PL efficiency 10°° -
0.01-0.6 (suspensions)
EL efficiency 1078 0.01-0.1
Isoelectric point pH 1.6-2.5 pH 1.6-7.7
Physiochemical Zeta potential (pH 7) —(45-70) mV —
Surface wettability 5-96° <0.5-167°
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Property Bulk Si Meso PS
Months (implants)

Biochemical Medical biodegradability — Days (microparticles)

Hours (nanoparticles)

2.2.1. Structural Property

PS is like a quantum sponge which contains nanocrystallites and pores forming a
complex web like structure [25]. As the nanocrystalline skeleton is immersed in a network of
pores, the structure shows very high surface to volume ratio (~ 500 m2/cm3). Depending
upon preparation conditions, PS films can have a wide range of structural variation in terms
of pore shape, size, orientation, interconnection, branching and distribution. It was found
that, PS formed from p type Si and n type Si show significant change in pore size, shape and
branching degree. Also doping concentration of Si wafer, presence of illumination etc. plays
major role in the diverse morphology. Generally, size of pores depends greatly on doping
type and concentration. In p type Si, pore size increases with increase in doping
concentration, while for n type Si the phenomenon is reversed [3]. The most interesting
application of variable pore morphology is that they can act as binding sites for different size
and shape of bio-analyte in biosensor application. The analytes are absorbed in the sponge
like matrix and due to the presence of large interaction space because of the large surface
to volume ratio of PS, sensitivity increases significantly [26]. Also, PS is a biocompatible
material [27] and its surface can be chemically modified easily which also increases its

application in biosensor field.

2.2.2. Optical Properties

Visible photoluminescence (PL) of freshly etched PS made it a prospective material
for optoelectronic device fabrication. Bulk Si has indirect bandgap and carrier recombination
process mainly emits a weak infrared radiation. But PS contains silicon column structure of
nanometer range leading to quantum confinement (QC) effect which generates direct
bandgaps [28]. At first, QC was considered to be the only reason for visible PL peak [29], but

in later studies, hydrogenated silicon compounds were investigated as silicon hydride
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complexes have room temperature PL [30]. Detailed study on Siloxene derivatives present in
oxidised PS provided further explanation on PL peak shift and large distribution of radiative
lifetime in PS materials [31]. Also, generation of other optical properties like
cathodoluminescence (CL) and electroluminescence (EL) could be described completely by

the new models.

PS based structures have the ability to generate PL in a wide range of spectra due to
their tunable S-band which can produce emission in visible range from deep red to blue
upon excitation with near UV source [32]. Also, rapid thermal oxidation of PS produces quite
strong blue-green PL emission from F-band [33]. Soft x-ray excitation of oxidised PS reported
to have UV emission [34]. Also, IR emission at room temperature was observed for PS

annealed under ultrahigh vacuum [35].

CL in PS samples was observed in three broad bands (~ 290nm, 440nm and 620nm)
which were generated mainly due to impurities or defects within oxide phases of the
material and can be completely quenched by post oxidation hydrogen plasma treatment
[36]. But CL signal strength was found much lower than PL and extremely unstable for

freshly etched PS samples.

EL spectra of PS based diode was first observed using Koshida LED and it was found
that external quantum efficiency (EQE) of EL was five orders of magnitude lower than PL
efficiency [37]. Later, LED fabricated with only microporous Si layer [38] was reported to
attain efficiency close to practically useful level; still device lifetime needed to be improved

further for practical application.

2.3. Fabrication

PS can be prepared on bulk Si substrate by different methods like anodic etching,
stain etching, photoetching, spark erosion, ion implantation, laser ablation and many more
[39]. Among them anodic etching which is also called electrochemical etching, is the most
common fabrication method. Initially, electrochemical etching was used for electropolishing
Si wafers. Then in 1956, accidental fall of etching current in electropolishing procedure

produced PS for the first time [1]. Later it was found that, above a critical current density (Jc)
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electropolishing takes place and for J < J¢, porosification of Si wafer is possible [3]. In this

section electrochemical etching procedure and formation mechanism is discussed in details.

2.3.1. Electrochemical Etching Procedure

Generally, three types of cell configuration (lateral cell, single pond cell and double
pond cell) are used in this method of PS fabrication [39]. Single cell is suitable for uniform
thickness and porosity of prepared PS and also for the simplicity of fabrication process [40].
Figure 2.1 shows a schematic diagram of single cell structure where the etching chamber
body is made of an acid resistant polymer like Teflon. Si wafer is used as anode and for
uniform porosity a copper plate contact is used under the wafer. An ‘O’ ring seals the
electrolyte solution allowing only one side of Si wafer to take part in etching procedure. A
Graphite cathode which is of same diameter as of the ‘O’ ring, is used to introduce uniform
current density over Si surface. A thin aluminium film is deposited on the back of Si wafer

and annealed at ~ 600°C for the formation of uniform contact for high resistivity wafers.

Graphite Cathode

Teflon Cell
—— -Electrolyte —— —
—Jssiulon ORing
P Si Wafer

< Copper Plate
+ Anode

Figure 2.1. Schematic diagram of single cell setup

Two types of PS i.e. nano and macro PS were fabricated in the single cell
configuration from p-type <100> single crystalline silicon wafer with resistivity of 1-10Qcm
and 10-20Qcm respectively. First the single side polished silicon wafers were ultrasonicated

in acetone solution for 20 minutes. Then they were cleaned in piranha solution and finally
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dipped in 2% hydrofluoric acid (HF) solution to make the polished surface hydrophobic. Back
contact has been made by coating thin film of Al paste and firing afterwards at 600°C for 45
seconds. For nano PS preparation, 48% HF and absolute ethanol in 1:1 volume ratio was
used as electrolyte solution. 10mA/cm? current density was maintained from a constant
current source for different etching time to prepare nano PS samples of different thickness.
For macro PS, 48% HF and > 99% N, N Dimethyl Formamide (DMF) in 1:3 volume ratio was
used as electrolyte solution and 10mA/cm? current density was maintained for 30 minutes.
After etching the samples were washed vigorously with DI water and left overnight for room
temperature drying. Finally, the samples were annealed at 450°C for 40 minutes for thermal

stabilization.

i - PS samples
Etching Cell

Figure 2.2. Photograph of single cell Teflon etching chamber and PS samples

Table II: Etching parameters for different types of PS samples

Sample Type Wafer Electrolyte Etching Time Etching
Resistivity Current

Nano_5min. 1-10Qcm HF:ethanol (1:1) S(minute) 10
mA/cm?

Nano_10min. 1-10 Qcm HF:ethanol (1:1) 10 (minute) 10
mA/cm?

Nano_ 20min. 1-10 Qcm HF:ethanol (1:1) 20 (minute) 10
mA/cm?

Macro 10-20 Qcm HF:DMF (1:1) 30 (minute) 10
mA/cm?
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2.3.2. Formation Mechanism

Dissolution of tetravalent Si atoms in electrolyte solution takes place in multiple
steps [3]. In each step, Hz is generated which can be visually seen as bubbles coming out of
the electrolyte surface. Initially, in HF solution Si wafer surface is terminated by hydrogen
i.e. Si-H bonds. When a hole travels up to the surface in anodic dissolution process, F~ ions
attack these surface Si-H bonds due to hole induced charge instability. Replacement of Si-H
with Si-F bond weakens the Si-Si back bond structure and becomes vulnerable to further
attack from HF or H,O present in electrolyte solution. The dissolution process can occur in
two competing reaction paths shown in figure 2.3. In direct dissolution (path 1), Si-Si back
bond is attacked with HF directly and in indirect dissolution (path Il), H,O attacks Si-SiF bond
producing oxide layer (Si-O-Si) [41]. Reaction path | dominate in lower potential and with
increasing potential domination of path Il produces large number of Si-O-Si bonds which
almost passivates the surface making it less active for direct dissolution. PS formation is
possible when oxide layer does not fully cover the surface which leaves scope for direct

dissolution to take place.

F F
é”* \./
H H F/F A\
Direct \ / 2F, 2h N7 +2HF F; F
dissolution Si Si —p
of silicon i Si S'/ \S' H H /H H
L i NZ N\
Si Si
H,
F\ /F 4H’
H H S
Indirect W4 2F, 2h \ / t2H0,4h S /\/
dissolution Si Si —_— 7 N\
7\ 7 N\ 0O O
of silicon i Si Si Si g Vs \5'
1 i

Figure 2.3. PS formation reaction paths (Image taken from [41])

Step by step reaction chemistry is depicted in figure 2.5. In PS formation process,
reaction (1) and (2) are found to be favoured while reaction (3) was found less favoured
[42]. All the three reactions in figure 2.4 occur simultaneously and the final product of

electrochemical etching process is Hexafluorosilicic acid (H3SiFs).
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Si,, +2HF, — SiF,, +H,

(aq)

oM

2SiF2(s) —2 Siamorphous T SiF4(aq)
SiF,,, *2HF,, — HSiF,, (@)
S oo + 2H,0, — S0, +2HE . +H,,
SiOz(aq) +4HE, ; —> SiF4(aq)+2HzO(l) (3)

SiF, +2HF_ — H,SiF

4(aq) (aq) 6(aq)

Figure 2.4. Reaction steps for PS formation (Image adapted from [42])

2.4. Characterization

Morphological and structural characterizations of the PS films were carried out using
FESEM (FEl, INSPECT F50), AFM (Bruker, Multimode 8) and XRD (Bruker, D8 Advance)
analysis. As discussed before, two types of PS films i.e. nano and macro PS were prepared
and etching time of nano PS was varied to obtain different thickness. In this section,
difference in morphology of thick and thin nano PS layers is discussed first and then

comparison between nano and macro PS morphology is performed.

2.4.1. Thin vs. Thick Nano PS

Figure 2.5 shows FESEM images of nano PS prepared for 5, 10 and 20 minute etching
time. 5 minute samples are called thin nano PS while 10 or 20 minute samples are called
thick ones. Kumar and Huber reported that with increase in etching time with constant
etching current density, both porosity and film thickness increases [43]. From the FESEM
images, it was observed that with increase in etching time, agglomeration of nanoparticles
on PS surface increases and distinct increase in nanoparticle clusters (as large as ~400nm)

can be observed for 20 minute sample (figure 2.5.c). Particle size and film thickness was
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found to be 18-25nm and 1.1um respectively for 5 minute sample. Below 5 minute, non

uniform coverage of PS layer was observed on Si surface thus it was avoided.

EHT = 5.00kV Signal A = InLens CEGESS BESUS
WD = 42mm Mag= 5000KX Date 24 Feb 2017

Figure 2.5. FESEM micrograph of nano PS top surface for (a) 5 minute, (b) 10 minute, (c) 20 minute
etching time and (d) cross sectional view of 5 minute sample

Higher magnification of 20 minute sample (figure 2.6) further shows a fish scale like
structure which indicates the loosening of PS nanoparticle clusters from base. This type of
unstable structure is not suitable for biosensor application as they need to go through
incubation and several washing procedures which may remove the loosely bound clustered
structure from the sensor surface reducing sensitivity significantly. In section 4.7 also, we
observed poor glucose sensing performance of thick nano PS which verifies their

incompetence in biosensing application.
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2/ 17 HV mag
1:21:53 PM|10.00 kV| 160 000 x |13.9 mm|1.86 pm

Figure 2.6. FESEM micrograph of 20 minute sample

AFM images in figure 2.7 also demonstrate increase in surface roughness due to
increase in etching time, as expected from FESEM micrographs. For 5 minute and 20 minute

samples, r.m.s. value of surface roughness was found to be 75.8nm and 104nm respectively.

1.0 um

0,5 um 0,6 un

m

£5,0 um

Figure 2.7. 3D AFM image of (a) 5 minute and (b) 20 minute sample

X-ray diffraction pattern for Cu Ka (A = 1.54 A) radiation source has been recorded
for 26 range of 20-80° with 30kV and 30mA generator setting. All the nano PS samples show
double peak at 206 ~ 69° (figure 2.8) which is standard for p type silicon wafer with <100>

orientation [44]. D-spacing was calculated from the obtained peak position and found to be

0.14nm for the nano PS samples.
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Figure 2.8. Baseline corrected XRD plot of nano PS sample

2.4.2. Nano vs. Macro PS

The main difference of nano and macro PS is that nano PS produces visible PL at
room temperature upon excitation with UV source while macro PS does not produce such
PL. Image of nano and macro PS after preparation is shown in figure 2.9 where bright red PL

is observed for nano PS samples.

(a)

Figure 2.9. Image of prepared (a) Nano PS and (b) Macro PS

FESEM image of macro PS shows well defined pores (figure 2.10(b)), which is not
visible in nano PS samples (figure 2.10(a)). Pore diameter range of macro PS was observed
to be 0.8-2.3um and such huge deviation in pore/particle dimension was not observed in

nano PS samples.
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Figure 2.10. FESEM micrograph (a) Nano PS and (b) Macro PS

2.5. Surface Functionalization

Physisorption technique was used to modify PS surface for selective attachment of
glucose molecules. 50mM sodium acetate buffer was prepared from 3mM stock solution at
pH 5.1. Then 2mg glucose oxidase (GOX) powder obtained from Sigma-Aldrich was mixed in
10ml of sodium acetate buffer with light stirring. The mixture turns pale yellow after 10
minutes and the PS samples were incubated in GOX solution for 48 hours at 4°C. Afterwards
the sensors were washed in 9% Polysorbate-20 or Tween20 solution under mild vibration to
remove loosely attached GOX molecules. Finally, the sensors were washed in DI water and

stored at 4°C.

2.6. Glucose Sensing

Glucose sensing performance of the 4 PS samples (Nano_5min, Nano_10min,
Nano_20min and Macro) was observed in reflection mode with LED-LDR arrangement which

measured change in reflectance of the PS sensors with glucose introduction [23].

White LED has been used as an optical source and a collimator arrangement
produces a spot of ~15mm diameter on PS surface. The reflected spot is again passed
through a collimator and photoresistor or LDR produces voltage level corresponding to

reflection intensity. Schematic diagram of the system is depicted in figure 2.11. Glucose
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solution of different concentration is sprayed on the surface functionalized PS samples and

corresponding percentage response was calculated with the following formula.

R —R
% Response = ‘( s 0)/R0 x 100 %

Where, Ro = Baseline reflectance

R¢ = Reflectance after analyte introduction

White LED :
SHUite Focusig Lense PS Sensor
//
[ p Sensor holder
= /
g
' /
/
/
//
Constant /<@mm_Collimator
current ¢
source T,
//
~d@mm Detector (LDR)

/
’
/

Figure 2.11. Schematic diagram of single parametric measurement setup

The response plot in figure 2.12 shows comparison of %Response among 4 types of
PS sensors for 5mM and 15mM glucose concentrations. It is clearly visible that with
increasing thickness of nano PS samples, % Response falls significantly. This may be due to
the morphological change of PS surface with increase in etching time discussed in section
2.4.1. Macro PS sensors show significant change in reflectance which is almost in
comparable range with Nano_5min samples and for higher glucose concentration (15mM),
it exceeds nano PS response value. To estimate the reliability of the obtained output,
repeated measurements on identical samples prepared under same conditions were

performed for both Nano_5min and Macro PS sensors.
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Figure 2.12. Comparison of %Response for different PS sensors

Deviation in response for each measurement was also observed from mean value of
response for each sample (figure 2.13). While Nano_5min samples show only ~5.3%
deviation from mean value (SD = 0.1422), Macro samples produce as large as 1.7740 SD

corresponding to ~72% deviation in mean value of response.

12 T T T T

- Nano_5min.
10¢ Il vacro

%Response

1 2 3 4 5 6
Number of measurement

Figure 2.13. Response Reliability test for 15mM Glucose concentration
Physisorption process of GOX attachment on PS surface may be responsible for such
huge response fluctuation in Macro PS samples. Nano PS pore size is comparable with GOX
molecule size thus restricting unwanted GOX removal in intermediate Tween20 wash or DI
water wash process. Macro samples have huge pores in them (in micrometer range) which
are not suitable for trapping GOX molecules inside the structure thus response deviates

significantly for repeated measurements.
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To estimate the settling time of sensor output, time response of both nano_5min
and macro samples was compared for 15mM glucose solution. Baseline reading was
recorded and after glucose solution spray, data is monitored after every 30 second interval
for the next 20 minutes. Initial spike in output voltage after glucose solution spray (figure
2.14) is due to the sharp rise in reflectance intensity as a result of the lensing effect of water
present on sensor surface. Settling time of nano_5min sample was found to be ~90 seconds
while for macro PS, it was almost 210 seconds. Even after settling time, the output voltage
for macro PS was found very much fluctuating in nature. A large amount of error ( + 4.6%
deviation from mean value) was observed for macro PS sensors which can severely affect
reliability of the calibration curve. Thus, macro PS samples were found to be nonsuitable for

fast response.

1100
_- —=—nanoPS_5

1906 ] \ - - - macroPS
—~ 900 - .
S | Glucose solution
é 800 4 spray
Q 4
S 700+
% 1 P Baseline data
S 600 /%
S so0l#ed A .
& / 'o."’. woee®, ”o".“’.“o“"’t‘
= |
O 400 - ..'/.. '\

300- :
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Figure 2.14. Settling time comparison of PS sensors

2.7. Conclusion

In this chapter, PS properties and formation mechanism were discussed first. Then
two types of PS i.e. nano and macro PS was prepared using electrochemical etching
procedure in single pond cell configuration. The PS samples were characterized by FESEM,

AFM and XRD.
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It was found that for nano PS, less than 5 minute etching time produced non uniform
film on Si wafer. It was observed from FESEM micrographs that with increasing etching time,
agglomeration or cluster formation of nanoparticles occurs on nano PS surface. For 20
minutes etching time fish scale like structures were observed which gets detached easily
from the surface during surface modification steps. AFM study showed that, with increase in
etching time r.m.s. value of surface roughness increases for nano PS samples which also
proves the presence of nanoparticle clusters. Macro PS samples on the other hand showed
well defined pores of the order of ~1.5um which was not observed in nano PS samples. In
XRD analysis, peak at 20 ~ 69° was observed for the PS samples which is standard for p type
silicon wafer with <100> orientation. Also, D-spacing was found to be 0.14nm which was

calculated from the peak position.

Nano PS layers prepared for 5 minute etching time were found to have ~1um film
thickness and they produced maximum response among the three nano samples for glucose
sensing application. Macro PS samples also produced significantly large response but their
reproducibility was found to be very poor. As physisorption process of enzyme attachment
favours structure that are comparable to enzyme dimension, nano PS samples with pore
size of ~20nm attach enzymes way better than macro samples with pore dimension of a
few micron. Also, settling time of macro PS output was found very much large compared to
nano PS sample and transient response showed severe fluctuation even at steady state. So
nano PS prepared for five minutes etching time was found to be the perfect choice for

glucose sensors.
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Chapter 3

Chitosan Silica Nanocomposite as Biosensing
Material

3.1. Introduction

Nanocomposite materials are made of two or more constituent phases among which
at least one has one, two or three dimensions in nanometer range. As they are
heterogeneous materials, their properties are governed by the structure, composition and
properties of the constituent materials and interfacial interactions between them [1]. There
are several types of nanocomposites like metal matrix [2], polymer matrix [3], ceramic

matrix [4] etc. Among them polymer matrix nanocomposites (PMNC) are used extensively in
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biomedical applications like drug delivery, tissue engineering and biosensor [5-9]. PMNC
structures have different types of nanoparticle fillers dispersed in natural or synthetic
polymer matrix. PMNC are used due to low cost, biocompatibility and diversity in
physiochemical properties. Moreover, the physical and chemical properties of PMINC can be
modified easily which enables selective attachment of active biomolecules for biosensing

application.

In this chapter, first two sections contain physiochemical properties and preparation
procedures of Silica nanoparticle fillers and Chitosan polymer matrix. Next, Chitosan-Silica
Nanocomposite (CSNC) porous membrane and thin film preparation, characterization and
optimization for biosensing application have been studied. The work done in this chapter

has been published in [10].

3.2. Silica Nanoparticle

Silica or silicon dioxide is the most abundant material found in earth’s crust and they
are found both in amorphous and crystalline form. Silica nanoparticles (SiNp) are
nanospheres of silica ranging from 10-1000nm in diameter. In this section, structure,

properties and preparation of SiNp are described.

3.2.1. Chemical Structure

Silicon dioxide atoms form a network like structure through covalent bonding. SiNp
contains a large number of Si-O-Si bridges or siloxane groups inside the spherical structure
and the outer surface is mostly terminated by silanol groups (Si-OH). Si-O-Si bond angle can
vary from 136°-180° whereas bond lengths can vary from 1.55-1.65A [11]. A typical

schematic structure of SiNp is demonstrated in figure 3.1.

3.2.2. Physiochemical Properties

SiNps are amorphous materials and appear in the form of white powder after drying.
They can be both nonporous (S-type) and mesoporous (P-type) depending on the
preparation procedure [12]. S-type SiNps have high water absorption capability and they are

abrasive [13]. Due to their enhanced mechanical stability, they are used as fillers in polymer
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or ceramic matrix composite for strengthening [14, 15]. On the other hand, P-type SiNps are
mainly used for drug delivery system and nanomedicine due to their biocompatibility,
biodegradable and low-toxic nature [16, 17]. In general, SiNps can have a wide range of size
and their surface can be modified easily for a variety of applications. SiNps are thermal and

electrical insulators and their physical properties are listed in table I.

5

Figure 3.1. Schematic internal and surface structure of SiNp (Image taken from [18])

Table I: Physical properties of SiNp

Density 2.4 gm/cm?
Molar mass 59.96 gm/mol
Melting Point 1600 °C
Boiling point 2230°C
Refractive index 1.43

3.2.3. Stober’s Method of Preparation

Stober’s method [19] is a standard process for colloidal solution of monodispersed
SiNp preparation. This bottom up sol-gel technique consists of first hydrolysis followed by
condensation reaction. Chemicals required for the process are (i) Tetraethyl Orthosilicate
(TEQS), (ii) Ethanol, (iii) Ammonium Hydroxide (NH4OH) and (iv) DI water. First desired
amount of Ethanol and DI water is mixed and stirred under room temperature for 5-10

minutes. Then TEOS and NH4OH are added drop wise to the solution and stirred for further
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2 hours. In hydrolysis reaction between TEOS and water molecules, NH4OH acts as catalyst
and immediately after hydrolysis, condensation reaction takes place forming a large number
of Si-O-Si bridge structures. As SiNp starts to form, the clear suspension slowly turns opaque
and after some time a milky white colloidal solution of SiNp is formed. The colloidal solution
was centrifuged at 6000 r.p.m. and the precipitate was redispersed in ethanol solution. The
procedure was repeated for 3 times to remove unreacted TEOS. Finally, the precipitate was
dried at 50°C overnight and grinded in mortar pestle to obtain fine SiNp dust.

Three different sizes of SiNp were prepared named as NP1, NP2 and NP3. Also,

Optimization of chemical concentrations for different SiNp size is listed in table Il.

TABLE II: Optimized values of SiNp preparation parameters

SiNp size Ethanol Water TEOS NH,OH Centrifugation time
NP1~ (100nm) 75ml 10ml 1ml 3ml 1 hrs 30 min.
NP2~ (300nm) 30ml 4ml 2.4ml 1.2ml 50 min.
NP3~ (500nm) 30ml 4ml 4ml 2ml 20 min.

Formation mechanism of SiNp is depicted in figure 3.2. First the ethoxy groups of
TEOS are partially or fully replaced by hydroxyl groups and in this hydrolysis reaction NH4,OH
acts as catalyst to produce hydrolysed precursors. Next condensation takes place and water
molecules are removed from the precursors producing Si-O-Si bridge structures. In
supersaturated solution nuclei or primary particles are formed during initial induction
period and after this period further generation of precursors contribute to the growth of
primary particles which leads to stable nanoparticle formation. Higher concentration of
TEOS and NH4OH leads to larger particle size because such condition shortens initial
induction period. So, less number of primary particles or seeds is formed and further
generation of precursor increases particle size [20].

Diameter of NP1 was maintained = 100nm because it was observed that < 100nm
SiNp requires almost 3 hours of centrifugation time and the final product becomes a soft gel
like structure instead of fine nanoparticle dust. This is due to the high level of coagulation in
smaller nanoparticles and in such condition SiNp powder preparation becomes impossible.

Also, it is seen in table Il that (ethanol+water): TEOS ratio for NP1 is almost six times larger
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compared to NP2. This is because, in the induction phase when primary seeds are formed
inter seed distance needs to be sufficiently large to prevent coagulation at the time of
particle growth. Also, high concentration of NHsOH makes induction period short which
ensures less number of primary seeds [20] and consequently less number of nanoparticles

are formed in final colloidal solution. So, effect of coagulation or agglomeration remains

insignificant.
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Figure 3.2. Schematic diagram depicting SiNp formation mechanism (Image taken from [21])

The colloidal solution was drop casted on clear cover slips immediately after
preparation and left overnight for room temperature drying. The samples were gold coated
prior to FESEM analysis. FESEM images in figure 3.3 show that particle diameter of NP1, NP2
and NP3 are in the range of 125-132nm, 263-288nm and 511-529nm respectively. As TEOS

concentration in the solution was kept very low for NP1, density of nanoparticles is also low
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as shown in figure 3.3(b), compared to NP2 and NP3. It was also observed that for much
higher TEOS and NH4OH concentration aggregates form, instead of monodispersed colloidal

solution as reported by Bogush et al. [22], which is clearly visible in figure 3.3(a).
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Figure 3.3. FESEM micrographs of (a) aggregate formation for higher concentration of TEOS [Ethanol:
30ml, water: 4ml, TEOS: >7ml], (b) NP1, (c) NP2 and (d) NP3

3.3. Chitosan

Chitosan is a semi-synthetic polymer obtained from deacetylation of chitin which is
found abundantly in the exoskeletons of crabs, shrimps, lobsters etc. and cell walls of fungi.
Due to its unique properties chitosan is vastly used in agricultural [23], biomedical [24] and
commercial fields [25]. In this section, chitosan structure, properties and preparation are

described.
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3.3.1. Chemical Structure

Chitosan is linear polysaccharide containing randomly distributed deacetylated
monomer D-glucosamine and acetylated monomer N-acetyl-D-glucosamine connected via
B-1->4 glycosidic bonds [26]. Presence of acetyl groups (CH3-CO-) in the structure is due to
partial deacetylation process of chitin and depends on the degree of deacetylation. A

typical chitosan polymeric chain is shown is figure 3.4 [26].

CHj3
OH O=<
NH, . NH
_---OHO g OHO OHO 3 O
NH,
OH OH

Figure 3.4. Structure of chitosan polymer (Image taken from [26])

3.3.2. Physiochemical Properties

Chitosan is off white powder which upon dissolution in acidic solution produces clear
suspension. Physiochemical properties of chitosan depend greatly on degree of
deacetylation and molecular weight. Protonation of the amino groups in chitosan makes it
cationic in nature and it is the only positively charged natural polysaccharide [27]. Due to
the unique biological properties of chitosan, they are used extensively in biomedical
applications. They are biocompatible, biodegradable and non-toxic material with
antibacterial, antifungal and wound healing properties [28-32]. Chitosan has good film
forming capability which makes it suitable for thin film biosensor application. Some basic

properties of chitosan are listed in Table III.

Table llI: Properties of Chitosan (high to medium molecular weight)

Density (bulk) 0.2-0.38 gm/mL
Molecular weight 310000-375000 Da
Melting Point ~290°C
Solubility H,0/organic solvents: Insoluble
PKa ~6.5
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3.3.3. Preparation

In deacetylation process acetyl groups of the chitins are removed by hydrolysis
reaction in 40-50% NaOH or KOH solution above 100°C. The reaction process is depicted in

figure 3.5 [33]. In this work, chitosan powder was directly purchased from Acros Organics.
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Figure 3.5. Deacetylation reaction of Chitin (Image taken from [33])

3.4. Chitosan-Silica Nanocomposite

Like any other nanocomposites [34], Chitosan-Silica nanocomposites (CSNC) have
properties that are different from their constituent materials. In this section preparation
and characterization of CSNC membranes and thin films have been discussed. Selective
study of some important properties and optimization of preparation parameters have been

performed for suitable application in biosensor.

3.4.1. Preparation

Chitosan solution was prepared by adding chitosan powder in 2% acetic acid
solution. The solution was stirred until clear suspension obtained. Then previously prepared
SiNp dust was added to this solution and stirred for further 30 minutes. The solution was
ultrasonicated for 30 minutes to obtain monodispersed composite mixture. Just before drop
casting, magnetic stirring was done for another 5 minutes. 40ul of solution was drop casted

immediately on cleaned cover slips and left for drying for 24 hrs at room temperature. Next
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5% NaOH solution was prepared and the cover slips containing composite thin films were
dipped in the solution at 90°C. Composite films get detached from glass surface at
temperature > 60°C and float in the NaOH solution as free standing membranes. After 40
minutes of heat treatment the membranes were carefully collected and washed in
methanol 2 times, then dried at room temperature. For thin films on glass substrate, the
membranes were washed in DI water instead of methanol and collected on the cleaned
cover slips. The thin films were left for slow drying at room temperature for 48 hours which
aids the attachment of the films on glass cover slips. Preparation steps of CSNC samples are
depicted in figure 3.6.

Different amount of chitosan and SiNp (~300nm) dust were mixed to obtain
composite membranes (M1-M5) listed in Table IV. Between these 5 types of composition
variations, only M3 was found to have good freestanding membrane forming capability. So
composition of M3 is used to produce freestanding membranes and thin films on glass
substrate with different size of SiNps (NP1, NP2 & NP3) and named as CSN1, CSN2 and CSN3

respectively.
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Figure 3.6. Preparation steps of CSNC
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As stated earlier, it was found that membrane M3 was the best choice in respect of
dimensional stability and handling convenience. M1 membranes were very fragile and most
of them could not be collected after methanol drying. As chitosan and SiNp concentration
ratio in M2 is 2:1, they show a tendency of curling and side bending at the time of drying as
seen in most pure chitosan membranes. On the other hand, M4 membranes have chitosan
and SiNp concentration ratio 1:2 and they show brittle nature after drying. In M5
membranes, maximum deformity and crack lines have been noticed after drying. M3, with
chitosan and SiNp ratio 1:1, was found to have deformationless, free-standing capability and
all of them could be collected easily after drying. 20uL, 40uL and 60uL of composite solution
were used to produce M3 membranes shown in figure 3.7(c). Larger membranes may be
produced for M3 samples according to the need for specific uses, but 40uL drops were used
for this work as it is just adequate for all the experiments. The thickness of the drop casted

thin films was measured to be around 4-5um, varying a little with different pore size [10].

Figure 3.7. Images of (a) M1, (b) M2, (c)M3, (d) M4 and (e) M5

TABLE IV: CSNC membrane preparation compositions

Membrane Solvent Chitosan powder SiNp dust in mg
no. inmg (~300nm)
M1 100 100
M2 10ml of 2% acetic 200 100
M3 acid solution 200 200
M4 100 200
M5 300 300
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3.4.2. FESEM Analysis

FESEM images of the CSNC samples show that the pore sizes are a little smaller than
the original nanoparticle size. These may be due to shrinkage of pores at the time of drying
after SiNp removal [35]. Figure 3.8 show that CSN1 has pores in the range of 83-115nm
where NP1 size was found to be 116-134nm. Similarly, CSN2 and CSN3 have pore size in the
range of 139-179nm and 389-405nm respectively. With decreasing particle diameter,
surface to volume ratio of the SiNp increases which allows increased interaction with
neighbouring particles leading to agglomeration [36]. Thus, NP1 has higher tendency
towards agglomeration compared to NP2 and NP3. Agglomeration in SiNps leads to
clustered pore formation in CSN1 sample, visible in FESEM image (figure 3.8(a)). Large inter-
filler distance is also observed in CSN1 sample as overall density of SiNp decreases due to
agglomeration formation. In CSN3 sample, number of pores on top surface was significantly
low which has been discussed later in section 3.4.4. This may be due to the fact that heavy
NP3 particles settle down under composite solution at the time of drying. Sedimentation
rate is proportional to particle diameter [37]. So NP3 particles have more inclination
towards sedimentation leading to uneven distribution of nanoparticles, after complete
drying. On the other hand, NP2 particles probably have low agglomeration and
sedimentation effect, thus having best pore distribution of CSN2 among the three samples.

Etching time is an important parameter for porous CSNC preparation. Etching time
was varied in the range of 5 minutes to 1 hour 30 minutes at 90°C in 5% NaOH solution.
From FESEM image of 5 minutes etching (figure 3.9(a)), it can be observed that SiNps on the
top surface has not dissolved at all and no pores has been formed yet. Images for 40 minute
etching time has been shown previously in figure 3.8 and for up to 60 minutes etching, the
pore size distribution improves. But after 60 minutes, uncontrolled erosion of the chitosan
film starts deforming the evenly porous structure as shown in FESEM image in figure 3.9(b).
Comparatively lower magnification has been taken to show the uncontrolled erosion all
over the film. Deep craters even as large as 10-15 micron was observed on the top surface

of the film. So the optimum time for etching was found to be between 30-50 minutes.

Also, concentration of NaOH solution has been varied from 2% to 10% (w/v) and
etching was performed for 40 minutes. It was found that, with NaOH solution weight

concentration higher than 7%, vigorous etching deforms the membrane with generation of
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uncontrolled large sized pores in the range of micrometers. 2%-5% (w/v) NaOH solution was

found to be optimum for etching.

Figure 3.9. FESEM micrograph of CSN2 after (a) 5 minutes, (b) 1hour 30 minutes etching time, (c)

magnified image of (b)
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3.4.3. AFM Analysis

3D AFM images of CSN1, CSN2, CSN3 samples are shown in figure 3.10 and r.m.s.
values of their surface roughness were found to be 76.4nm, 38.1nm and 53.4nm
respectively. The scanning area was 8X8um? for all the samples. In general, with increase in
pore size, surface roughness increases [38]. But here it is observed that CSN1 has maximum
roughness value. This may be due to the fact that with smaller particle size <100nm,
agglomeration occurs which was found in FESEM image also. Sudden agglomeration spots

may increase surface roughness abruptly.
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Figure 3.10. AFM image of (a) CSN1, (b) CSN2 and (c) CSN3

3.4.4. Surface Pore Distribution

From FESEM images of CSNC, pore distribution on the top surface was studied
through image processing using Imagel software. Pore area analysis steps have been
depicted in figure 3.11. Proper threshold adjustment is crucial for binarization of image

which if done properly will produce ‘0’ value for pixels inside pores and ‘1’ otherwise (figure
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3.11: column 2). Finally contouring the dark spots (figure 3.11: column 3) will produce total

pore area from which pore distribution can be obtained.

Figure 3.11. Pore area analysis output of (a) CSN1, (b) CSN2 and (c) CSN3 in Image)

Number of pores in CSN1 and CSN2 were found as 125 and 140 respectively in
40.1um? surface area. For CSN3 sample 120.9 pm? surface area was considered due to large
particle size and number of pores was found to be just 55. This may be because of the
sedimentation effect discussed in section 3.4.2. Surface pore density of the CSNC samples,
were found to be 3/um?, 3.5/um? and 0.5/um? respectively. Histograms below in figure 3.12
show that CSN2 has best pore diameter uniformity among the three samples, due to the
sharp peak present at pore diameter range 180-200nm. CSN1 has large deviation in pore
diameters, indicated by the flattened histogram. CSN3 also shows peak around 500nm; but
most of the pores are clustered in the range 450-550nm. So pore diameter deviation of
100nm was observed which is too large for considering uniform pore diameter over the
sample surface. Pores in the range of 0-50nm are generated due to the tiny crack lines

present in the CSNC sample surface visible in SEM micrographs (figure 3.8).

Page |98



3. Chitosan Silica Nanocomposite as Biosensing Material

Count

0 T . i - .
60 80 100 120

N

304

jE:T :JFVF

20

15
10
5_
0 I
200 400

600

Count

=

Count

Pore Diameter (nm)

Figure 3.12. Histogram of pore distribution of CSNC samples

3.4.5. XRD Analysis

In general, a hump around 20° is assigned to amorphous solids and all the three
samples show such behaviour in XRD images as shown in figure 3.13(a). Pure Silica
nanoparticles show amorphous hump at 20° [39] and characteristic peak of chitosan is also
located at 20° [40]. A peak location at 23° was found for all the three composite amorphous

samples.
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Figure 3.13. (a) XRD of the three CSNC samples, (b) effect of heat treatment
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From the peak location, d-spacing was calculated to be 3.86A, which may be the
interlayer spacing in case of the polymer matrix [41]. Also, it was observed that heat
treatment at the time of etching in preparation steps does not affect the amorphous
characteristics of the samples. In figure 3.13(b), XRD intensity pattern remains same for

CSN1 sample before and after heat treatment at 90°C for 40 minutes.

3.4.6. FTIR Analysis

FTIR spectra in figure 3.14 show a broad absorption peak around 3300-3500 cm™
which indicates presence of intermolecular O-H group stretching in chitosan molecules [42].
Strong peaks at 1732cm™ and 1363cm™ indicate C=0 stretching and O-H bending in
carboxylic acid i.e. acetic acid used to prepare chitosan solution. Absorption peak at
1585cm™ is due to N-H bending of amino group present in chitosan molecule. Inside
amorphous SiNp, huge number of Si-O-Si bridge is formed and due to asymmetric stretching
of oxygen atoms in the bridge structure, strong peak at 1056cm™ is observed. With increase
in Oxygen content, asymmetric stretching vibration peak of Si-O-Si bridge shifts towards
higher energy and for three neighbouring oxygen atoms the peak is reported to be near

1060cm [43].
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Figure 3.14. FTIR spectra of CSNC samples
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Absorption bands in the range of 800 to 1260cm™ is generally described as different
SiO> peaks and residual organic group peaks [44]. Presence of peak at 2872cm™ may be
described as the C-H groups present from unreacted TEOS at the time of SiNp preparation

which remained even after centrifugation and washing procedure.

3.4.7. Optical Property

Chitosan films are optically transparent. Adding SiNp at the time of membrane
preparation produces visible reduction in transparency. Decrease in visible transparency of
the thin films was observed with increasing nanoparticle size. Optical setup used to measure

CSNC optical property and sensing performance is discussed thoroughly in chapter 4.
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Figure 3.15. Optical properties of CSNC samples

For measurement of transmittance, normal incidence of laser beam (A=650nm) is
used and as expected, it was found that CSN3 has significant reduction in transmittance

(figure 3.15(a)). Due to the presence of large nanoparticles of the order of 500nm, CSN3
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shows huge amount of absorption in 650nm band. On the other hand, reflection data
obtained from 30° oblique incidence shows that CSN3 has minimum scattering thus allowing
maximum reflectance. This may be due to the fact that CSN3 has lowest number of
scattering centers inside the spot size area of laser beam as particle size is large. Between
CSN1 and CSN2 it was noticed that CSN2 has higher scattering and lower reflectance. This is
because there is larger number of pores or scattering centers for a particular area (140 in
40um?) on the CSN2 sample surface which was observed in pore distribution analysis (figure
3.12). So, transmittance is inversely proportional to the size of the pores/particles, while

scattering is directly proportional to the number of pores on the surface.

3.4.8. Dielectric Property

Real part of relative permittivity and dielectric loss has been plotted against
frequency, for the three CSNC samples in figure 3.16. As frequency increases, permittivity
decreases gradually which is caused due to existence of space charge at low frequency,
dipolar contribution and loss induced due to phase lag at higher frequency [45]. There are
four types of polarization taking place in a dielectric material i.e. space charge, orientation,
ionic and electronic polarization. Lower frequency response of relative permittivity is
dominated by interfacial or space charge polarization. Interfacial polarization occurs due to
inhomogeneity of the material or presence of some sort of charge distribution in the
material. CSNC samples have phase difference between chitosan matrix and SiNp fillers thus

showing prominent increase in interfacial polarization [46].

Specific surface is described as the surface of the filler particles per unit volume. The
more the specific surface the more interfacial polarization takes place. According to Tanaka
et al. [47] specific surface increases significantly with decrease in nanoparticle size of same
wt% composition. The behaviour of CSN1 and CSN3 samples may be described this way that
CSN1 has SiNp size around 100nm and CSN3 has of 500nm; thus CSN1 has much higher
effective surface available for interfacial polarization to take place. But CSN2 sample show
minimum relative permittivity value thus indicating minimum interfacial polarization. This
may be due to the fact that, CSN2 has best pore distribution among the three and we may

conclude that CSN2 has lowest amount of SiNps available after etching, as pore formation
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all over the sample volume is homogeneous. Thus, CSN2 has lowest specific surface and as a

result lowest amount of interfacial polarization.
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Figure 3.16. Dielectric properties of CSNC samples. (a) Relative permittivity and (b) Dielectric loss

plot

3.5. Surface Functionalization

CSNC thin films were surface modified by activation with Glutaraldehyde (GTA)
solution and further Glucose Oxidase (GOX) is attached in chemisorptions process for
selective absorption of glucose molecules on activated sensor surface. The process and

reaction of surface functionalization steps are discussed briefly in this section.

3.5.1. GTA Crosslinking with Chitosan

GTA or OCH(CH2)sCHO is a transparent liquid often used as disinfectant,
preservative, crosslinking agent etc. [48]. In aqueous solution of different concentration,
GTA forms an equilibrium mixture of different structures depicted in figure 3.17. Oligomeric
or polymeric structure of GTA shown in figure 3.17(VI) is observed for either higher solution
concentration (270% solution) [49] or mild to moderate pH value (27.3) [50]. At pH 2 5.6,
proton exchange of OCHCH; group occurs which enhances formation of anion indicating the
first stage of aldol reaction. Up to pH 7.2 oligomers of GTA are not formed as complete aldol

reaction does not take place. In mild alkaline medium complete aldol reaction occurs and
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aldol condensates (figure 3.18(VIIl)) are formed, thus oligomeric structures of GTA are

produced above 7.2 pH value [50].
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Figure 3.17. GA structures in aqueous solution (Image taken from [50])
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Figure 3.18. Aldol reaction of GA in alkaline medium (Image taken from [50])
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Chitosan is an amino polysaccharide containing large number of -NH; bond. For GTA
activated chitosan, strong presence of imine group (C=N) is observed in FTIR spectra
(Chapter 5: figure 5.13). This is due to the formation of aldimine bond (R-HC=N-R’) which
activates the added GTA molecules to enhance the process of oligomeric chain elongation of
GTA on chitosan. Then already crosslinked product further transforms through condensation
of —NH: groups of chitosan with modified chitosan’s carbonyl (C=0) group or through aldol
reaction and condensation of GTA chains in modified chitosan to produce final structure

depicted in figure 3.19 [50].

Figure 3.19. Modified or crosslinked chitosan structure (Image taken from [50])

For GTA crosslinking, CSNC thin films were dipped in 0.1% (v/v) GTA solution at pH
7.5 for 2 hours and rinsed in DI water afterwards. Higher concentration of GTA makes the
film dark yellow and brittle in nature. Such brittle films are unable to withstand enzyme
incubation steps afterwards. For GTA concentration as high as 0.8%, most of the thin films
gets detached from glass substrate at the time of drying after enzyme immobilization and
cracklines are formed afterwards causing the thin films to break into pieces. Also, enzyme

activity is affected for higher GTA concentration which is discussed in chapter 5.
3.5.2. GOX Immobilization

GOX enzyme immobilization is a chemisorption process because unlike physisorption
method where enzymes get absorbed physically in thin film surface, here GOX attaches to

crosslinked chitosan surface via GTA chains. Enzymes are proteins with abundance of —NH,
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groups present in their structure. These —NH; groups replace C=0 groups in GTA oligomeric
chains of modified or activated chitosan surface and produce C=N groups in enzyme end,
thus attaching the enzyme molecules via strong covalent bond. Such attachment is hard to

break and the structure is much more stable than physisorbed samples.

Figure 3.20. GOX functionalised CSNC sample

For GOX functionalization, 4mg GOX powder was mixed in 10ml of 1mM phosphate
buffer solution at pH 6.8 under mild stirring. The activated CSNC thin films were dipped in
the solution for 24 hours at 4°C. Afterwards the samples were washed in tween20 solution
and phosphate buffer and finally stored in 4°C. Effect of higher GTA concentration is shown

in figure 3.21.

(@ (b) (c)

Figure 3.21. CSNC sample (a) without surface functionalization and surface functionalization with (b)

0.1% GTA solution, (c) 0.4% GTA solution
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3.6. Glucose Sensing

Percentage response of CSNC thin films for transmission, reflection and scattering is
depicted in figure 3.22 for 5mM and 15mM glucose concentration. For initial
measurements, physisorption of glucose molecules on CSNC films was considered without
surface functionalization. In chapter 5, sensor characteristic analysis has been performed

thoroughly for surface functionalised CSNC thin film sensors.
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Figure 3.22. CSNC thin film sensor response (without surface functionalization)

Percentage transmittance show high value for all the three membranes, but CSN2
shows maximum response probably because of best pore distribution among the three.
Evenly distributed pores enhance homogeneous physisorption of glucose molecules on
sensor surface, thus providing better response. On the other hand, overall percentage
reflectance of all the thin films is pretty low due to their semi-transparent characteristics,
which means all the three samples show less sensitivity for reflection measurements. Still
CSN2 shows comparatively better response among the three samples. Next, percentage
scattering is almost negligible for CSN3 samples. CSN1 also shows low sensitivity in
scattering measurement, while only CSN2 membranes have high value of percentage

scattering. So, it can be concluded that, as all the parameters i.e. transmittance, reflectance
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and scattering have significantly high value for CSN2 sample; thus they can be used for

multi-parametric measurements.

3.7. Conclusion

A simple method of CSNC thin film and membrane preparation is presented in this
chapter. Preparation parameters of Stober’s method were optimized to produce SiNp of
~100nm, 300nm and 500nm size. For hot NaOH etching process, there is a critical value for
etching time and NaOH concentration for successful pore formation on CSNC surface. More
than 7% NaOH concentration or 60 minute etching time the samples show uncontrolled
erosion. 2-5% (w/v) NaOH concentration and 30-50 minute etching time were found to be
ideal for controlled pore formation. As shrinkage of the pores occurs at the time of drying,
size of SiNp should be carefully chosen for desired pore size on CSNC samples. Shrinkage of
pores was observed to increase with increase in SiNp size. For CSN2 samples maximum pore
shrinkage of ~100nm was observed while for CSN1 it is negligible. CSN2 sample with
~300nm SiNp size resulting 149-179nm pore size was found to have best pore distribution

due to less possibility of agglomeration and sedimentation.

CSNC samples were found to be amorphous in nature with XRD peak at 26=23° and
d-spacing or interlayer spacing of polymer matrix was found to be 3.8A. Also, from XRD data
it was confirmed that heating of the CSNC samples at 90°C does not change their
amorphous nature or d-spacing. FTIR analysis proves the fact that with increase in SiNp size,
number of Si-O-Si bridge structure increases in the composite. Also, lower size of SiNp
(~100nm) tends to carry unreacted TEOS in the composite solution due to the

agglomeration present in them even after multiple washing and repeated ultrasonication.

Methanol wash after etching can produce flexible, freestanding membrane, while
water wash and slow drying produce thin films on glass substrate of thickness 4-5um.
Optimum proportion for deformationless membrane formation was found to be 1:1 (200mg

of chitosan powder and 200mg SiNp dust in 10ml of 2% acetic acid solution).

Study of optical properties of the CSNC thin films demonstrate that transmittance is
inversely proportional to the size of the pores/particles, while scattering is directly

proportional to the number of pores on the surface. As the surface pores are of the order
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compared to wavelength of incident light, elastic scattering is dominated by Mie scattering

and with decrease in pore size Rayleigh scattering increases.

For selective glucose sensing, chemical modification of the CSNC surface was done
for GOX enzyme attachment. GOX molecules get attached to CSNC film via activation with
GTA crosslinking. Higher GTA concentration in intermediate surface modification step
produces dark yellow, brittle films which often get detached from glass substrate. Standard
physisorption process of glucose molecules was used for initial sensing performance study
in this chapter and it was found that CSN2 samples show maximum optical response for all
three measurement parameters i.e. transmittance, reflectance and scattering. So CSN2
samples with optimised preparation parameters were chosen for further GOX surface

functionalization and selective glucose sensing in chapter 5.
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Chapter 4

Desigh and Development of Multiparametric
Optical Measurement System

4.1. Introduction

Many of the label-free detection methods discussed in chapter 1 require highly
expensive instruments for precision measurements and also most of them monitor change
of a single parameter due to the presence of target analyte. Multiparametric sensor systems
are in general way better than single parametric sensors in terms of reliability. Also, for a

particular concentration range of analyte, some parameters might show high sensitivity
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while the others may not change significantly. In such cases finding out the most sensitive
parameter is crucial for sensitive measurement which can easily be obtained by
simultaneous monitoring of all accessible parameters. Though the field of multiparametric
optical detection systems is lacking in number of publications; in recent years a few such
biosensor systems were reported. R. Moretta et al. demonstrated reflectance spectra and
photoluminescence to characterize PSi-GO hybrid samples [1]. S. Rampazzi et al. showed
sensitivity of 10 RIU in refractive index with a portable surface plasmon resonance based
multiparametric device [2]. Multiparametric fiber optic sensors were also reported
measuring different non-interlinked parameters like reflectance spectra, temperature and
pressure [3]. Most of these systems measure non-interlinked parameters like refractive
index, temperature, pressure etc. and some of them even require two separate instruments

for measurement.

In this chapter, a simple, cost effective and reliable optical multiparametric
measurement system has been designed and developed for bio-analyte detection. The
instrument measures mainly interlinked parameters i.e. change in any one parameter will
affect the others. Such interlinked parameters give a detailed idea of the total optical
phenomenon occurring inside the sensor sample upon analyte absorption. Thus, importance
of such instrument in biosensor field is quite significant. First, the design principle is
discussed, then noise analysis of the system is performed and finally a noise reduction
method is proposed. Also, drawbacks and future scope for improvement has been discussed

in the last section of this chapter.

4.2. Design Concept

Image files in general contain lots of information which if extracted properly can
provide a detailed insight about an object. Image analysis is also a cost effective method as

it does not require any precision component.

A single image of transmitted or reflected optical spot obtained from a thin film
sample can provide information about different optical properties of the sample.

Information stored in an image can be analysed quite easily in MATLAB image processing
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environment. Here, five interlinked optical parameters i.e. transmittance (T), reflectance
(R), internal and surface scattering (IS and SS respectively) and output power (OP), were
chosen for simultaneous measurement. Also in some cases, RGB components of the colour
image were measured as non-interlinked parameters. A simple yet robust optical setup with

image acquisition and analysis feature was developed for analyte detection.

Power supply
e MATLAB output

| ;
° 0 Polarizer Set

— Sensor Transmission screen ‘
Collimator holder
LA;ER ' '

Intensity Distribution Matrix

Cameral

Optical breadboard

Reflection screén 3
/ Camera2

_ }
L;I @\_/_.-

Computer

Figure 4.1. Schematic diagram of the optical setup

The system is constructed on an optical breadboard setup (figure 4.1) inside a
darkroom environment. LED or Laser Diode (LD) was used as optical source followed by a
collimator and an intensity modulator. The thin film samples were placed on a sample
holder which can be rotated about its axis for adjusting normal and oblique incidences. Two
CMOS cameras were used as detectors which feed image data to the computer (PC). For
non-transparent samples, reflected spot image was captured by a single camera and for
semi-transparent samples transmitted and reflected spot images were collected by two
cameras simultaneously. The spot images form an Intensity Distribution Matrix in MATLAB
image processing environment and they are further modified to find out peak intensity
value (PIV) and full width half maxima (FWHM) of the spots. The PIV of transmitted and
reflected spot provides transmittance (T) and reflectance (R) of the sample respectively.

FWHM of transmitted and reflected spot provides an estimation of internal scattering (IS)
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and surface scattering (SS) respectively. Absorption is calculated from the IDM information
which will be discussed in the next section. A graphical user interface (GUI) has been

developed in MATLAB for interfacing and automation of the whole system.

4.3. Image Processing Steps

Initially, the spot images captured by the cameras are in RGB format. First, they are
converted into grayscale so that only one colour channel exists describing the intensity
levels (0 — 1 a.u. corresponding to 256 steps) of different pixels. Now from this grayscale
image, a 3D image matrix is developed having X and Y axis as row and column value of pixels
and Z axis as intensity value of the corresponding pixel. This image matrix having the
intensity information of all the pixels is called Intensity Distribution Matrix (IDM) shown in
figure 4.2. The IDM produced by transmitted and reflected spots were found to be Gaussian
in nature. So a Gaussian distribution model is developed from the IDM which gives further
information about PIV and FWHM values of the IDM. PIV of transmitted and reflected spot
gives specular component of transmittance and reflectance respectively. Due to scattering
within the thickness of the sample and also on top of the surface of incidence, diffuse
component is also generated. The FWHM value of transmitted spot gives an idea of internal
scattering, while FWHM of reflected spot denotes mainly surface scattering.

In any system total incident power P; is defined as,

Pi=Pt+PT+Pa+Pl ................................................. (41)

Where, P; = Total incident power on sample surface

P; = Transmitted power

P, = Reflected power

P, = Power absorbed inside the sample

P, = Power loss in environment

Output Power (OP) is defined as the total power delivered in transmission and

reflection i.e. ~(P¢ + P;). OP is calculated from the sum of 3D volume under IDMs generated
from transmitted and reflected spots, captured at a particular instant of time. As P; and Py is
constant for same environmental condition, P, can be estimated from OP. Increase in the

value of OP will denote decrease in optical absorption within the sample. This is particularly

effective when relative measurement is performed in sensor application.
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Figure 4.2. (a) Original image captured by the camera, (b) 2D view of IDM, (c) 3D view of IDM and
(d) Gaussian model of the IDM

For relative response measurement, baseline data or data without presence of desired
analyte is recorded at first. This data is often called ‘blank’ in many literatures [4-6]. Then

after introduction of analyte in the sensor sample, data is recorded again.

The relative response is defined as,

Ve =V,
Relative Response = ‘( f 0)/V0

Where, Vo = Baseline reading of individual parameters

Vs = Reading after analyte introduction

In this type of measurement, change in OP before and after analyte introduction
gives an idea of whether absorption has increased or decreased. Similarly, comparison of all

the parameters gives an idea of the optical mechanism responsible for change in output due
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to the presence of analyte. This is the main advantage of the multi-parametric arrangement

discussed before.

4.4. MATLAB GUI Design

MATLAB environment is very much effective in producing problem specific Graphical
User Interface (GUI) which saves manual data collection and processing labour. The GUI
designed for this multiparametric measurement is shown below in figure 4.3. The section
for ‘Noise Analysis’ is used to understand and analyse system noise. With ‘Snapshot
Interval’ and ‘Acquisition Time’ input edit boxes; time interval between each snapshot and
total time for data acquisition can be entered by the operator. When number and interval of
snapshot is fed to the corresponding edit boxes, the system monitors PIV and FWHM
fluctuation in the output images captured by ‘Trans_Camera’ (camera dedicated for
transmission data) or ‘Ref_Camera’ (camera dedicated for reflection data). Selection
between the two cameras can be done by radio button shown in the GUI window. Excel files
are generated automatically upon completion of ‘Start’ pushbutton cycle containing all the
fluctuation states for the selected camera. Dataset in the excel files can further be
processed to produce noise plot and noise analysis output like mean value (u), standard
deviation (o), percent deviation (PD) and deviation range (DR) for PIV and FWHM noise. In
general, different time span like 1, 10, 60 minutes etc. with snapshot interval 1, 2, 5 and 10
seconds were analysed. For faster performing PC system, 1 second interval could be

achieved, but for slower systems interval below 2 second was not possible.

The radio buttons ‘Tr_Camcheck’ and ‘Rf_Camcheck’ produces live preview from the
cameras. These are used mainly for initial checking of system functionality. In the ‘Sensor
Data Analysis’ section, snapshot interval can only be changed as time span of data
acquisition is fixed to 1 minute here which we found enough for capturing maximum
fluctuation states (discussed in section 4.8.2 and 4.9.2). Upon initialising senor data
acquisition, the two cameras take snapshots simultaneously i.e. 60 snapshots in 1 minute
time span and produces mean value of different parameters in the output edit boxes. For
samples with high level of scattering, often 2/3™ value of the Gaussian peak is required

which also appears in ‘Tr_FWQM’ and ‘Rf_FWQM’ output edit boxes. This is to note here,
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that the ‘Absorption’ editbox actually gives Output Power (OP) data. As OP gives an idea of
the optical absorption discussed in section 4.3, it is named so. Detailed programming of GUI

and image processing is provided in Annexure I-1V.

System Noise and Sensor Data Analysis

Tr_Camcheck Rf_Camcheck

Noise Analysis Sensor Data Analysis

Select Camera: ® Trans_Camera

Snapshot Interval: Sec.
O Ref_Camera
Start St
Snapshot Interval: 1 Sec. °P

Acquisition Time: 10 Min. Transmittance: Reflectance:

Tr_FWHM: Rf_FWHM:
Start Stop

Tr_FWaM: Rf_FWQM:

Analyser Absorption:

Figure 4.3. MATLAB GUI window

4.5, Sensor Measurement

As mentioned before, sensor output response is not absolute, but relative to the
baseline data. As the output is very much dependent on angle and position of light
incidence on the sample, it is critical to obtain results without error if samples are removed
from holder repeatedly for analyte introduction. That is why the analyte solution is sprayed
on the sample which ensures exactly same positional and environmental conditions before
and after analyte introduction. Baseline images are first taken and then change in response
due to the presence of analyte is observed with respect to baseline response. Often, right
after solution spray transmittance or reflectance value becomes excessively high due to
lensing effect of water droplets present on the thin film samples. So, a drying time is given

after solution spray to get reliable results. Also, before taking sensor data, it is important to
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adjust intensity of the source so that peak intensity of transmitted and reflected spot lies in

the range of operation. Detailed study on the operating range of the system is discussed in

section 4.7.

Relative responses for different parameters are defined as,

T —T
% Transmittance (%T) = ‘( r 0)/T0 X 100 %0 eovveereeiiereeenns (4.3)

Where, Tp = Baseline value of transmittance

Tr = Transmittance after analyte introduction

IS, — IS
% Internal Scattering (%lS) = ‘( f 0)/150 X 100 %............ (4.4)

Where, ISp = Baseline value of internal scattering

ISy = Internal scattering after analyte introduction

R —R
% Reflectance (%R) = ‘( f 0)/Ro X 100 9% weovveeceeeeeeeee, (4.5)

Where, Ro = Baseline value of reflectance

Rr = Reflectance after analyte introduction

MY RS
% Surface Scattering (%SS) = ‘( s 0)/550 x 100 % .......... (4.6)

Where, SSo = Baseline value of surface scattering

SS¢ = Surface scattering after analyte introduction

OP; — OP
% Output Power (%OP) = ‘( 4 0)/0P0 g (VUL — (4.7)

Where, OP, = Baseline value of output power

OP; = Output power after analyte introduction
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4.6. Noise Measurement

Development of any instrument requires proper noise level analysis so that reliable
range of operation can be determined. Also, for biosensing application limit of detection is
an important characteristic which can be determined from the system noise level

considering S/N > 3.

Here, when the camera captures repeated instantaneous snapshots of same baseline
spots with fixed external condition, it was found that PIV and FWHM of the spots fluctuate
randomly, thus existence of noise level is evident. In this system, main components are
optical source and detector camera. So, any one or both can contribute to this random
fluctuation. To understand the contribution of different components on system noise, a
detailed component wise noise analysis is performed and then a noise reduction method is

applied for minimising output fluctuation.

System noise is evaluated by the following parameters.

V =V
1) Percent Deviation (PD) = w X 100% ..oooveereeeeeeieeeeeen, (4.8)

Where, Vmax= maximum value of PIV or FWHM for instantaneous snapshots
Vmin = minimum value of PIV or FWHM for instantaneous snapshots

U = mean value of PIV or FWHM taken for a particular time span

o
2) Relative Standard Deviation (RSD) = ; X 100% e, (4.9)
Where, o = standard deviation in PIV or FWHM

For system noise analysis either transmitted or reflected spot is considered and
deviation in PIV and FWHM is monitored for different time span and intervals. The more the
PD and RSD value the noisier is the system. This method of noise analysis is applied for LED
and Laser Diode (LD) sources and CMOS camera detectors. Also, mean value of PIV or
FWHM data for different sets are compared considering fixed time span and interval for
each set. To measure the fluctuation of mean value in different sets mean value deviation is
calculated. The thorough noise analysis of the system provided an insight towards the

applicable noise reduction method.
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Mean value deviation is defined as,

Homax—Hmi
Mean Value Deviation (MVD) = —2E—TR 5% 100% ....ovovereereeerennn. (4.10)
avg

Where, u = maximum value of mean

max
Hopin = Minimum value of mean

Hqyg = Average mean value of different sets

4.7. Operating Range

Operating Range generally depends on the sensitivity and range of the detectors. So,
specification of the camera is important to have a rough estimate of noise free detection
range. In specification of camera (Table 1), the most important terms are ‘Mega Pixel’ and
‘Bit Depth’. An image is constructed of a number of micro-segments called pixels. The more
the number of these pixels, the better the quality of the image becomes. Bit depth or colour
depth is the number of bits used for each colour component in a single pixel. For RGB image
of bit depth 8, each pixel will have 3 colour channels (Red, Green & Blue) with 228 or 256
levels of intensity value in each channel. When the images are converted to grayscale there
will be only one channel of 256 intensity levels with minimum and maximum value at Oa.u.
and la.u. respectively. Here, 0 corresponds to black and 1 corresponds to white. Resolution
of pixel intensity value for the camera is 1/256 or 0.0039a.u. The camera cannot detect any
changes below this 0.0039 a.u. value. For cost efficiency of the system, we have used 2MP
CMOS camera with 8bit depth. In general, CMOS cameras are noisier than CCD and with
limitation in resolution the system becomes unable to detect lower concentration of bio-

analyte. But for glucose sensing in pathological range, it was found to be sufficient.

Table I: Camera Specification (CMOS)

Resolution Mega Pixel Focus Type Bit Depth Diagonal Field of
View
720p/30fps 2 MP Fixed focus 8 bit 60°
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In a darkroom without any optical source, when snapshot is taken using camera, the
images are called Dark Image. Ideally, pixels in a dark image should produce 0.0a.u. value,
but due to internal noise of camera generated from sensors and circuitry [7], the pixels
produce nonzero value which fluctuates with time in a random manner. In applications,
where average value of image pixel intensity is considered, such fluctuation is of least
importance. As our system measures PIV of transmitted and reflected spot (transmittance
and reflectance), the main focus is not on the average value of the pixels but in the peak
intensity. So, deviation in the peak intensity is observed in the dark images and this

deviation is called Dark Noise.
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Figure 4.4. Dark noise response (Time span = 3 min., Interval = 1 sec.)

Figure 4.4 shows a typical pattern of dark noise observed for 3 minutes time span
with 1 second interval. The mean value of this noise is found around 0.0779 for
Trans_Camera and 0.0712 for Ref_Camera. PD was found to be maximum 72% for 1 minute
span, which is unexpectedly high. Next, 5 sets of 1 minute time span data was recorded and
mean value of the sets were observed. Table Il and Ill lists down the data obtained from the

two cameras.

It is observed that for dark noise, deviation range (DR) is fixed (0.051a.u.) for both
cameras. This may be due to the same internal properties of the camera. But dark noise
mean value was found to be slightly different even for the same type of camera. MVD is

remarkably low compared to PD i.e. 0.24% for Trans_Camera and 0.29% for Ref Camera
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respectively. So, by taking mean value of 1 minute set, it is possible to reduce dark noise

fluctuation into a level where it can almost be neglected.

Table II: Trans_Camera dark noise data

Set no. Mean SD* DR**
Set| 0.07797 0.01193 0.051
Set i 0.07801 0.01028 0.051
Set il 0.07801 0.01193 0.051
Set IV 0.07816 0.01139 0.051
Set V 0.07798 0.00926 0.051

Table Ill: Ref_Camera dark noise data

Set no. Mean SD* DR**
Set | 0.07116 0.01155 0.051
Set Il 0.07094 0.01121 0.051
Set Il 0.07094 0.01046 0.051
Set IV 0.07094 0.01121 0.051
SetV 0.0712 0.01097 0.051

*SD = standard deviation in PIV
** DR= Deviation Range i.e. (maximum-minimum) of the PIV

Now for reliable operating range, FWHM level of any image should be well
above this mean value of dark noise. So, minimum PIV was set to be > 0.25a.u. i.e. > 2 X
(mean dark noise value + DR/2) and this is the lower cutoff of the system. For determining
upper cutoff of PIV, it is to be noted that maximum value of any pixel is 1.0a.u. Higher
brightness of the spot will produce burnt images as most of the pixel intensity value would
lie at 1a.u. due to camera saturation and consequently a flathead distribution of IDM will be

generated instead of Gaussian distribution shown in figure 4.5. Actual peak intensity cannot
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be retrieved from this unwanted flathead distributions and half maxima level would also be
fixed at 0.5a.u. So, both peak intensity and FWHM measurements would be faulty. So,
higher range of PIV is set < 0.9a.u. Baseline value of PIV is always maintained within this

operating range of 0.25a.u.< PIV < 0.9a.u., by adjusting optical source intensity.
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Figure 4.5. Flathead IDM distribution of burnt image

4.8. LED Source

Typical 10mm Red LED (wavelength: 620-635nm, luminous intensity: 2000-3000mcd)
and White LED (luminous intensity: 18000-20000mcd) were used as optical source. A
collimator arrangement was required to achieve final spot size of 6mm. Further reduction of
spot size causes intensity to fall severely which hampers performance of the system. Though
LEDs are considered to be much stable optical source than halogen, xenon, tungsten lamps
or lasers [8], they still have fluctuation in the output intensity and taking instantaneous

snapshots makes the fluctuation more prominent.

4.8.1. Noise Generation

Fluctuation in LED intensity is caused mainly by the combined effect of 1/f noise
from active region, generation-recombination noise, thermal and shot noise [9]. Shot noise
is high frequency noise and can be eliminated using a constant current source. But current
sources also have small amount of fluctuation in output level which induces LED intensity

fluctuation. 1/f and generation-recombination noise are low frequency noise generated due
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to defect levels and tail states in different regions of the device. When LED current
increases, low frequency noise may increase or decrease for different devices, which may be

an effect of LEDs superluminescent operation [10].

4.8.2. Noise Analysis

Figure 4.6 shows typical PIV of Red LED after reflection from PS thin film surface. For
PS samples, reflected spot PIV produced by maximum intensity of red LED, was so low that it
was very close to dark noise level and in this situation; it is extremely hard to extract FWHM
value as the Gaussian distribution becomes almost flat. After Sminutes stabilisation time,
PIV was found to be only at near 0.1a.u. which is out of the operating range of the system.
Thus, Red LED was not found suitable for PS samples due to their very much low intensity

level in reflection spot analysis.
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Figure 4.6. Red LED time response after initial stabilization time (Time span: 10 min., Interval: 30sec.,
Sensor sample: PS)

Next, 10mm white LED source were used as they have sufficiently high intensity level
(luminous intensity: 18000-20000mcd). Maximum intensity of white LED was found to be ~
0.31 a.u. for reflected spot of PS samples and up to ~ 0.92 a.u. for transmission spot of
CSNC samples. Intensity of the LED was adjusted by linear polariser sheets when required.
Typical time response of this white LED for reflectance is shown in Figure 4.7. In this curve,
effect of temperature in LED stability is clearly visible. The junction between LED die and

substrate produces maximum heat and an aluminium base is attached to the bottom of the
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substrate which acts as an inbuilt heatsink, but for long time use it is still not adequate. For
prolonged use, the LED junction heats up gradually over time and efficiency falls [11]. After
approximately 110 minutes of continuous use, LED intensity falls slowly in figure 4.7. So,

continuous operation time was set under 1hour 40 minutes.
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Figure 4.7. White LED response (Time span: 3hrs., Interval: 1min., Sensor Sample: PS)

For white LED, maximum PD was found to be around 3.3% and 4.1% for PIV and
FWHM value respectively. Both reflected spot for PS samples and reflected and transmitted
spot for CSNC samples were analysed. Almost same level of PD was found in PIV and FWHM
value, which proves that the fluctuation in instantaneous snapshots was not dependent on
sensor sample type. Fluctuation in FWHM is a combined effect of intensity variation and non
homogeneous diffusion of LED source. For CSNC samples transmittance was much higher
than reflectance for white LED. Reflectance value was found to be < 0.27a.u. which is almost
near the lower cutoff limit of operating range. Also, scattering of CSNC samples were much
higher compared to PS samples. The combined effect of scattering and LED divergence
produces a flattened intensity distribution pattern (Figure 4.8) of the reflected spot image
for CSNC samples. Such patterns are not suitable for sensor analysis as it is very difficult to
find out actual FWHM value from the intensity distribution which lies so close to dark noise
level. So, LED sources are not suitable for samples that have low reflectance and large
scattering. Instead, more directive and high intensity sources are required for this type of

application.
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Figure 4.8. Flattened IDM for low reflectance and high scattering samples

PIV and FWHM fluctuation for instantaneous snapshots were monitored for different
time spans with 1second time interval. It was found that 1 minute time span reached
maximum PD value which indicates that inside this 1 minute almost all the fluctuation levels
can be captured. In Table IV, detailed analysis of PIV fluctuation for transmitted spot of
CSNC sample has been shown and it is clear that RSD and mean value remains almost fixed
for time span above 1 minute. So, data monitoring for 1 minute time span was found to be

sufficient for system noise analysis.

Table IV: LED PIV noise analysis data

Time Span Mean(p) SD(o) RSD PD
1 minute 0.8379 0.0055 0.66% 3.3%

10 minutes 0.8385 0.0056 0.67% 2.8%

20 minutes 0.8378 0.0056 0.67% 2.9%

In figure 4.9, PIV and FWHM fluctuation of instantaneous snapshots is depicted for 1
minute and 10 minute time span. In figure 4.9 (c) and (d) sharp spikes of fluctuation was
observed which may be due to the combined effect of fluctuations in power supply and LED
internal noise. As the LED noise profile seems to have some repetitive spike patterns it
cannot be considered as random noise. Five sets of 1 minute noise data were taken for
further analysis. It was found that deviation in mean value of different sets is very much low
compared to deviation in instantaneous snapshot data. Table V and VI show noise profile

data analysis of different sets.
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Figure 4.9. LED instantaneous fluctuation in (a) PIV, (b) FWHM for 1 minute time span and (c) PIV,

(d) FWHM for 10 minute time span (Interval: 1sec., Sensor sample: CSNC)

Table V: LED PIV MVD analysis table

Set no. Mean(p) SD(o) DR PD
Set | 0.8341 0.0055 0.0275 3.3%
Set 0.83856 0.0056 0.0254 3.03%
Set Il 0.83572 0.0056 0.0254 3.04%
Set IV 0.83856 0.0058 0.0254 3.03%
SetV 0.83463 0.0055 0.0208 2.5%

Page | 133




4. Design and Development of Multiparametric Optical Measurement System

Table VI: LED FWHM MVD analysis table

Set no. Mean(p) SD(o) DR PD
Set | 110053 792 4512 4.09%
Set |l 109172 760 4186 3.83%
Set Il 110003 784 4373 3.97%
Set IV 109235 766 4178 3.82%
SetV 109627 787 44485 4.09%

MVD for five sets of data was found to be 0.5% for PIV and 0.8% for FWHM
respectively. So, taking mean value of a particular time span instead of instantaneous
snapshot data can reduce LED fluctuations significantly. This simple mean value method sets

noise level of the system inside tolerable range for glucose sensing application.

4.9. Laser Diode Source

Laser Diodes (LD) are highly intense and directive, monochromatic optical sources.
They are compact in size, consume less power, very much cost effective; but lacks in
temperature stability. Red LD (Holmarc DL-R-5, 650nm, 5mW, Intensity fluctuation: £0.5%)
was obtained from Holmarc Opto-mechatronics Pvt. Ltd. for noise analysis of the system

and sensor measurements.

4.8.1. Noise Generation

Intensity and phase noise in LD limit their application in precision measurement
techniques. The quantum noises are generated due to intrinsic fluctuation in carrier and
photon numbers, interaction of lasing field with injected charge carriers etc. Also, re-
injection of photon in optical feedback system amplifies this intrinsic fluctuation further

[12]. Mode hopping takes place due to increase in case temperature and defects present in
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the diode structure. Each LD has unique tuning curve which changes with aging. Also when
mode hopping occurs in erratic manner output intensity fluctuates causing undesired noise
value [13]. Most LD has much larger noise level than standard gas lasers and for reliable
operation, LD requires individually tuned current sources which reduce fluctuation level

significantly [14].

4.8.2. Noise Analysis

CSNC samples were used for LD noise analysis. Initially PIV value of transmitted spot
was measured for different time span (fixed interval: 1sec.) to ensure whether 1 minute
time span was sufficient for LD sources also. It was found that up to approximately 40
minutes, PD was comparatively low for both PIV and FWHM value. But after 40 minutes,
fluctuation increases and PD becomes extremely high. To understand the origin of this
undesired huge PD value, PIV was monitored for almost an hour and it was found that after
approximately 40 minutes, there is a sharp fall on PIV value which is shown in figure 4.10.
This could be due to excessive heating effect or some defects in LD. So, the LD was operated
for maximum 30 minutes strictly. Within 30 minute continuous operating time, PD was
studied for 1, 10 and 20 minute time span and it was found that 1 minute was sufficient

here also to capture almost all the fluctuation states.

Table VII: LD PIV noise analysis data

Time Span Mean(p) SD(o) RSD PD
1 minute 0.84879 0.00757 0.89% 3.9%

10 minutes 0.84906 0.00773 0.91% 3.9%

20 minutes 0.84662 0.00743 0.87% 3.6%

After initial stabilization time of 6-7 minutes, the system with LD source becomes
ready for operation and after every 30 minutes the system needs to be shut down. After 20-
30 minutes of resting time the system is reinitialised again. This is a severe drawback for
continuous measurements which come with the choice of using cost efficient LDs. As the
use of much stable laser sources can make a significant change in time response, the system

with LD source has scope for further improvement.
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In figure 4.11, study of instantaneous fluctuation inside and beyond operating time is
shown. It was found that inside 30 minute operating time, PD was around 3.9% and 7.8% for
PIV and FWHM value respectively. But as 40 minutes crosses, PD increases and becomes as
large as 13% and 28% for PIV and FWHM value respectively. Beyond operating time,
combined effect of intensity and beam diameter fluctuation of LD produces huge FWHM PD
value. In this time range, even mean value method cannot reduce system fluctuation level in

tolerable range for biosensing application.
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Figure 4.10. PIV study of Holmarc LD (Time span: 50min., Interval: 1sec., Sensor sample: CSNC,

Parameter: Transmittance)

Table VIII: LD PIV MVD analysis table

Set no. Mean(p) SD(o) DR PD
Set | 0.84879 0.00757 0.0329 3.9%
Set Il 0.84828 0.00741 0.0322 3.8%
Set Il 0.84662 0.00763 0.033 3.9%
Set IV 0.84351 0.00739 0.0315 3.7%
SetV 0.84766 0.00701 0.0297 3.5%
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Figure 4.11. LD instantaneous fluctuation in (a) PIV, (b) FWHM inside operating time and (c) PIV, (d)

FWHM beyond operating time (Time span: 1min., Interval: 1sec., Sensor sample: CSNC)

Table IX: LD FWHM MVD analysis table

Set no. Mean(p) SD(o) DR PD
Set | 23464 550 1832 7.8%
Set Il 23331 516 1773 7.6%
Set Il 23297 513 1770 7.6%
Set IV 23423 502 1733 7.4%
Set V 23258 544 1814 7.8%
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Here also, five sets of 1Iminute data were taken within operating time to calculate
MVD. From Table VIIl and IX it is found that, MVD for PIV and FWHM is in the range of 0.6%
and 0.9% respectively. Though the MVD is a little large compared to LED MVD, it was still

found suitable for glucose sensor application.

4.10. RGB Analysis

The pixels of an image contain intensity information and spectral information in RGB
format as discussed in section 4.7. Before converting the image matrix into grayscale, RGB
channel information is extracted for RGB analysis. Though actual spectral analysis from RGB
channel information is quite a complex procedure; the PIV, FWHM and average value of
histograms obtained from individual channels can provide additional non-interlinked
parameters to the system. For RGB channel analysis white LED is used as it contains
different spectral components in visible range. The white LED that we have used, is actually
a phosphorus coated Gallium Nitride (GaN) blue LED. When the phosphorous layer is excited
by the blue light emitted from diode, it produces a broad range of emission spectra which in
combination with the blue light generates white light [15]. Power spectrum of such LED is
shown in figure 4.11. The sharp peak near 440nm is generated from GaN blue LED and the
comparatively low intensity broad spectra is produced from phosphorus emission in the
range of 500-650nm covering almost all the green, yellow, orange and red shades. So the
broad spectrum of the LED is utilised to investigate RGB analysis of the reflected and

transmitted spots for PS and CSNC samples.
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Figure 4.12. White LED power spectrum (Image taken from [16])
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The histograms of different channel for PS sample show that blue channel intensity is
minimum for reflection from PS surface. This may be due to the fact that shorter
wavelengths tend to scatter more because of Rayleigh scattering. Broadening of the blue
channel histogram compared to other two channels as shown in figure 4.13 indicates the

presence of different intensity levels pixel distribution which proves Rayleigh scattering

phenomenon.
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Figure 4.13. RGB histogram of reflected spot from PS sample
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Figure 4.14. RGB histogram of transmitted spot from CSNC sample
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For CSNC samples, reflection of White LED was negligible. So transmitted spots were
analysed and it was found that most of the pixels are concentrated at blue channel maxima.
Red and green channels mostly produce a broad spectrum of low intensity levels for CSNC
samples. Such distribution is not suitable for PIV and FWHM analysis of individual
histograms. Thus, RGB analysis for CSNC samples needs further investigation for application

in biosensor field.
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Figure 4.15. Blue channel information of transmitted spot from CSNC sample

4.11. Conclusion and Future Scope

A cost effective, multiparametric optical measurement system has been designed
and developed in this chapter. Operating range of the system for reliable sensor
measurements has been set to 0.25a.u.< PIV < 0.9a.u. Detailed noise analysis of individual
system component is performed and effect of different component noise on total system
noise has been discussed. A simple noise reduction method i.e. Mean Value Method has
been proposed for successful application in biosensing field. It was found that rather than
extracting parameter information from instantaneous snapshots, if mean value of
parameters is taken for 1 minute time span (interval: 1sec., snapshot no.: 60), system noise
level can be reduced significantly. A comparison table (Table X) for LED and LD sources has
been presented below which shows the gist of all the analysis results found in different

section of this chapter. Also, it should be mentioned here that all the noise calculations are
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made based on maximum possible fluctuations in the system. In different environmental
conditions and times, much lower noise levels have been observed in sensor measurement.
For example, the range of MVD in PIV for white LED and LD was found to be 0.08-0.5% and

0.2-0.6% respectively.

Table X: Performance comparison of LED and LD source

Optical PD PSD MVD coT*
Source
White PIV 3.3% 0.67% 0.5%
LED .
FWHM 4.1% 0.72% 0.8% 1hr. 40min.
Laser PIV 3.9% 0.91% 0.6%
Slogs FWHM 7.8% 2.3% 0.9% 30min.

COT*= Continuous Operating Time

For making the system sufficiently cost effective some sacrifices are made in
choosing system components, which led to shorter continuous operating time (COT), lesser
system resolution and higher level of noise. With proper choice of component, performance
of the system can be improved significantly and the system can also be used in
measurement of low concentration of analyte and detection of low dimensional
biomolecules. Also detailed investigation of RGB analysis may increase number of

parameters of the system further.
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Chapter 5

Thin Film Multiparametric Glucose Sensor

5.1. Introduction

Diabetes mellitus causes high level of blood glucose in human body and if left
untreated can lead to heart disease, kidney failure, vision loss, nerve damage, cognitive
problems and many more [1]. Normal level of glucose in human blood is found to be 4-
5.8mM (72-105mg/dl). In hyperglycemia, serum glucose level becomes greater than 5.8mM
for 10-12 hours fasting and 9.2mM for postprandial measurements and in hypoglycemia it
becomes less than 3.6mM [1]. Early detection of blood glucose level can prevent severe

consequences thus making glucose sensors an important field of research. Also, constant
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need of diabetic patients to monitor their glucose level in daily basis has led to investigation
and innovation of different types of glucose sensors for cost effective and reliable
measurements. A lot of works has been reported for effective electrochemical and optical
sensing of blood glucose [2-16] which has already been discussed elaborately in chapter 1.
Image processing based optical multiparametric sensing is a new approach where several
interlinked or non-interlinked optical parameters are monitored simultaneously. Such
multiparametric detection systems combined with thin film sensors have the potential for

sensitive, reliable and cost effective glucose measurement.

In this chapter, PS and CSNC thin film glucose sensors have been thoroughly studied
with optical multiparametric measurement setup discussed in chapter 4. The sensor
performance has been analysed in terms of different biosensor characteristics like
sensitivity, selectivity, response time, stability etc. and both sensors have been compared
with existing close works by different research groups. Finally, a comparison chart has been

presented between the two sensors in the conclusion section.

5.2. Biosensor Characteristics

Every sensor has some characteristics by which their merit is determined. These
characteristics can either be obtained from the calibration curve or individual study. For

biosensors, the list of these main characteristics is given below [17].

L Sensitivity: Sensitivity of a biosensor is defined as the response or amount of change
in the output per unit concentration of analyte. Sensitivity can be calculated from
the slope of linear calibration curve. Calibration curve or response curve is the
output signal response of a sensor vs. analyte concentration plot. Thus, the slope
gives response per unit analyte concentration for linear systems. For nonlinear

curves sensitivity is not a fixed quantity.

L Selectivity: Selectivity is the ability of a sensor to detect a specific analyte from a
complex solution. In general, the testing solutions are complex mixtures and they
contain large number of different elements which if attached in sensor may produce
unnecessary background noise. If the noise level is high enough it can interrupt with

specific analyte detection. Thus, bioreceptors play a crucial role in the selectivity of a
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biosensor, as they can selectively capture target analyte from complex solutions. For
selectivity study, sensor response is observed for solutions containing different
analytes and compared with the response produced by target analyte solution for a
particular concentration range. If the sensor produces low response value for other
solutions and high response value for target analyte solution, it can be called

sensitive towards that specific analyte of interest.

Dynamic Range: It is the range of analyte concentration where the biosensor
produces reliable output response. Dynamic range can be directly obtained from the

x axis range of linear calibration or response curve.

Limit of Detection (LOD): The minimum amount of analyte concentration that the
sensor can measure is called LOD [18]. It is generally defined as,

LOD = [Blank + 3 X O pgni]/m

Where, Blank = sensor output in absence of analyte
Opiank = Standard deviation in blank data
m = Slope of the calibration curve
When blank is eliminated for final sensor output in relative response

measurement, LOD becomes just [3 X o pianil/m [18].

Response Time: When the sensor is exposed to analyte, it takes some time to
produce steady state response and this time is called response time (t). The smaller
the value of 1, the better the sensor performance. To measure T, sensor output is
plotted with respect to time. After analyte introduction, time taken for the sensor

output to reach 90% of the steady state value, is considered to be the response time.

Repeatability: Repeatability is defined as ability of the sensor to produce response
close to the initial response upon testing multiple times keeping other parameters
fixed. Repeatability provides information about the sensor’s multi-time usage
capability. If a sensor sample can produce results close to the initial value for
different measurement cycles the sensor is called repeatable and suitable for multi-

time use.

Reproducibility: Sensors fabricated under identical preparation and environmental

conditions should ideally produce exactly same calibration curve. In practical cases,
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output response deviates even for identical samples. Reproducibility is the ability to

produce output response close to mean value for measurements with different

identical sensor samples.

Stability: It is the measure of drift in output response due to ambient changes. The
main cause of instabilities in a biosensor, are due to temperature change,
degradation of bio-receptors over time and forming unstable bonding with analytes.

Stability of a biosensor is crucial for long term continuous monitoring of analytes.

5.3. Glucose Sensing Mechanism

Both PS and CSNC thin films were functionalized with Glucose Oxidase (GOX) enzyme
for selective glucose sensing. In aqueous solution at pH 7, glucose exists in cyclic hemiacetal
form. Almost ~ 63% glucose molecules form B-D-glucopyranose while only ~ 37% exists as
a-D-glucopyranose [19]. Linear and furanose formation is negligible in aqueous solution.
GOX enzyme has the ability to selectively bind to B-D-glucopyranose in glucose solution. To
maintain solution equilibrium more a-D-glucopyranose structures convert to [-D-

glucopyranose which is further consumed in the reaction process [20].

®CH,0H

H
1l
=0

H-’C—CH Scnon /
E) Je O-H

I-IO—fll—H lli/ l H o-D-Glucose

E4C-OH ——= ac” By i

E-C—0H AN 17170
Gl OH CE_C2 \ 6CHQOH
CryoH 1 e TR

D-Ghicose

8-D-Glucose

Figure 5.1. Glucopyranose structure formation in aqueous solution (Image taken from [19])

GOX acts as a catalyst in the oxidation reaction of glucose which produces D-
glucono-6-lactone and hydrogen peroxide. The FAD group (flavin adenine dinucleotide)

present in GOX takes part in redox reaction and becomes FADH™ upon accepting electron
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[20]. FADH™ is further oxidised by molecular oxygen which produces H,0, and FAD. So GOX
molecules only aid the redox reaction process while remaining intact after reaction. In the
next step of reaction, D-glucono-6-lactone reacts spontaneously with water molecules and
produces gluconic acid. These gluconic acid crystals change surface and internal properties

of thin film sensors producing significant change in optical response.

H  OH H  OH H  OH
B - D glucose D - glucono - § - lactone Gluconic acid
ﬁ:r‘_-"'_ _‘v_!.‘-\-
GOD - FADH2 GOD - FAD
. A
0, = H,0,

Figure 5.2. Glucose oxidase (GOX or GOD) catalytic reaction (Image taken from [20])

5.4. PS Glucose Sensor

Detailed study of PS thin film glucose sensor is performed in multiparametric optical
setup and results are discussed thoroughly in this section based on different biosensor
characteristics. As discussed in chapter 2, nano PS samples with 5 minute etching time
produced best sensor response. Also, in chapter 4 it was observed that white LED proved to
be a suitable source for PS sensor analysis. Thus, all the sensor measurements were

performed using white LED on PS samples having 5 minute etching time.
5.4.1. Characterization

Changes in morphology were observed for PS thin films due to surface
functionalization and further glucose introduction. FESEM (JOEL, JSM-7610F) image of PS
surface (figure 5.3(a)) shows that the particle diameters are in the range of 18-25nm as

observed in chapter 2 also. After surface functionalization, change in morphology was
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observed in higher magnification range. Clustered attachment of GOX molecules due to
physisorption process is clearly visible on PS surface in figure 5.3(b). Binding of glucose
molecules on GOX sites for lower glucose concentration (5mM) and overall glucose
absorption on PS thin film surface for higher glucose concentration (30mM) can be observed
in figure 5.3(c) and (d) respectively. As GOX sites produce gluconic acid after introduction of
glucose solution, the uneven region around GOX in figure 5.3(c) might be generated due to

loosely attached gluconic acid crystals.

Figure 5.3. FESEM micrographs of PS thin film surface (a) before and (b) after GOX physisorption,

after (c) 5mM and (d) 30mM glucose solution absorption respectively.

AFM was performed to study the surface roughness before and after glucose
absorption (figure 5.4). 3D sinusoidal surface roughness has been observed with period
approximately 1um for GOX modified PS film. Surface roughness value was found to

increase from 75nm to 104nm (r.m.s. value) due to 5mM glucose solution absorption. So,
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deposition of gluconic acid crystals around GOX site increases the surface roughness which

in turn affects reflectance and scattering parameters.

Figure 5.4. AFM images of sensor surface (a) before and (b) after 5mM glucose solution absorption

5.4.2. Image Processing Output

As PS sensors are non-transparent in visible spectra, only three optical parameters
i.e. specular reflectance or simply reflectance (R), Surface Scattering (SS) and Output Power
which is termed as Absorption (A) here, can be obtained. For absorption calculation, only

the 3D volume under Gaussian plot produced by reflected spot IDM is considered.

Effect of 30mM glucose solution introduction is analysed in figure 5.5. Intensity
pattern of the two IDMs (figure 5.5 (a) & (b)) are basically contour plots, which show
significant fall in image peak intensity and rise in beam divergence or scattering due to
glucose absorption. To compare these two IDMs, 3D and 2D Gaussian models are developed
as shown in figure 5.5(c), (d) and (e) respectively. In 2D Gaussian model (figure 5.5(e)), only
a central row of the IDMs has been considered for plotting intensity distribution before and
after 30mM glucose absorption. It is evident that due to glucose absorption, specular
intensity falls and scattering increases. FWHM can be calculated from 2D model also, but it
decreases system sensitivity as only a single row is considered as FWHM value. In 3D
Gaussian model, FWHM is actually an area with large number of pixels having half of the
maxima value, thus increasing sensitivity. The 3D Gaussian models of figure 5.5(c) and (d)
contain same information from the two IDMs, but for ease of viewing changes in reflectance

and scattering, slight modification has been done at the time of plotting. In figure 5.5(c),

Page | 153



5. Thin Film Multiparametric Glucose Sensor

OmM reference IDM is plotted as shaded curve and 30mM IDM is plotted as solid curve to
observe fall of peak intensity. In figure 5.5(d), shaded and solid curves are interchanged i.e.
O0mM reference IDM is plotted as solid curve and 30mM IDM is plotted as shaded curve to
observe increase in FWHM value. Volume under the Gaussian plots represent output power
which decreases compared to OmM reference value with increasing glucose concentration.

This indicates increase in optical absorption with glucose attachment.
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Figure 5.5. Reflected IDMs (a) before and (b) after 30mM glucose solution absorption. (c), (d):3D
Gaussian curve corresponding to IDM plot (a), (b) respectively. (e): 2D Gaussian comparison curve
for a central row of the two IDMs.
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5.4.3. Sensitivity

%Response was measured for 1-30mM glucose concentration range. Baseline data
(before glucose introduction) was taken first, and then 0.25ml of glucose solution was
sprayed on sensor surface. After 10 minutes drying time, response data was taken again. It
was found that while reflectance and scattering parameters show good linear response;
absorption parameter shows nonlinear response (figure 5.6). Thus, multiparametric sensing

is possible for PS thin film sensors but all the parameters might not show linear response.
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Figure 5.6. Response curve of PS sensor for (a) Reflectance parameter, (b) Scattering parameter and

(c) Absorption parameter

Figure 5.7 shows individual parameter sensitivity (%Response/Glucose
concentration) in the whole detection range of the sensor. It can be observed from the
figure that for lower concentration, specular reflection and absorption sensitivity have
higher values compared to higher glucose concentrations. Whereas, scattering sensitivity is
initially low, but as surface roughness increases with increasing glucose concentration more

and more scattering takes place. From the linear fit of calibration curves in figure 5.6,
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maximum sensitivity for reflectance and scattering parameters were found to be 0.40mM™

and 0.42mM! respectively (Annexure V).
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Figure 5.7. Sensitivity of individual parameters

5.4.4. Dynamic Range and LOD

The linear dynamic range for PS sensors was found to be 2-30mM for reliable
glucose sensing which covers both hypo and hyper glycemia levels. System resolution was
found to be 0.33mM corresponding to 0.0039a.u. step size of detector camera. Due to
presence of LED noise, blank data fluctuates and system LOD increases. Using mean value
method discussed in chapter 4, LOD can be reduced into tolerable range. Considering S/N 2

3, minimum LOD was found 1.23mM for reflectance parameter (calculated in Annexure V).

5.4.5. Selectivity

Selectivity study of PS sensor was performed with 15mM glucose, fructose,
galactose, maltose and sucrose solution. Phosphate buffer solution (PBS) was considered as
control. In figure 5.8 it is observed that the sensor shows good selectivity towards glucose
solution. Response due to PBS lie in the noise range of the system while for fructose,
galactose, maltose and sucrose significant amount of %Response was observed, though still
they were much lower compared to glucose response. This may be due to small amount of

non-selective molecular attachment on sensor surface.
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Figure 5.8. Selectivity of PS sensor towards glucose (15mM response)

5.4.6. Response Time
Transient response of PS sensor was observed to measure response time (1) in figure
5.9. 15mM glucose solution was used for the measurement and change in reflectance was

observed with time.
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“°°7 baseline
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Figure 5.9. Transient response of PS sensor
Specular reflectance value for OmM glucose solution has been chosen as the baseline
(I;). When different concentrations of glucose solution are sprayed on the sensor surface, a
sharp peak of specular reflection intensity (lx) is observed. This is caused due to the lensing

effect of water layer present on top of the sensor surface. So, in (l;-lx) vs. time plot (figure
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5.9), a sharp dip from zero baseline was observed. As drying starts, (l,-Ix) value increases and
after about 180 seconds saturates at a value higher than the baseline value. The (I-lx) value
reaches at 90% of the steady state value in approximately 90 seconds. So, the response time
of the sensor is considered to be ~ 90 seconds; but this time may further be reduced by

reducing drying time.

5.4.7. Repeatability

PS sensors were found suitable for multi-time usage. In figure 5.10, six cycles of
reflectance response for 15mM glucose solution is depicted for same PS sample and it was
found that response in 6% cycle drops to only ~ 87% of 15t cycle value which makes the
sensor effective for multi-time use. The reason behind almost unchanged response for
repeated measurement is that GOX enzyme remains unaffected in the gluconic acid
production as they only catalyse the reaction process. Gluconic acids are soluble in water
and when PS sensors are washed in Tween20 followed by DI water after every use, Gluconic
acid build-ups around GOX site is removed. Thus, PS sensors can be used repeatedly almost

up to 12-15 cycles without significant fall in response.
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Figure 5.10. Repeatability of PS sensor

5.4.8. Stability

Storage stability of the PS sensors was observed for a span of 28 days for storage

temperature of 4°C. 15mM glucose solution was prepared freshly everyday and %response
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was measured after every two days. It was found from figure 5.11 that after first 10 days
%response slowly decreases and after 25 days falls rapidly due to degradation of GOX
enzyme. In 25™ day %response of reflectance becomes almost 78% of the first day value,
thus it can be concluded that maximum storage time for PS sensors is not more than 20

days for reliable operation.

12
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%Response
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Figure 5.11. Storage stability of PS sensor

5.4.9. RGB Histogram Analysis

RGB analysis of the images was also performed by separating red, green and blue
channels. Histograms of the three channels are plotted in figure 5.12 for baseline and
30mM glucose solution data image. As discussed in chapter 4; PS samples show distinct
Gaussian pattern of histogram distribution for individual channels. So, PIV and FWHM of
individual channel can be observed to understand the effect of glucose absorption. In
figure 5.13 %Response of the three channel’s PIV with increasing glucose concentration is
plotted. Though significant amount of response is observed for red and green channels,
they show nonlinearity. While blue channel shows linear increase in %Response and it
was found to be much more sensitive than the other two channels. As PS samples have a
tendency to pass higher wavelengths, most of the blue channel information is reflected
back. So, blue channel PIV becomes a significantly sensitive parameter which can be

added as a non-interlinked parameter to the system.
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Figure 5.13. Glucose response plot for three RGB channels

5.5. CSNC Glucose Sensor

CSNC thin film glucose sensor performance based on different biosensor
characteristics is presented in this section. According to chapter 3, CSNC thin films with SiNp
diameter ~ 300nm were most suitable for biosensing application. So such films were
fabricated on glass substrate and all the sensor measurements were done with red laser

diode source (A=650nm).
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5.5.1. Characterization

FESEM micrographs in figure 5.14 show even pore distribution on CSNC surface after
NaOH etching. From the cross sectional view, approximate thickness of the drop casted
films were found to be 4.7-5.5um and a sponge like internal structure was also observed. At
the time of etching, first SiNp on the top surface is attacked and external surface pores are
generated. Then with time, hot NaOH flows through the pores and dissolves the internal
SiNps producing numerous interlinked channels thus finally generating a sponge like net
structure. Surface pore diameters were found to be around 194-247nm for CSNC film and

shrinkage of pore size was observed after GOX attachment shown in figure 5.14(c).

"
(oo}
2
(o))
=
=

Figure 5.14. FESEM micrograph of (a) CSNC film top view, (b) CSNC film cross section, (c)
GOX modified CSNC film and (d) GOX modified film after glucose solution introduction
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Absorbance spectra of pure CSNC sample has already been discussed in chapter 3. In
figure 5.15(a), broad peak around 3550-3200cm™ is produced due to intermolecular O-H
group stretching in chitosan polymer chain. Also peak at ~3454cm™ indicates presence of N-
H bond stretching of primary amine. Absorption band in 800-1260cm™ range is described as
different SiO, peaks of SiNp and residual organic groups [21]. Absorption peak at ~1735cm™
represents C=0 stretching of carboxylic acid which in this case is acetic acid present in
composite solution mixture discussed in chapter 3. For GOX functionalised surface in figure
5.15(b), absence of 1735cm™ carbonyl group peak and existence of strong imine (C=N)
group peak at ~1642cm™ is observed. This indicates successful attachment of GOX
molecules into CSNC film because in surface functionalization process all the carbonyl
groups are replaced by imine groups. After introduction of glucose solution, again the C=0
stretching peak of carboxylic acid appears at ~1711cm™ in figure 5.15(c) which indicates
further generation of gluconic acid in GOX sites [22]. 1720-1706cm™ is reported to be the
band for carboxylic acid dimers and in anhydrous form, gluconic acid crystals forms dimers
which indicates the presence of gluconic acid crystals in the sensor film upon evaporation of

liquid analyte solution.
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Figure 5.15. FTIR spectra of (a) pure CSNC film, (b) GOX modified CSNC film and (c) GOX

modified film after glucose introduction
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5.5.2. Image Processing Output

Transmitted and reflected spot IDMs were analysed to find the changes in five
interlinked parameters due to glucose absorption on CSNC sensors. Figure 5.16 shows 2D
IDM plot of transmitted spot before and after 30mM glucose absorption. From the Gaussian
fit plots in figure 5.17, it is clearly visible that transmittance (T) increases and internal
scattering (IS) decreases due to glucose absorption. From cross-sectional view of FESEM
micrographs, presence of sponge like internal structure can be seen in CSNC films. With
glucose introduction interlinked channels become filled with glucose molecules thus
reducing inter-channel light propagation or scattering. This may be the effect of reduced IS

value and more focussed beam than air filled channels, which in turn increases T value.
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Figure 5.16. 2D IDM plot of (a) baseline snapshot and (b) snapshot after 30mM glucose

introduction for transmitted spot
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Figure 5.17. 3D Gaussian model for understanding (a) peak intensity rise and (b) FWHM fall of

transmitted spot after 30mM glucose introduction.
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On the other hand, from reflected spot IDM and Gaussian fit (figure 5.18 and 5.19
respectively), it can be observed that reflectance (R) deceases and surface scattering (SS)
increases due to glucose absorption. This is due to the fact that surface scattering increases
with clustered attachment of glucose molecules around GOX sites on sensor surface. In
section 5.4.1, it was observed that increase in clustered attachment of glucose on GOX
molecules, increases surface roughness significantly; thus increasing SS value which in turn
reduces R value. From the IDMs obtained from reflected and transmitted spot it was
observed that OP increases with glucose introduction, thus it can be concluded that optical

absorption falls due to the presence of glucose molecules on CSNC samples.
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Figure 5.18. 2D IDM plot of (a) baseline snapshot and (b) snapshot after 30mM glucose

introduction for reflected spot
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Figure 5.19. 3D Gaussian model for understanding (a) peak intensity fall and (b) FWHM rise of

reflected spot after 30mM glucose introduction.
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Change in different parameters due to glucose introduction is listed in table I. Rise
and fall of actual data from baseline value is denoted with ‘I and ‘J’ signs respectively.
Also, for samples with and without GOX functionalization, the parameter change pattern

was found to be same.

Table I: Actual change in parameter readings with glucose introduction

Transmittance Internal Reflectance Surface Output Absorption
(T) Scattering (IS) (R) Scattering (SS) | Power (OP)

™ N2 N\ ™ ™ 2

5.5.3. Sensitivity

From the response curve for surface functionalized (SF) and non-functionalized (WSF)
samples in figure 5.20, it is quite clear that all the five parameters change significantly for SF
samples, while for WSF samples only two parameters (T and IS) are significant. When
glucose solution is sprayed on WSF samples, glucose molecules are evenly deposited on the
top surface. As R and SS are mainly surface properties, they are not affected much. Mainly
the pores of WSF samples get filled up with glucose molecules, thus changing internal
properties like T and IS significantly. In SF samples clustered attachment of glucose
molecules on GOX sites changes R and SS along with other parameters. Pores in SF samples
are partially filled with GOX molecules at the time of enzyme incubation. So, there is a limit
up to which the pores can accommodate glucose molecules. After that limit is reached, T
and IS will be unaffected by further increase in glucose concentration. This is observed in
figure 5.20(b) i.e. after 17mM glucose concentration IS almost saturates and further
deposition of glucose molecules only affects T a little which may be dominated by the effect
of other three parameters. So, we can conclude that SF samples are much more reliable
than WSF samples for multiparametric measurement and surface functionalization actually
introduces more parameters thus more sensitivity in the system.

Sensitivity was calculated for SF samples and plotted in figure 5.21. It is observed that in
the range of 1-17mM, IS is maximum sensitive among all the five parameters and maximum
sensitivity of 1S was found to be 1.17mM. For 17-30mM glucose concentration range IS

sensitivity was observed to fall significantly. In this range SS was found to be the maximum
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sensitive parameter with sensitivity value of ImM™. So, it can be concluded that scattering
parameters are more sensitive than direct intensity related parameters like transmittance,

reflectance, absorbance etc. which are generally measured in standard optical biosensors.
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Figure 5.20. Response curve of CSNC samples (a) without surface functionalization (WSF) and (b)

with surface functionalization (SF)
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Figure 5.21. Sensitivity plot for surface functionalized (SF) samples

5.5.4. Dynamic Range and LOD

As deviation from baseline is measured to calculate %Response, blank data gets

eliminated in each measurement. In this type of systems where relative output is
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considered instead of absolute value, LOD becomes significantly low [18]. For the optical
detection system discussed in chapter 4, cost efficiency is prioritized which resulted use of
noisy components. Diode laser and CMOS sensors both have inbuilt noise which causes
fluctuation in %Response due to deviation in blank data, thus increasing LOD of the system.
For consecutive 10 measurements in most stable region of diode laser time response curve
i.e. in between 10 to 30 minutes after initial switch on time, SD of blank (converted in
%Response) was found to be + 0.126. Thus, minimum LOD of the system was calculated to
be 0.76mM (from calibration or response curve of SS) for SF samples considering S/N>3.
Detailed calculation of LOD is presented in Annexure V. By using stable laser sources like He-
Ne instead of diode lasers can reduce LOD level further. The sensor was tested for 1-30mM
glucose concentration and the dynamic range was determined to be 3-30mM for reliable

operation.

5.5.5. Effect of GTA and GOX Concentration

GTA concentration was varied from 0.1 to 0.6% (v/v) and change in T and R for 15mM
glucose solution was observed. From figure 5.23, it is evident that above 0.2% (v/v) GTA
concentration, T and R value decreases which indicates reduction of GOX enzyme activity
similar to the study reported by Susanto et al [23]. In figure 5.22, colour change of the CSNC
films is clearly visible with increase in GTA concentration. Above 0.2% (v/v) the CSNC films
becomes dark yellow and brittle. Also crack lines are formed easily and often the film gets
detached from glass substrate. So, 0.1% (v/v) GTA concentration was used which produced

sufficiently high response.

04% 02% 03% 04% 06% 08%

Figure 5.22. Visual effect of increased GTA concentration on CSNC thin film
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Figure 5.23. Effect of GTA concentration on sensor response (15mM glucose conc., n=3)

GOX concentration was also varied from 0.1mg/ml to 0.8mg/ml for 15mM glucose
solution. It can be observed from figure 5.24 that above 0.4mg/ml T falls and R almost
saturates. This may be because with higher GOX concentration the pores are almost filled
with GOX molecules leaving less active site for glucose interaction inside the pores and T
becomes less sensitive. On the other hand, when surface of the CSNC film is totally covered
with GOX molecules number of active sites will saturate on the surface and so as R value.

Thus, 0.4mg/ml GOX concentration was considered for optimum performance of the sensor.
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Figure 5.24. Effect of GOX concentration on sensor response (15mM glucose conc., n=3)
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5.5.6. Selectivity

For selectivity study 15mM glucose, fructose, galactose, maltose and sucrose
solutions were prepared. Also, phosphate buffer (PBS) was used as control. WSF and SF
samples were tested for different analyte solutions. It was observed from figure 5.25(a) that
WSF samples show quite high response for all the solutions except PBS control which is
expected because WSF surface has no GOX enzyme present to selectively attract glucose
molecules. Thus, all the analytes either gets absorbed inside the pores or attaches to the
surface while solution evaporation process. There is an interesting fact to note that glucose,
fructose and galactose produces almost same pattern of output response i.e. high values for
T and IS and low value for R and SS. The reason behind such pattern is discussed in section
5.5.2 for WSF samples. Maltose and sucrose produce significant increase in R and SS value
which may be described as the effect of their molecular weight. Maltose and sucrose are
disaccharides having almost double molecular weight than glucose, fructose and galactose.
So, their attachment to surface affects the surface roughness more than the
monosaccharides and their tendency to penetrate deep inside the pores is also less likely.

Thus, such pattern difference in WSF sensor output is observed for different analytes.
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Figure 5.25. Selectivity of (a) WSF and (b) SF samples (n=3)

On the other hand, for SF samples GOX selectively binds to glucose molecules and
other analytes mostly flows down the sensor surface after solution spray without significant
attachment to the sensor. So, SF samples show high selectivity towards glucose molecules

(figure 5.25(b)).
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5.5.7. Response Time

Actual peak intensity value (PIV) of the transmitted and reflected spot is monitored
for 3 minute time span to observe response time of the sensor. Initially baseline value of T
and R was at ~ 0.79a.u. and ~ 0.54a.u. respectively. Baseline data fluctuation mentioned in
section 5.5.4 is also visible in time response plot (figure 5.26). After 15mM glucose solution
spray at 20 second, both T and R value reaches to maximum intensity saturation level of
la.u. due to lensing effect produced by water. As the sensors were mounted vertically,
excess solution quickly flows down and CSNC thin film starts drying. After 60 seconds abrupt
fall in T and R value was observed and at around 80 seconds sensor output stabilises to new
values indicating complete drying of the thin film. It can be observed that T has reached a
higher value and R has reached a lower value compared to their baseline value which was
demonstrated in table | also. From time response curve it was concluded that T is

approximately 50 seconds for the CSNC sensors.
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Figure 5.26. Time response curve of CSNC sensor

5.5.8. Repeatability

Repeatability study was performed on 5 CSNC sensors and after every cycle the
sensors were washed in Tween20 solution followed by PBS buffer. It was found that in
second cycle, T and R response drop to 68% and 83% of the first cycle response respectively
(figure 5.27). Significant drop in T response indicates that gluconic acid crystals are not

completely removed from complex sponge like structure of the porous film even after
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vigorous washing. Also, chitosan dissolves slowly in acidic solution which can produce crater
like structure shown in the FESEM image in figure 5.27(b). So, with gluconic acid production
and washing, the films slowly degrade thus reducing both T and R response. In third cycle,
almost no significant change in output response is observed from which it is clear that the

CSNC sensors are suitable only for one time use.

[ Transmittance
8+ I Reflectance

% Response

Cycle number

Figure 5.27. (a) Repeatability test for 15mM glucose solution (n=5), (b) FESEM micrograph after
3" cycle

5.5.9. Stability

CSNC sensors were stored in refrigerator at 4°C and response for 15mM glucose
solution was studied for every alternate day. 15mM glucose solution was freshly prepared
every day and new CSNC samples were taken for every measurement as the sensors are for
one time use only. It was observed that after 9™ day T response falls rapidly while R
response shows slow degradation for SF samples shown in figure 5.28(b). So, it can be
concluded that the trapped GOX molecules inside sponge like network are affected greatly
by environmental conditions compared to the surface GOX molecules. In the absence of
active GOX enzyme, the sensor should act like WSF samples; but even for such samples one
should get significant T response. Here it was observed that T response falls to almost blank
data level which can only be described by structural degradation of CSNC membranes with
time. For WSF samples such degradation was not observed and up to 30 days almost same

response value was found (figure 5.28(a)). So, it can only lead to the conclusion that the
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surface functionalization steps make the sensor structure prone to degradation within 10-15

days.
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Figure 5.28. Storage stability of (a) WSF CSNC sensors and (b) SF CSNC sensor (n=3)

5.6. Comparison with Existing Literature

In Table II, recent reports on label-free optical glucose sensors have been listed and

their performance comparison with present work has been demonstrated extensively.

Table Il: Comparison table of label-free optical glucose sensors

Transducer Dynamic Reference

Type Range & Year

Intralipid Near IR 0-55.55mM Jeon et al.
solution spectroscopy (0-1000mg/dl) (2006)[24]

Silver LSPR 0-2.77mM - 100 Serra et al.
nanoparticle (0-50mg/dl) (2009) [25]

Direct serum Mid IR 2.77-22.22mM 1.66mM - Liakat et al.
sample transmittance (50-400mg/dl) (30mg/dl) (2013) [26]
spectroscopy
Silver Halide Optical fiber 0.27-27.77mM 0.21mM 30 Yu et al.
(5-500mg/dl) (3.8mg/dl) (2013) [27]
Silver and Fiber optic SPR 0-14.44mM - 60 Singh &

silicon (0-260mg/dl) Gupta

coating (2013)[28]
74 0)E 0o Photoluminescence 0.5-30mM - - Sachindra et
(9-540mg/dl) al. (2015)
[10]
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Fiber optic SPR 0-10mM 0.012mM - Usha et al.
nanorod (0-180mg/dl) (0.216gm/dl) (2016) [29]
Multiparametric 2-30mM 1.23mM 90 Present
image processing (18-540mg/dl) (18mg/dl) study (2018)
based optical [30]
detection
CSNC thin Multiparametric 3-30mM 0.76mM 50 Present
film image processing (54-540mg) (13.68mg/dl) study (2022)
based optical
detection

5.7. Conclusion

In this chapter detailed analysis of PS and CSNC thin film glucose sensor was
performed. Merits of the sensors were determined by measurement of different biosensor
characteristics. The sensors were functionalized with GOX enzyme for selective attachment
of glucose molecules. For PS sensors, physisorption of GOX was possible due to pore size
comparable to GOX molecule size; but CSNC sensors had to go through chemisorption
process of enzyme attachment due to their large pore diameter. Characterization of the
sensors before and after enzyme immobilization was performed to understand change in

physiochemical properties of the sensors induced by enzyme attachment.

As PS sensors were not transparent in visual spectral range, only three parameters
were available for analysis solely obtained from reflected spot. Reflectance and scattering
response curve were found linear in nature while absorption response curve shows distinct
nonlinearity in the range of 2-30mM. On the other hand, CSNC sensor analysis was
performed with total five parameters obtained from both transmitted and reflected spots;
thus, the analysis was more reliable and accurate. CSNC sensor response curve was
observed for both WSF and SF samples; and it was observed that response patterns were
quite different for the two types of samples. Surface functionalized samples were found to

have 5 accessible parameters while non-functionalised samples only provided 3 (T, IS & OP).

While PS sensors were found suitable for multi-time use and long storage time;
CSNC sensor showed better sensitivity, response time and LOD. Comparison of surface

functionalised PS and CSNC sensor performance is demonstrated in Table Ill. From the table
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it can be concluded that developed thin film multiparametric sensors are very much

effective for glucose detection in pathological range.

Table Ill: Comparison of surface functionalized PS and CSNC sensor

Sensor Characteristics m CSNC Sensor

Interlinked Parameters
Available

RGB Analy5|s Possible Further study required
__
Parameter
SenS|t|V|ty 0.42 mM+? 1.17 mM1 /1 mM?
B
Response Time ~ 90 sec. ~ 50 sec.

1.23 mM 0.76 mM

Reproduablllty
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Chapter 6

Conclusion & Future Scope

6.1. Conclusion

The presented work in the thesis is focussed on developing a porous thin film based
multiparametric optical biosensor system for effective detection of glucose in pathological

range.

Porous Silicon (PS) thin films were fabricated on silicon wafer substrate by
electrochemical etching procedure to evaluate their performance in biosensing application.

Effect of different preparation parameters i.e., wafer resistivity, etching time and choice of
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electrolyte solution was observed on morphological and structural properties of the PS thin
films. It was seen that with increased etching time surface roughness of the films increases
due to formation of loosely attached agglomerated nanoparticles on the thin film surface.
Such unstable structures were not suitable for surface functionalization process and thus
response of the nano PS samples was observed to drop significantly for higher etching time.
Also, macro PS samples showed poor performance in glucose sensing application though
their response was found even greater than nano PS samples. In terms of reproducibility,
repeatability and response time, the macro PS failed to compete with nano PS sample.
Optimum etching time was found to be 5 minutes for best glucose sensing performance of

nano PS thin film sensors.

Chitosan-Silica nanocomposite (CSNC) thin films are semi-transparent in nature
inside visible spectra. Thus, compared to PS thin films which utilises only reflected spot for
sensor measurements, CSNC thin films can provide more parameters for reliable
multiparametric sensing. CSNC thin films of different pore size were prepared by hot etching
of Silica nanoparticles (SiNp) in NaOH solution. The main advantage of CSNC was found to
be that they are extremely easy to fabricate and batch production is very much possible
which makes them a great choice for cost effective biosensor platform. CSNC thin films of
different pore diameters were compared in terms of morphological, structural and optical
properties. It was found that SiNp diameter ~ 300nm was optimum for sensing application
due to their capability to produce uniform pore distribution, surface pore density and
optimum optical properties in CSNC films. The effect of SiNp agglomeration and
sedimentation for lower and higher particle diameter respectively, was found responsible
for uneven pore distribution in CSNC thin films. CSNC thin films with ~300nm SiNp size were
found to produce maximum sensitivity towards all the parameters, thus it was found to be

an ideal choice for multiparametric measurements.

Both PS and CSNC thin films were surface functionalised with Glucose Oxidase (GOX)
enzyme which selectively attaches glucose molecules on sensor surface and catalyses the
production of gluconic acid crystals which further clusters around GOX sites. As nano PS
sensors have pore diameter comparable to GOX dimension, physisorption process of surface
functionalization was adequate for them. On the other hand, CSNC sensors have pore

diameter almost ten times compared to nano PS sensors. So physisorption process is not
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enough to prevent removal of GOX molecules in washing steps after surface
functionalization. Thus, CSNC surface had to be activated with Glutaraldehyde (GTA) chains

to attach GOX molecules via chemisorption process.

Images of reflected and transmitted spots from thin film sensors were taken as
optical inputs to obtain different parameters using MATLAB image processing. The use of
simple optical components and image processing has made the sensing system very much
cost effective. Though initially there was significant amount of output fluctuation present
due to noisy components like laser diodes and CMOS camera, introducing mean value
method of data acquisition reduced system noise in tolerable range. The developed system
can monitor total five interlinked optical parameters i.e., transmittance, internal scattering,
reflectance, surface scattering and output power simultaneously. The novel technique of
automated image acquisition and analysis in MATLAB GUI environment has been tested
with PS thin film as non-transparent and CSNC thin film as semi-transparent core sensor

materials.

The merit of a biosensor can be determined by different characteristics like
sensitivity, selectivity, response time, repeatability and many more. Performance of both PS
and CSNC thin film sensors were analysed in glucose sensing application based on these
characteristics. PS thin films due to their non transparent nature in visible spectra can utilise
only three parameters obtained from the reflected spot image. On the other hand, CSNC
thin films are semitransparent and can utilise all the five optical parameters obtained from
reflected and transmitted spot image. Change in the reflectance and surface scattering are
mainly governed by change in surface roughness of the thin films due to clustered
attachment of gluconic acid crystals around GOX sites present on sensor surface. While
change in transmittance and internal scattering are mainly due to blockage of internal

channels of the porous structure with gluconic acid crystal production.

Both PS and CSNC thin film sensors were found to have some merits as well as some
demerits. PS thin film sensors were found to have better storage stability and they were
found ideal for multi-time use due to their good repeatability. On the other hand, CSNC thin
film sensors were better in terms of sensitivity, response time and LOD. CSNC sensors were
found ideal for one time use as they cannot withstand repeated washing procedures before
new measurement. Both PS and CSNC sensors along with the multiparametric optical
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measurement system can prove to be a good choice for sensitive, selective and cost

efficient glucose measurement.

6.2. Future Scope

Based on the limitations of the sensor system, further work can be initiated to
improve the technology and sensing materials of the system for better performance in

biosensor application.

1. A major drawback of the system is high LOD value which limits its application in
measurement of small molecules or lower concentration of analytes. More stable
optical sources, low noise CCD camera and use of noise reduction algorithms can
improve output noise levels significantly. Though system cost may increase in the
process, still investigation and optimization based on these improvements can be an
extended field of study.

2. The basic of RGB histogram analysis is presented in the thesis. Detailed investigation
on RGB noise and study of feasibility of these new parameters in precision sensing
application may increase the reliability of the system further.

3. Storage stability of any sensor is an important factor. Maximum storage for PS
sensor was found to be only 20 days at 4°C. Also, CSNC thin films were found prone
to degradation in extreme humidity. So, surface modification techniques to improve
storage stability in room temperature needs further investigation.

4. Though the system presented in this thesis was sufficiently sensitive for glucose
sensing application, there is still scope of study on new porous thin film structures
which can provide more sensitive and accurate results even for lower concentrations
and small molecules or ion measurement.

5. There was not much scope of testing the sensor system with actual serum or whole
blood samples. Such measurements are required for pathological application.

6. Finally, a miniaturized point-of-care device or real time blood glucose monitoring
device can be developed from the base work in this thesis which may prove to be

quite significant contribution in multiparametric optical sensing field.
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Annexure |

MATLAB code for instantaneous snapshot analysis

Annexure Il

MATLAB code for 3D Gaussian fit of IDM
Annexure Il
MATLAB code for GUI development and automated data acquisition and

analysis

Annexure IV

MATLAB code for RGB histogram analysis

Annexure V

LOD Calculation
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MATLAB code for instantaneous snapshot analysis

%...Baseline image acquisition and analysis....%
Il=imread('baseline 30.jpg');

figure; imshow('baseline 30.jpg');

il=rgb2gray (I1);

[x,y]l=size (il)

X1=1:x%x;

Yl=1:y;

Zl=im2double (il) ;

disp ('Baseline data');

mx vall=max (Z1(:))

al=find (Z1(:)>=mx vall/2);
fwhml=size (al)
voll=trapz (X1, trapz(Yl,z1,2))

I Data image acquisition and analysis...... %
I2=imread ('sensordata 30.Jpg');

figure; imshow ('sensordata 30.jpg');
i2=rgb2gray (I12) ;

[x,y]=size (i2)

X2=1:x%x;

Y2=1:y;

Zz2=im2double (i2) ;

disp ('Sensor data');

mx val2=max (Z2(:))
a2=find (Z2 (:)>=mx val2/2);
fwhm2=size (a2)
vol2=trapz (X2, trapz(Y¥2,722,2))

B e e e e Image IDM pPlot. ...t ieeeeennnn. %
figure;hl=surf (Y1l,X1,2721);

set (hl, 'LineStyle', 'none');

colorbar

figure;h2=surf (Y2,X2,722);
set (h2, 'LineStyle', 'none') ;
colorbar
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Original Images (captured by camera)

Baseline image: baseline_30.jpg Sensor data image: sensordata_30.jpg

Program Output

>> newresponseprog

Baseline data:

mx_vall =
0.8353

fwhm1 =
59140

voll =
1.4955e+05

Sensor data:

mx_val2 =
0.7490

fwhm2 =
72989

vol2 =
1.4610e+05
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Annexure Il

MATLAB code for 3D Gaussian fit of IDM

B e e e e e Baseline image......eeueeeeeennn. %
Il=imread('baseline 30.jpg');

il=rgb2gray (I1);

[x,y]=size(il)

X1=1:x%;

Yl=1:y;

Zl=im2double (i1l) ;

disp ('Baseline data');
[mx vall, mx indl]=max(z1(:))
[rl,cl]=ind2sub(size(Z1), mx indl)

max row=z1(rl,:);

max col=zZ1(:,cl);

fwhm r=find(max row>=mx vall/2);
fwhm c=find(max col>=mx vall/2);
fwhmx=size (fwhm r);
fwhmy=size (fwhm c);

sigmaxl=fwhmx (1,2)/2.3548
sigmayl=fwhmy (1,1)/2.3548

for j=1:x
for k=1:y
expdatal=(((j-rl)"2)/(2*sigmax1"2) )+ (( (k-
cl)”2)/ (2*sigmayl”™2)) ;
gauss 3d(Jj,k)=mx vall*exp (-expdatal) ;
end
end

figure;hl=surf (Y1,X1l,gauss 3d);
xlabel ('"Row (pixel) ');
ylabel ('Column (pixel)'):;

zlabel ('Intensity (a.u.)"'):;
set (hl, 'LineStyle', "none') ;
colorbar
hold on;
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T Sensor data image........cociiiii.... %
Il=imread('sensordata 30.jpg');

il=rgb2gray (I1);

[x,y]l=size (il)

X1=1:x%x;

Yl=1:y;

Zl=im2double (i1l) ;

disp('final data');
[mx vall, mx indl]=max(z1(:))
[rl,cl]=ind2sub(size(Z1), mx indl)

max row=z1(rl,:);

max col=z1(:,cl);

fwhm r=find(max row>=mx vall/2);
fwhm c=find(max col>=mx vall/2);
fwhmx=size (fwhm r);
fwhmy=size (fwhm c);

sigmaxl=fwhmx (1,2)/2.3548
sigmayl=fwhmy (1,1)/2.3548

for j=1:x
for k=1l:y
expdatal=(((j-rl)"2)/(2*sigmax1"2) )+ (( (k-
cl)”~2)/(2*sigmayl”2)) ;
gauss_3d(j,k)=mx vall*exp (-expdatal) ;
end
end

h2=surf (Y1,X1,gauss 3d);
set (h2, 'LineStyle', "none') ;
colorbar

hold off;

alpha(h2,0.2);

Note: alpha command in MATLAB makes the selected curve semi-
transparent and using alpha command, peak intensity and FWHM
change can be monitored for overlapping baseline and sensor
data IDM.
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MATLAB code for GUI development and automated data
acquisition and analysis

function varargout = Final sensorprog(varargin)

% FINAL SENSORPROG MATLAB code for Final sensorprog.fig
FINAL SENSORPROG, by itself, creates a new

FINAL SENSORPROG or raises the existing

singleton*.

o\°

o° o

o\°

H = FINAL SENSORPROG returns the handle to a new
FINAL SENSORPROG or the handle to
the existing singleton*.

o° o

o\°

FINAL SENSORPROG ('CALLBACK',hObject,eventData,handles, ...)
calls the local

35 function named CALLBACK in FINAL SENSORPROG.M with the
given input arguments.

o\°

o\

FINAL SENSORPROG ('Property', 'Value',...) creates a new
FINAL SENSORPROG or raises the

% existing singleton*. Starting from the left, property
value pairs are

% applied to the GUI before Final sensorprog OpeningFcn
gets called. An

% unrecognized property name or invalid value makes
property application

% stop. All inputs are passed to

Final sensorprog OpeningFcn via varargin.

o\°

o\°

*See GUI Options on GUIDE's Tools menu. Choose "GUI
allows only one
instance to run (singleton)".

o° o

o\°

See also: GUIDE, GUIDATA, GUIHANDLES

o\

Edit the above text to modify the response to help
Final sensorprog

% Last Modified by GUIDE v2.5 29-Jul-2021 16:55:06

% Begin initialization code - DO NOT EDIT
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gui Singleton = 1;

gui State = struct('gui Name', mfilename,
'gui Singleton', gui Singleton,
'gui OpeningFcn',

@Final sensorprog OpeningFcn,
'gui OutputFcn',

@Final sensorprog OutputFecn,
'gui LayoutFecn', 1,
'gui Callback', (1)

if nargin && ischar (varargin{l})

gul State.gui Callback = str2func(varargin{l});
end

if nargout

[varargout{l:nargout}] = gui mainfcn(gui_ State,
varargin{:});
else

gui mainfcn(gui State, varargin{:});
end

% End initialization code - DO NOT EDIT

o)

% —--- Executes just before Final sensorprog is made visible.
function Final sensorprog OpeningFcn (hObject, eventdata,
handles, varargin)

% This function has no output args, see OutputFcn.

% hObject handle to figure

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see
GUIDATA)

% varargin command line arguments to Final sensorprog (see
VARARGIN)

% Choose default command line output for Final sensorprog
handles.output = hObject;

% Update handles structure
guidata (hObject, handles);

% UIWAIT makes Final sensorprog wait for user response (see
UIRESUME)
% uiwait (handles.figurel) ;

B e e e Webcam Initialization...........eeeo...
global caml cam2 % caml=tr camera,
cam2=rf camera

caml=videoinput ('winvideo', 2) ;

cam?2=videoinput ('winvideo', 3) ;

set (caml, 'ReturnedColorSpace', 'RGB') ;
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set (cam2, 'ReturnedColorSpace', 'RGB"') ;

..................................................

% ——- Outputs from this function are returned to the command
line.
function varargout = Final sensorprog OutputFcn (hObject,

eventdata, handles)

% varargout cell array for returning output args (see
VARARGOUT) ;

% hObject handle to figure

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see
GUIDATA)

% Get default command line output from handles structure
varargout{l} = handles.output;

% —--- Executes on button press in Tr Camcheck.

function Tr Camcheck Callback (hObject, eventdata, handles)

% hObject handle to Tr Camcheck (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see
GUIDATA)

global caml

imaghwinfo (caml)

preview (caml)

% —--- Executes on button press in Rf Camcheck.

function Rf Camcheck Callback (hObject, eventdata, handles)

% hObject handle to Rf Camcheck (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see
GUIDATA)

global cam2
imaghwinfo (cam?2)
preview (cam?2)

% —--- Executes on button press in RadioBut TrCam.

function RadioBut TrCam Callback (hObject, eventdata, handles)
% hObject handle to RadioBut TrCam (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see
GUIDATA)
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Q

% Hint: get (hObject, 'Value') returns toggle state of
RadioBut TrCam

global Tr cam

Tr cam=get (hObject, 'Value');

% —--- Executes on button press in RadioBut Rfcam.

function RadioBut Rfcam Callback (hObject, eventdata, handles)
% hObject handle to RadioBut Rfcam (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see
GUIDATA)

% Hint: get (hObject, 'Value') returns toggle state of
RadioBut Rfcam

global Rf cam

Rf cam=get (hObject, 'Value');

function Interval noise Callback (hObject, eventdata, handles)
% hObject handle to Interval noise (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see
GUIDATA)

% Hints: get (hObject, 'String') returns contents of

Interval noise as text

% str2double (get (hObject, 'String')) returns contents of
Interval noise as a double

global noise interval

noise interval=str2double (get (hObject, 'String'));

% —-- Executes during object creation, after setting all
properties.

function Interval noise CreateFcn (hObject, eventdata, handles)
% hObject handle to Interval noise (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles empty - handles not created until after all
CreateFcns called

% Hint: edit controls usually have a white background on
Windows .
% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white') ;
end
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function Time noise Callback (hObject, eventdata, handles)

% hObject handle to Time noise (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see
GUIDATA)

% Hints: get (hObject, 'String') returns contents of Time noise
as text

% str2double (get (hObject, 'String')) returns contents of

Time noise as a double

global noise time noise snapnum noise interval
noise time=strZ2double (get (hObject, 'String')) ;

noise snapnum= (noise time*60)/noise interval

% —-—-- Executes during object creation, after setting all
properties.

function Time noise CreateFcn (hObject, eventdata, handles)

% hObject handle to Time noise (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles empty - handles not created until after all

CreateFcns called

% Hint: edit controls usually have a white background on
Windows.
% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white"') ;
end

function Sensor interval Callback (hObject, eventdata, handles)
hObject handle to Sensor interval (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

o\

% handles structure with handles and user data (see
GUIDATA)

% Hints: get (hObject, 'String') returns contents of

Sensor interval as text

S str2double (get (hObject, 'String')) returns contents of

Sensor interval as a double

global sensor interval sensor snapnum

sensor interval=str2double (get (hObject, 'String'));
sensor snapnum=(10*60) /sensor interval
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% —-—-- Executes during object creation, after setting all
properties.

function Sensor interval CreateFcn (hObject, eventdata,
handles)

hObject handle to Sensor interval (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles empty - handles not created until after all
CreateFcns called

o\

% Hint: edit controls usually have a white background on
Windows.

5 See ISPC and COMPUTER.

if ispc && isequal (get (hObject, 'BackgroundColor'),

get (0, 'defaultUicontrolBackgroundColor'))

set (hObject, 'BackgroundColor', 'white') ;

end

% —--— Executes on button press in Start sensor.

function Start sensor Callback (hObject, eventdata, handles)
% hObject handle to Start sensor (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see
GUIDATA)

global caml cam2 sensor snapnum sensor interval true

true=1;

disp ('Capture in progress...... ") g
disp ('Snapshot number:")

delay time=sensor interval-1;

for i=l:sensor snapnum

if true==
disp (i) ;
I Transmission camera in action...........

imgl=getsnapshot (caml) ;

baseFileName=sprintf ('TransFrame %$3.3d.jpg',1):;
fullFileName=fullfile ('Transdata', baseFileName)
imwrite (imgl, fullFileName) ;

imgl mod=rgb2gray (imgl) ;

[x,y]=size (imgl mod);
X1=1:x%;
Yl=1:y;
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Zl=im2double (imgl mod) ;

mx_vall=max(Zl( ))
al=find (Z1(:)>=mx vall/2);
bl=find (21 (:)> (mx_vall*3/4));
fwhml=size (
(
(

al);
fwgml=size (bl) ;
voll=trapz (Yl, trapz (X1,21)):;
trans arry(i)=mx vall;
trFWHM arry(i)= fwhml(l)
ErFWOM arry (i) =fwgml (1) ;
tr abs arry(i)=voll;
B e e e e Reflection camera in actioN........eeeeeoeo.

img2=getsnapshot (cam?2) ;

baseFileName=sprintf ('RefFrame %3.3d.]jpg',1i);
fullFileName=fullfile ('Refdata', baseFileName) ;
imwrite (imgl, fullFileName) ;

img2 mod=rgb2gray (img2) ;

[x,y]=size (img2 mod) ;
X2=1:%x;

Y2=1:y;
Z2=im2double (img2 mod) ;

mx_valZ—max(ZZ( ))

az2=find (Z2 (:)>=mx val2/2);
b2=find (22 (:)>=(mx _val2*3/4));
fwhm2=size (a2) ;
fwgm2=size (b2) ;
vol2=trapz (Y2, trapz (X2,22)) ;

ref arry(i)=mx val2;

rfFWHM arry (i)=fwhm2 (1) ;
rfFWQOM arry(i)=fwgm2 (1) ;
rf abs arry(i)=vol2;

pause (delay time);

disp ('Capturing has been successfully stopped'):;
break

apture complete..... ")
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%...Finding absorption value and setting edit box.....

abs arry=tr abs arry+rf abs arry;
abs mean=mean (abs arry);
set(handles.Abs,'String',abs_mean);

T Finding mean value from transmission data and setting
edit box.....

tr mean=mean (trans_ arry) ;
LrFWHM mean=mean (trFWHM arry) ;
LrFWOM mean=mean (ELrFWQOM arry) ;

set (handles.Trans, 'String', tr mean);
set (handles.Tr FWHM, 'String', trFWHM mean) ;
set(handles.Tr_FWQM,'String',trFWQM_mean);

ref mean=mean (ref arry):;
rfFWHM mean=mean (rfFWHM arry);
rfFWOM mean=mean (rfFWQOM arry) ;

set (handles.Refl, 'String', ref mean);
set (handles.Rf FWHM, 'String', rfFWHM mean) ;
set (handles.Rf FWQM, 'String', rfFWQM mean) ;

o

O e o o o o o o o o o o o o o o o & & & & o o o & & & & & & © & & & & o & & & & & & & & & o s s s s s s s s s s s s e & =

filename="'Sensordata transmission.xlsx';
sheet=1;

xlswrite(filename, trans arry.')

x1Range='B1l"';
xlswrite(filename, trFWHM arry.', sheet,xlRange);
x1Range="Cl"';
xlswrite(filename, trFWOM arry.', sheet,xlRange);
x1Range='D1"';
xlswrite(filename, tr abs arry.',6 sheet,xlRange);

o
O o o o o o o o o o o o s o o s s o o o s s e o s s e s s s e 6 s s s 6 s s s 6 s s e e s s s e e s s e s e s e s e s e o
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filename="'Sensordata reflection.xlsx';

sheet=1;

xlswrite(filename, ref arry.')

x1Range='B1l"';
xlswrite(filename, rfFWHM arry.', sheet,xlRange);
x1Range='Cl"';
xlswrite(filename, rfFWOM arry.', sheet,xlRange);
x1Range='D1"';
xlswrite(filename,rf abs arry.',6 sheet,xlRange);

% —--- Executes on button press in Stop sensor.

function Stop_sensor_Callback(hObject, eventdata, handles)

% hObject handle to Stop sensor (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see
GUIDATA)

global true
disp('Stop callback executing....')

true=0;

% —--— Executes on button press in Start noise.

function Start noise Callback (hObject, eventdata, handles)

% hObject handle to Start noise (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see
GUIDATA)

global caml cam2 Tr cam Rf cam noise time noise interval
noise snapnum true

true=1;

disp('Capture initialysing..... ")
disp('Total time:"'")

disp (noise time)
disp('Interval:"')

disp (noise interval)

disp ('Snapshot number:"')

disp (noise snapnum)

P N NN
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delay time=noise interval-1;

if Tr cam==

else

for i=l:noise snapnum
if true==

imgl=getsnapshot (caml) ;

baseFileName=sprintf ('TransFrame %3.3d.Jjpg',1i);
fullFileName=fullfile('Transnoise', baseFileName) ;
imwrite (imgl, fullFileName) ;

imgl mod=rgb2gray (imgl) ;

[x,y]=size(imgl mod) ;
X1=1:x%x;

Yl=1:y;
Zl=im2double (imgl mod) ;

mx vall=max (Z1(:));
al=find (Z1(:)>=mx vall/2);
bl=find(Z1(:)>=(mx vall*3/4));
fwhml=size (al) ;
fwgml=size (bl) ;

trans arry(i)=mx vall;
trFWHM arry (i)=fwhml (1) ;
ErFWOM arry (i) =fwgml (1) ;
pause (delay time);

end
end

disp ('Capture complete....')

xdata=0:noise interval: ((noise time*60)-noise interval);
size (xdata)
figure;plot (xdata, trans arry);

filename='Transmission noisedata.xlsx';
xlswrite(filename, trans arry.')
x1Range="'B1l"';

xlswrite (filename, trFWHM arry.', xlRange);
x1Range="C1l"';

xlswrite (filename, trFWOM arry.', x1Range);

if Rf cam==1
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for i=l:noise snapnum
if true==

imgl=getsnapshot (cam?) ;

baseFileName=sprintf ('RefFrame %3.3d.jpg',1);

fullFileName=fullfile ('Refnoise',
baseFileName) ;

imwrite (imgl, fullFileName) ;

imgl mod=rgbZ2gray (imgl) ;

[x,y]=size (imgl mod) ;
X1=1:x%;

Yl=1:y;
Zl=im2double (imgl mod) ;

mx vall=max (Z1(:));

al=find (Z1(:)>=mx vall/2);
bl=find (Z1 (:)>=(mx_vall*3/4));
fwhml=size (al);
fwagml=size (bl) ;

ref arry(i)=mx vall;
rfFWHM arry (i)=fwhml (1);
rfFWOM arry (i)=fwgml (1) ;
pause (delay time);

end

end

disp ('Capture complete...."')

filename='Reflection noisedata.xlsx';
xlswrite(filename, ref arry."')
x1Range="B1"';
xlswrite(filename, rfFWHM arry.', xlRange);
x1Range="Cl"';
xlswrite(filename, rfFWOM arry.', x1Range);

end
end
% —--— Executes on button press in Stop noise.
function Stop noise Callback (hObject, eventdata, handles)
% hObject handle to Stop noise (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
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% handles structure with handles and user data (see
GUIDATA)

global true

true=0;

function Trans Callback (hObject, eventdata, handles)

% hObject handle to Trans (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see
GUIDATA)

% Hints: get (hObject, 'String') returns contents of Trans as
text

% str2double (get (hObject, 'String')) returns contents of

Trans as a double

% —-—-- Executes during object creation, after setting all
properties.
function Trans CreateFcn (hObject, eventdata, handles)
% hObject handle to Trans (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on
Windows.
% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white"') ;
end

function Refl Callback (hObject, eventdata, handles)

% hObject handle to Refl (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see
GUIDATA)

% Hints: get (hObject, 'String') returns contents of Refl as
text

% str2double (get (hObject, 'String')) returns contents of
Refl as a double
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% —-—-- Executes during object creation, after setting all
properties.

function Refl CreateFcn (hObject, eventdata, handles)

% hObject handle to Refl (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles empty - handles not created until after all
CreateFcns called

% Hint: edit controls usually have a white background on
Windows.
% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white') ;
end

function Tr FWHM Callback (hObject, eventdata, handles)

% hObject handle to Tr FWHM (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see
GUIDATA)

% Hints: get (hObject, 'String') returns contents of Tr FWHM as
text

% str2double (get (hObject, 'String')) returns contents of
Tr FWHM as a double

% —-—-- Executes during object creation, after setting all
properties.

function Tr FWHM CreateFcn (hObject, eventdata, handles)

% hObject handle to Tr FWHM (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles empty - handles not created until after all
CreateFcns called

% Hint: edit controls usually have a white background on
Windows.
% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white') ;
end
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function Tr FWQM Callback (hObject, eventdata, handles)

% hObject handle to Tr FWQM (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see
GUIDATA)

% Hints: get (hObject, 'String') returns contents of Tr FWQOM as
text

% str2double (get (hObject, 'String')) returns contents of
Tr FWOM as a double

% ——-- Executes during object creation, after setting all
properties.

function Tr FWQM CreateFcn (hObject, eventdata, handles)

% hObject handle to Tr FWQM (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles empty - handles not created until after all
CreateFcns called

% Hint: edit controls usually have a white background on
Windows.
% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white') ;
end

function Rf FWHM Callback (hObject, eventdata, handles)

% hObject handle to Rf FWHM (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see
GUIDATA)

% Hints: get (hObject, 'String') returns contents of Rf FWHM as
text

% str2double (get (hObject, 'String')) returns contents of
Rf FWHM as a double

o\°

--- Executes during object creation, after setting all
properties.

function Rf FWHM CreateFcn (hObject, eventdata, handles)
% hObject handle to Rf FWHM (see GCBO)
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% eventdata reserved - to be defined in a future version of
MATLAB
% handles empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on
Windows.
% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white') ;
end

function Rf FWQM Callback (hObject, eventdata, handles)

% hObject handle to Rf FWQOM (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see
GUIDATA)

% Hints: get (hObject, 'String') returns contents of Rf FWQOM as
text

% str2double (get (hObject, 'String')) returns contents of
Rf FWOM as a double

o\°

--—- Executes during object creation, after setting all

properties.
function Rf FWQM CreateFcn (hObject, eventdata, handles)
% hObject handle to Rf FWQM (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB
% handles empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on
Windows.
% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white"') ;
end

function Abs Callback (hObject, eventdata, handles)

% hObject handle to Abs (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

Page | 206



Annexure lll

Q

% handles structure with handles and user data (see
GUIDATA)

% Hints: get (hObject, 'String') returns contents of Abs as text
str2double (get (hObject, 'String')) returns contents of
Abs as a double

o\°

% —--- Executes during object creation, after setting all
properties.
function Abs CreateFcn (hObject, eventdata, handles)
% hObject handle to Abs (see GCBO)
% eventdata reserved - to be defined in a future version of
MATLAB
% handles empty - handles not created until after all
CreateFcns called
% Hint: edit controls usually have a white background on
Windows.
% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white"') ;
end

Q

% —-—-- Executes on button press in Analyser.

function Analyser Callback (hObject, eventdata, handles)

% hObject handle to Analyser (see GCBO)

% eventdata reserved - to be defined in a future version of
MATLAB

% handles structure with handles and user data (see
GUIDATA)

Note: While operating image acquisition cycle, code for saving
image file after every capture needs to be omitted. Otherwise,
image capture cycle might get delayed greater than lsecond for
slower systems.
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Program Output
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MATLAB code for RGB histogram analysis

B e e e et RGB histogram plot of IDM..............
i = imread('z30.jpg'); % imshow (im) ;

[row size, col size, rgb] = size(i);

nshds = 256;

histo = zeros (rgb, nshds);

figure;

RGB — ['I', vgv, 'b'],‘

names = [{'Red Channel'}, {'Green Channel'}, {'Blue
Channel'}];

X = 0 : 255;

for colour = 1 : rgb

for k = 1 : row size
for m = 1 : col size
for n = 0 : (nshds - 1) %$ 0 - 255
if i(k, m, colour) == n
histo(colour, n + 1) = histo(colour, n
+ 1) + 1;
end
end
end
end

subplot (3, 1, colour)
bar (x, histo(colour, :), RGB(colour));
title (names (colour)) ;
end

size (histo)
rd=histo (1, :);
maxima rd=max (rd)
gr=histo (2, :);
maxima gr=max (gr)
bl=histo (3, :);
maxima bl=max (bl)
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Program Output
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LOD calculation

At the time of measurement first blank data is monitored for 10 sets. Blank data is
the PIV (peak intensity value) mean value of 60 snapshots taken in 1 second interval for
samples before glucose solution spray. Then SD (standard deviation) of the blank is
calculated and converted in equivalent %Response which is denoted as g3,;,,%. Next, system

LOD is calculated using the following equation as mentioned in chapter 5: section 5.2.
LOD = [3 X Opignk)/m ; (considering S/N > 3)

Here, m = slope of calibration curve or sensitivity

PS sensor LOD calculation

Reflectance parameter was considered for LOD calculation in PS sensors.

Set no. | Reflectance blank data (a.u.) | Blank data mean (piank) Blank data SD

0.3031
0.3017
0.3024
0.3024
0.3019
0.3028 0.3025 a.u. 0.0005 a.u.
0.3031
0.3019
0.3025
0.303

OO NOOUL B WN -

=
o

0 %100% = 0.16%

Tblank = Hblank

From Reflectance calibration curve shown in figure A1, m = 0.4044 (%/mM1)

LOD = 1.23 mM
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Intercept = 2.77349, Slope = 0.40436
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Figure A1l: Linear fit of Reflectance response curve for slope calculation

Scattering calibration curve has slope or sensitivity value a bit higher than
reflectance sensitivity; m = 0.4245. Due to the presence of higher magnitude of fluctuation
in FWHM value, gp;qnr Of scattering parameter is also larger. LOD in term of scattering

parameter is thus higher than reflectance parameter and it was not considered as minimum

value of LOD.

Intercept = 0.09163, Slope = 0 42448'

d

g

e

5 10 15 20 25
Glucose Conc.

30

Figure A2: Linear fit of scattering response curve for slope calculation

Also absorption parameter has nonlinear calibration curve. Thus, sensitivity or slope

of the curve is not constant. So LOD cannot be calculated for absorption parameter.
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CSNC sensor LOD calculation

Maximum sensitive parameters in CSNC sensors are IS and SS. As IS has nonlinear

calibration curve it is not considered for LOD calculation.

20 - =E
18 4 /'/o
16 |

14 -
12

10 4
8 Intercept = 0.03588, Slope = 1.17328

6
4

\ —&— Internal Scattering \

24

04

0 5 10 15 20 25 30

Glucose conc.

Figure A3: Nonlinear calibration curve of IS. Slope of linear section m = 1.1733

As sensitivity of other parameters (T, R, and OP) are quite low compared to SS,

surface scattering is considered for LOD calculation.

Set no. SS blank data (pixel) Blank data mean (Mblank) Blank data SD

25142
25045
25022
25089
24998
25067 25044 pixels 63 pixels
24987
24941
25128
25026

OO NOOUL D WN B

[EY
o

SD

Oplank = X 100% = 0.25%

Hblank

From SS calibration curve shown in figure A4, m = 0.99 (%/mM1)

LOD = 0.76 mM
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Figure A4: Linear calibration curve of SS with m = 0.99
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