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ABSTRACT

The demand for reliable, low cost, compact and sensitive biosensors for the detection
of disease causing pathogens is ever increasing in present time. Field Effect Transistor
(FET) based biosensors have been serving that purpose for past few years quite effec-
tively. This area has attracted much attention for development of reliable point of care
sensors for detection of some acute disecases. However, glutathione (GSH), a central
antioxidant found naturally in animals is a biomarker of cancer whose detection is yet
to reach that level. Overexpression of glutathione has been observed due to oxidative
stress in malignant tissues. But detection of glutathione is so far based on traditional
methods. This work aims to develop an electrochemical biosensor device for detection
of glutathione using a single platform technology, where nanomaterial - Glutathione-S-
Transferase (GST) ensemble might be helpful for rapid and efficient detection of cancer

in lab to clinical samples.

Design, fabrication and characterization of a novel device based electrochemical detection
method of glutathione is the prime focus of this thesis. The device is a FET device,
channel material of which consists of a conjugation of ZnO nanoparticles and purified
recombinant GST protein. The novel concept of incorporating a protein in a channel
material is reported here for the first time. The device successfully and selectively detects
and quantifies glutathione as compound and as well as a human cell component. The
device was also tested successfully with cultured HeL.a and MCF-7 cancer cells and HEK
(Human Embryonic Kidney) normal cells and it was found that the device could detect
enhanced concentration of glutathione in cancerous cells, which indeed is the first step
towards detecting certain types of acute cancer diseases. The device can be further
improved upon by keeping primary working principle the same, in order to meet the

requirements to make a deliverable product for marketization.

In summary, the main contribution of this thesis is the design, fabrication and charac-
terization of a Glutathione-S-Transferase incorporated ZnO nanoparticles based Field
Effect Transistor biosensor for detection of glutathione and its associated types of can-
cers. First contribution of this thesis is the development of a functionalized channel layer

for the FET structure which consists of ZnO nanoparticles and GST conjugate.
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The second major contribution of this thesis is design and fabrication of a FET structure
for biosensing purpose. Simulation studies were carried out in order to find an optimized
structure. Subsequently, the device was fabricated on a Si wafer using optical lithography
technique. Then, the functionalized channel layer was deposited and the thesis involves

characterization results of fabricated devices.

The third major contribution of this thesis is characterization of fabricated devices for
detection of glutathione in cancer cells. The results show enhanced glutathione concen-
tration in cancer cells compared to that of normal cells. The conclusion of the thesis
gives an insight into the future prospects of this work and its possibility to be used as a

point-of-care device.
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Chapter 1

Introduction

1.1 Background

CAN CER has different distinct types associated with it and can affect people across
all age ranges. In order to survive such an acute disease, early diagnosis and treatment
are indispensable; which requires development of efficient technologies for detection of
cancer at an early stage [4] . Even though so much of research work is going on across
the globe for detection of levels of cancer biomarkers; the progress gets halted in such

cases where more than one biomarker is associated with a single type of cancer [5-7].

Some of the biosensing technologies developed to study and identify cell based biomark-
ers for diseases include live cell sensing, cellular diagnostics, cell counting. Presently,
optical-based sensing technologies like immunofluorescence are used for cell-based diag-
nostics [8-10]. However, this method suffers from poor sensitivity, complexity and lack
of receptor specificity. Flow cytometry, Surface plasmon resonance (SPR) and resonant
waveguide grating (RWG) are some of the common optical technologies developed for
live cell imaging, cellular manipulations, cell sensing and cell biology study related anal-

ysis [11-13]. However, requirement of bulky and extremely costly bench-top instruments
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Chapterl: Introduction 2

and necessity of well-trained laboratory staff to operate such delicate instruments are

discouraging concerns associated with these techniques.

There arises the requirement of compact and simple diagnostic platforms with the scope
of miniaturization, like microfluidics-based cellular diagnostics and specially semicon-
ductor based electronic sensors, which are highly sensitive, simple, compact, have very
low time and sample volume requirements, and are extremely cost-effective [14, 15|. For
that matter, Field Effect Transistor (FET)-based biosensors have been reported to have
high sensitivity, easy signal read-out capabilities and provide label-free cell detection
[16]. FET based biosensors have been utilized successfully for diagnosis of several acute
diseases in recent times. Scope of miniaturization is the main reason for such devices
being admired and the demand for portable label-free diagnosis device continues to grow
[17-19]. In the case of FET biosensors, the pronounced charge screening effect in high
ionic strength solutions associated with the conventional FET structure, and the drift in
electrical characteristics due to harsh test environments are some of the disadvantages
which have impeded their clinical applications [20, 21]. But these two problems can be

overcome by structural and material related modifications.

Tripeptide glutathione is an important aqueous antioxidant, mostly found in the cytosol
of cell and blood plasma [20, 22|. Glutathione (GSH) is an important cellular molecule
for its antioxidant abilities and has a role in multidrug resistance. Glutathione is the
most abundant intracellular thiol in eukaryotic cells [23|. It was first discovered in 1888 in
baker’s yeast although it did not attain its current identity until 1921 when its molecular
structure was established [24]|. Glutathione is composed of three amino acids: glutamic
acid, cysteine and glycine which are connected via a peptide bond and a y-peptide linkage

between glutamic acid and cysteine [25].

HS

o
HOOCV\)k Jﬁ‘/n\/coou
o

Zllin

H,

Figure 1.1: Structure of GSH [1]
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Increased levels of glutathione in plasma and cytosol have been reported for a number of
acute diseases including various types of malignant tumors like liver, breast and prostate
cancer, which makes it an important biomarker diagnosis of cancer [26-29]. Glutathione
concentration in the cytosol of cells remains in the range of 1-10 mM [30]. Most of the
cells contain about 1-2 mM GSH, whereas in liver cells the concentration can reach about
10 mM [31]. Glutathione concentration increases about 100% in case of breast cancer,
about 50% in case of cervical cancer and about 80% in case of lung cancer compared to

disease-free cells [31].

HeLa and MCF-7 are two cancerous cells related to cervical and breast cancer respec-
tively and concentration of glutathione in such tumorous cells have been found to be
incremented compared to normal cells [32-36]. Hence, the detection and quantification
of activity of glutathione becomes extremely critical for development of theranostic de-
vices for the diseases associated with it. Optical techniques are the most commonly used
methods for that purpose but electrochemical biosensors evolved to overcome some dis-
advantages of optical measurement techniques like optical interference and electrical inte-
gration, cost of analysis, lack of scope of miniaturization etc. [37-40]. Some of the other
reported significant techniques for end point detection of glutathione are impedance spec-
troscopy [41], spectrophotometry [42], high-performance liquid chromatography (HPLC)
[43], capillary electrophoresis [44], proton nuclear magnetic resonance (\H NMR) [45].
Even though the application of electrochemical methods have been successful, still these
methods reported for detection of GSH suffer from problems of poor selectivity, low
electro-oxidation rate, and very weak voltammetric responses of the target analytes at

the electrodes [46].

1.2 Scope of the thesis

This work presents a bottom gate nanoconjugate channel based FET biosensor that is
free of such limitations. In a typical FET, a voltage is applied to the insulated metal top
gate to regulate the current of the underlying semiconductor channel. For an n-type FET,
a positive gate voltage results in an attraction of negative charge carriers in the drain-

source-channel, thereby increasing the drain current. On the other hand, a negative gate
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Chapterl: Introduction 4

voltage results in a decrease in drain-source current due to repulsion of negative charge
carriers within the channel [21]. In other words, the characteristics of the device can be
modulated by changing the properties of the channel layer. The extension of this idea
led to formulation of the functionalized channel layer specific to detection of glutathione.
Keeping the gate voltage constant, presence of glutathione on the channel gets reflected
on the output characteristics of the device; which indeed confirms the detection of GSH.
This work covers the detection and quantification of glutathione in solution as well as in

cancer cells.

1.3 Method
SH
; 0
NH;T\)\N | NH V,COOH + Xenobiotic (X)
QOH

GST

Glutathione
5-X
|
NH. N COOH
NH Y H.-
COOH 0O

Glutathione-S-Conjugate

Figure 1.2: Conjugation of glutathione (GSH) [2]

GST enzyme catalyzes the conjugation reaction of glutathione with different hydropho-
bic and electrophilic compounds leading to detoxification of those compounds [47]. One
such conjugation reaction involving 1-chloro-2,4-dinitrobenzene (CDNB) is: in presence
of GST, glutathione (GSH) conjugates with CDNB forming GS-DNB and a byproduct
HCL. CDNB is an ultraviolet chromogenic substrate, reported in literature as the most
prevalent probe for the analysis of activity of glutathione and GST [48]. Detection of
glutathione by means of this conjugation reaction is very effective and is mostly analyzed
based on visual changes on occurrence of the reaction as reported [49]. Although it is
a very simple, cost effective method for detection of glutathione, but this method lacks
the ability to quantify the amount of glutathione present. Again the effectiveness of this

method is not reliable in case of very low concentration of glutathione. This does not
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Chapterl: Introduction 5

help the fundamental cause of an early stage detection of cancer. There arises the need
of a device based electrochemical detection method, which is cost effective, selective and
reliable for detection and quantification of glutathione in human cell cytosol. This work
reports for the first time, FET device fabricated and functionalized to detect the occur-
rence of a chemical reaction in real time from its output characteristics. Subsequently,

it leads to the detection and quantification of glutathione.

1.4 Objectives

The main objectives of the thesis are:

e Development of a favourable functionalization mechanism for detection of glu-

tathione using a chemiresistive device.

e Simulation, fabrication and characterization of FET device with functionalized

channel layer for detection of glutathione in reaction as well as in cancer cells.
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Chapter 2

Literature Review

GLUTATHIONE was detected as a thiol-containing compound in 1888 by J. de Ray-
Pailhade and named "philothion," a term composed of the Greek words for love and
sulfur [50] . The elucidation of its structure did not start but in the early 1920s and
kept some scientists busy for more than a decade. It was Sir Frederick Gowland Hopkins
who started with the isolation of philothion and renamed it glutathione, yet the chemical
analysis of the isolated material led him to conclude that it was a dipeptide consisting
of glutamic acid and cysteine. The addition of the missing third amino acid, glycin,
goes back to Hunter and Eagles (1927), Pirie and Pinhey (1929), and Kendall et al.
(1929). Tts structure as y-glutamyl-cysteinyl-glycin, however, had to wait for final proof
by chemical synthesis in 1935 (Harrington and Mead) and 1936 (du Vigneaud and Miller)

respectively [50].

2.1 Glutathione as cancer biomarker
L-Glutathione (GSH, L-y-glutamyl-L-cysteinyl-glycine), an intracellular low molar mass

thiol species, is an important antioxidant cofactor responsible for the metabolisms of liv-

ing cells [51]. Reduced glutathione is composed of three amino acids namely L-cysteine,
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Chapter2: Literature Review 8

L-glutamine and glycine. Reduced glutathione has L-glutathione on thecysteinyl portion,
which acts as a strong electron donor. The usage of reduced and oxidized glutathione
(often called as glutathione disulfide (GSSG)) in human’s natural defence system is main-
tained by a dynamic balance between glutathione synthesis and it’s recycling from GSSG
[52, 53|. Reduced glutathione plays an important role in living being systems for enzyme
activity maintenance, participation in bio reductive reactions, amino acid transport and
detoxification of free radicals, hydrogen peroxide and toxins [52, 53]. glutathione is also
responsible for programmed cell death, cell homeostasis and gene regulation [54, 55].
When the concentration of glutathione in biological fluids varies, the thiol-disulfide bond
homeostasis gets disturbed and as a result, the living cells tend to increase their length
to a greater extent to normalise the homeostasis |54, 55|. High concentrations of glu-
tathione are found in mammalian and eukaryotic cells [54, 56-58]. Under oxidative stress,
glutathione can be transformed into GSSG [52, 57-60]. Thus, the ratio of glutathione to
GSSG determines whether a living cell is prone to oxidative stress or not. The normal
glutathione level in both plant and mammalian tissue is between 1 and 10 mM [58].
However, elevated concentration of glutathione in mammalian tissues is known to induce
several acute diseases including malignant disorders [51, 52, 61]. Studies also show that
reduction in glutathione production in vy-glutamyl cycle may be due to the decrease in

the amount of enzymes involved in the production of reduced glutathione [3, 62—65].

Table 2.1: Over-expression of glutathione [3]

Cancer type % increase in concentration of glutathione
Breast 100
Cervical 50
Lung 80
Liver 50

In the human body the antioxidant properties of glutathione are well recognized [66] .
Its ability to scavenge physiological free radicals is of particular importance considering
the nitric oxide release associated with inflammatory disorders [67]. As a result, changes
in physiological glutathione concentrations have been correlated with patients suffering

from Alzheimer’s disease, Parkinson’s disease, diabetes mellitus, atherosclerosis, arthritis,
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epilepsy, aging as well as numerous types of cancer. Normal concentration of glutathione
in human whole blood is in the millimolar range and in plasma generally at micromolar

levels [1].

2.2 Detection of glutathione

Due to its paramount importance, the concentration of glutathione has been directly
linked as key biomarker for various diseases and cancers owing to the variation in the
level of glutathione from its normal level in micromolar to millimolar range present in
biological fluids and cells. Thus, the changes in physiological glutathione concentra-
tion cause diseases such as Parkinson, Alzheimer, diabetes mellitus, aging, arthritis,
atherosclerosis, epilepsy, macular degeneration and HIV disease, as well as numerous
types of cancer including breast cancer and colorectal cancer. Based on glutathione
concentration level in correlation with above mentioned diverse medical conditions, the
accurate and selective quantification of glutathione is highly essential in order to allow the
relevant treatment to individual patients [68, 69]. In this regard, many important anal-
ysis methods like titrimetry [70], spectrophotometry |71, 72|, spectrofluorimetry [73-75],
high performance liquid chromatography (HPLC) |76, 77], capillary zone electrophoresis
(CE) [78], proton nuclear magnetic resonance |79, enzymatic method [80], flow injection
analysis [81], and electrochemical methods [82-85], have been developed successfully. It
should be known that the analytical assay of any compound is dependent on few crucial
parameters of limit of detection (LOD), sensitivity, selectivity, analysis time and cost
effectiveness. Although, HPLC and CE have been the foremost techniques in terms of
LOD of glutathione, but analysis time, selectivity, and cost effectiveness are few serious
disadvantages for them. Among all techniques, electrochemical analysis methods offer
significant merits considering all of the above analytical analysis criteria except LOD
which is not a big issue in case of glutathione considering the range of concentration of
glutathione in human blood. Some of the significant methods for detection of glutathione

are discussed below:
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2.2.1 Spectrophotometric methods

Tietze published his classical spectrophotometric method in 1969, often referred to as
the GR~coupled enzymatic recycling assay or the glutathione-recycling assay [86]. In the
presence of DTNB and GR, the addition of NADPH to the reaction mixture initiates
the progressive reduction of GSSG to glutathione which, in turn, reacts with DTNB,
the colored product 5-thionitrobenzoate being formed upon reduction. The rate of color
change at 412 nm, typically followed over 3 or 4 min, is proportional to the total glu-
tathione plus GSSG concentration. GSSG is determined via the blocking of glutathione
with NEM in a separate sample. The GR-coupled recycling assay is still one of the
most widely applied techniques to detect glutathione and GSSG, due to its simplicity,
satisfactory sensitivity and low cost. Importantly, Rossi et al. reported similar levels of
whole blood glutathione and GSSG with the method of Tietze (1161£151 and 3.51+2.09
uM, respectively) and with a validated, artifact free HPLC-UV absorbance assay, using
FDNB derivatization and the thiol-masking agent NEM (11994201 and 3.994+2.04 uM
for glutathione and GSSG, respectively) [87]. The main drawbacks of the original assay
were the unsatisfactory specificity and selectivity and, in the assay of GSSG, the need for
the elimination of the excess of NEM due to its GR-inhibiting properties, which made
the technique time-consuming. Slight modifications have previously been made to the
original method, such as solid-phase extraction instead of solvent extraction to remove
the excess of NEM and isolate GSSG [88, 89]. More recently, assays based on the same
principles make use of 96-well microtiter plates [90, 91| or an automated sequential in-
jection analysis system [92]. This switch was facilitated by the replacement of NEM by
M4VP [91] or M2VP [92] as new thiol masking reagents for the determination of GSSG in
human whole blood [91] and rat liver tissue and bile samples [92], as their excess does not
need to be removed. The application of M2VP and M4VP makes the recycling method
less time-consuming and less laborious, so that the technique is expected to become even
more attractive. The GR-coupled recycling assay is also appropriate to be combined

with CL techniques and biosensors.

Other spectrophotometric techniques frequently used are the GST 1-chloro-2,4- dini-

trobenzene (CDNB) endpoint method, measuring solely glutathione, first reported by
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Brigelius et al. (2006) in the assessment of hepatic glutathione [93], and a GSSG-endpoint
determination, developed by Giintherberg and Rost in 1966 for the determination of
erythrocyte GSSG [94]. The latter assay is based on the measurement of NADPH con-
sumption by GR, a process that reduces GSSG present in the sample [94]. Even if quite
specific, these methods offer much lower sensitivity than that of the glutathione-recycling

assay.

2.2.2 Spectrofluorimetric methods

Several spectrofluorimetric methods have been developed for the analysis of glutathione,
GSSG and related compounds in different matrices. Wang et al. measured glutathione in
human blood serum with a fluorescent Zn(II)-8-hydroxyquinoline-5-sulfonic acid (HQS)
system [95]. The use of OPA together with 1-pyrenemethylamine nanoparticles is as-
sociated with stronger fluorescence and an improved LOD than those with OPA alone
[96]. Novel methods utilizing a dithiolic fluorophore [97], other rhodamine-based fluo-
rescent probes [98-100|, most of them reacting with all thiol functionalities in the cell,
and newly synthetized members of the BODIPY family, DAMBO [101] and DABODIPY
[102](both used for Snitrosothiol measurements in combination with Hg?"), have also
been published. A number of fluorophores [97-99] allow realtime assaying of thiols in
vivo. Some of the most recent methods have not yet been applied to the determina-
tion of glutathione. An interesting novel approach for the detection and identification of
multiple species is the use of multiparameter fluorescence detection (MFD) [103] or mul-
tiparameter fluorescence imaging (MFDi) [104]. In MFDi, the three spatial coordinates
are stored in addition to the simultaneous monitoring of the fluorescence information.
MFDi allows a real-time assessment of the dynamics of molecules in solution and in cells
[104]. The quantitative value of the techniques and their potential application in peptide

and glutathione analysis are yet to be determined.

2.2.3 Chemiluminescence methods

CL is an attractive means of detection for biological substance analysis in consequence of

its low LOD values (nanomolar amounts) and wide linear working ranges, with relatively
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simple instrumentation. The first method in which CL was used in the measurement
of glutathione was developed by Hinze in 1984 [105], but its LOD was higher than that
of the spectrophotometric methods in which Ellman’s reagent was applied. In 1998,
Romero and Mueller-Klieser detected total glutathione via coupling of the DTNB-GR
recycling assay (with which to amplify the NADPH decrease) with the highly sensitive lu-
minescent FMN oxidoreductase/bacterial luciferase reaction (to detect the consumption
of NADPH) [106]. The first CL assay for GSSG, published in 2000 by Mourad et al., was
based on the same principles, but used 4-chloro-7-trifluoromethyl-1-methylquinolinium
to mask glutathione [107]. Since then, other bioluminescent systems for the determi-
nation of total glutathione and Cys have been developed, including luminol — NalOy
[108, 109], luminol - HoO9 [110], quinine-Ce(IV) [111, 112], Ru(phen)g2Jr ~Ce(IV) [113]
and Ru(phen)g2+ — KMnOy4 [114]. Most assays are based on the oxidation reaction
between a strong oxidant and glutathione or Cys, and the subsequent oxidation of
the luminophore to produce CL. In the latter two assays, the weak basal CL of the
Ru(phen)3? " — Ce(IV) [113] or Ru(phen)3®" — KMnOy, [114] system is amplified by the

addition of glutathione or Cys.

2.2.4 Nuclear magnetic resonance spectroscopic methods

NMR is a technique that allows the determination of glutathione and GSSG in the brain
in vivo and in intact cells in cyto. Trabesinger et al. pioneered a method applicable to
the human brain in 1999. They used 'H NMR with double quantum coherence (DQC)
filtering in combination with point-resolved spectroscopy (PRESS) volume selection with
a relatively low strength field of 1.5 T, and estimated the glutathione concentration in
the frontal lobe of 12 healthy volunteers as 2-5 mM [115]. The same research group
improved the DQC filtering in a subsequent study, so as to minimize the contamination
of the DQC-filtered glutathione signal with contributions from GABA [116]. Later,
further improvements in the DQC filtering were achieved, which eliminated the need
for calibration scans to optimize the signal yield and removed the influence of water
saturation pulses on the glutathione yield. The authors suggested that the new filter was

expected to be less sensitive to patient motion by virtue of its single shot nature [117].
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In 2006, the contribution of both glutathione and GSSG to MEGA-PRESS (a frequency-
selective refocusing technique) signals assessed by I'H NMR were evaluated in vitro and in
vivo. To mimic the in vivo conditions, PBS solutions containing glutathione and GSSG
in concentrations similar to those existing in vivo were prepared. Solutions containing
creatine, glutathione, aspartate and y-aminobutyric acid were also prepared. In such
solutions, GSH gave a single positive signal, whereas GSSG yielded a multiplet of reversed
signals. The concentration of glutathione in the parietal lobe of healthy volunteers was
1.940.37 mM; no signal for GSSG was detected [118]. The simultaneous determination
of glutathione, GSSG and ASC was achieved with 'H NMR by using double editing with
(DEW) MEGA-PRESS at 4.0 T. The glutathione and ASC levels in the occipital lobe of
4 healthy subjects were 1.0+0.1 and 0.8+0.1x mol/g, respectively. GSSG was suggested

to give detectable signals in vivo only at exceptionally high concentrations [119].

GSH concentration can also be assayed in blood through F NMR by measuring the
products of the exchange reactions of thiols with a newly synthetized fluorinated disulfide

2,3,5,6-tetrafluoro-4-mercaptobenzoic acid [120].

Another interesting field for NMR measurements is the investigation of intact cells. To
resolve the issue of whether erythrocytes can utilize extracellular glutathione to enhance
the intracellular free glutathione pool, the intracellular and extracellular glutathione
redox status was measured by means of 1H spin-echo NMR and 13C[lH-decoupled] NMR.
It was concluded that the intracellular glutathione in glucose-starved erythrocytes cannot
be increased from extracellular sources by the release of bound glutathione from mixed
disulfides with membrane proteins [121], in contrast with what an earlier report suggested

[122].

2.2.5 Electrochemical techniques

A biosensor is a device constituted by a biorecognition layer, the purpose of which is the
biomolecular recognition of the analyte, and a transducer responsible for the conversion
of the biorecognition event into a useful electrical signal. Enzymes, antigens, antibodies,
nucleic acids, receptors and tissues have been used as biorecognition elements. Depending

on the nature of this element, it is possible to divide biosensors into enzymatic (involving
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a biocatalytic event) and affinity (involving an affinity event) biosensors [123]. The
widespread use of biosensors and electronic tongue systems has been reviewed recently

[124].

Timur et al. (2008) integrated a membrane modified with GR and sulfthydryl oxidase
(SOX) onto the surface of spectrographic graphite rods. The working principle of the
biosensor was based on the monitoring of O consumption, which is correlated with the
concentration of GSSG or glutathione during the enzymatic reaction. The combination
of GR and SOX allows the detection of GSSG and glutathione in the same matrices.

This biosensor has also been applied as an ECD after HPLC separation [125].

A biosensing approach including the indirect detection of current has also been reported.
Horseradish peroxidase, immobilized on a rotating disk, catalyzes the oxidation of cate-
chols in the presence of HoO9, back electrochemical reduction of which is detected on a
GCE surface. GSH or Cys added to the solution participates in Michael addition reac-
tions with catechols to form the corresponding thioquinone derivatives, which decreases
the peak current obtained proportionally to the increase in their concentration. The
detection of GSH and Cys in nanomolar concentrations is possible, in the processing of

as many as 25 samples per hour [126].

Cha and Meyerhoff (2006) reported the development of an amperometric NO gas sen-
sor modified with a thin hydrogel layer for the detection of S-nitrosothiols. Immobi-
lized 3, 3/ - dipropionicdiselenide (an organoselenium catalyst) is covalently coupled to
the primary amine groups in polyethylenimine, which is further cross-linked to form a
hydrogel layer, reported to be capable of decomposing S-nitrosothiols to generate NO
[127]. However, it should be noted that biosensors are rather of qualitative value in S-
nitrosothiol analysis at present. Moreover, it is questionable whether low-molecularmass

S-nitrosothiols are present in measurable amounts in the circulation [128§].

A linear sweep cyclic voltammetry method at a hanging mercury drop electrode (HMDE)
as a working electrode, polarized between potentials of -0.2 and -0.8 V, was developed
by Kizek et al. (2004) for the measurement of glutathione and GSSG. The surface area
of the working electrode was 0.4mm?; Ag/AgCl/3M KCl served as a reference electrode,

and Pt wire as an auxiliary electrode [129].
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A glassy carbon electrode (GCE) is a good material for modification, and the attach-
ment of carbon nanotube (CNT) layers results in an electrode with widespread detection
possibilities [123]. It should be noted that CNT-modified GCEs (and also carbon ce-
ramic electrodes (CCEs)) do not primarily serve as stand-alone detectors (except with
authentic compound mixtures), but rather as ECDs after chromatographic separations
and transducers of the biorecognition event in biosensors for the analysis of biological

samples [123, 130].

Salimi and Hallaj (2005) reported the preparation of a preheated GCE modified with
multiwall CNTs and its use in the detection of glutathione, Cys and thiocytosine. Han
and Tachikawa (2005) tested the electrocatalytic oxidation of 14 thiols, including glu-
tathione, homocysteine (HCys), Cys and NAC, at a GCE coated with a single-wall CNT
film. The enhanced catalytic properties of this electrode, as compared with bare GC

and diamond electrodes, was further improved by its modification with pyrroloquinoline

quinone (PQQ) [131].

A renewable three-dimensional sol-gel CCE chemically modified with Ru[(tpy) (bpy)Cl|PFg
was constructed by Salimi and Pourbeyram (2003), and used for the amperometric de-
tection of glutathione and Cys. This modified electrode had the advantages of high

sensitivity, a short response time and long-term stability [132].

Table 2.2: Review of electrochemical detection of glutathione

Principle Sample pH LoD Ref
LSV PBS 7.5 6.24 uM [133]
LSV PBS 4 0.14 uM [134]
Ccv PBS 7 0.93 uM [135]
CcvV PBS 6.6 100 nM/1 M [136]
Ccv tissue media 7 1 uM [137]
Ccv - 7 0.867 uM [138]
CcvV - 4.7 50 pM [139]
Ccv KNO3 3 49/15.2 mg/L [140]
Ccv - 7 0.5 uM [141]

Continued on next page
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Table 2.2 — continued from previous page

Principle Sample pH LoD Ref
6% - 3 2 M [142]
v PBS 7.5 5.8 uM [143]
v PBS 7 2.7 uM [144]
CV Phthalate buffer 3.5 36 nM [145]
cv PBS 7 0.07 M [146]
v PBS 7 1 mM [147]
CV Blood 7.4 2 uM [148]
CV Borax buffer 9.2 9 nM [149]
Cv PBS 7.8 0.3 uM [150]
0% PBS 7.4 15 nM [151]
cvV PBS 7 0.4 M [152]
CV PBS 7 14 uM [153]
0% PBS 5.6 1 nM [154]

Fast CV AcOH buffer 4.7 0.05 uM [155]
CSV Estuary water 8.5 0.4 nM [156]
CCSV _ 6.8 0.01 M [157]
CCSV _ 7.1 8 nM [158]
CV-FIA PBS 7 0.3 nM [159]
CV-SWV PBS 7 0.2 uM [160]
CV-DPV NaOH solution - 25 mM [161]
CV-HA AcOH buffer 2 1 uM [162]
DPV ; 9 160 pM [163]
DPV - 7.2 . [164]
DPV BR buffer 2 83 pM [165]
DPV PBS 6.7 10 ;M [166]
DPV PBS 7 0.51 M [153]
DPV PBS 7 98 nM [167]
DPV BR buffer 4 0.16 M [168]

Continued on next page
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Table 2.2 — continued from previous page

Principle Sample pH LoD Ref
DPCSV Plant cells 9.5 10 uM [169]
DPASV Sea water 8.5 1.2 nM [170]

SWV PBS 7 8.1 uM [171]
SWV PBS 7.4 0.5 1M [172]
SWV PBS 7 30 oM [173]
AMP PBS 6.5 5 M [174]
AMP PBS 6.5 10 uM [174]
AMP Phathalte buffer 3.45 11.4 uM [175]
AMP Borate buffer 8.42 13.2 uM [175]
AMP ’ 2.8 5.6 uM [176]
AMP Serum 7.8 19 uM [177]
AMP PBS 6 3.3 uM [178]
AMP PBS 7.4 0.6 ppm [179]
AMP PBS 7 2.7 M [180]
AMP PBS 7.2 0.09 uM [181]
AMP Lysis buffer 7.4 8.1 uM [182]
AMP BR buffer 7 0.4 uM [183]
AMP PBS 7.3 0.1 uM [184]
CC Tris-HCI buffer 7.4 0.4 pM [185]
CZE-ED PBS 7.5 2.3 uM [186]
RDE PBS 7.4 11.5 M [187]
FIA PBS 7 0.47 M [188]
HPLC- PBS 2.5 2 M [189]
ECD

HPLC-FD PBS 5.45 0.5ng/10 uL [190]

CE-LIF Human 7.4 6.9 aM [191]

erythrocytes in

PSS

Continued on next page
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Table 2.2 — continued from previous page

Principle Sample pH LoD Ref
CZE-LIF 5-IAF 12.5 5 nM 192]
FD Tris-HCI buffer 7.5 4.2 nM [193]
FD Borate buffer 8 4.2 nM [194]
FIA-CL NayCO3HCI 10.5 8 nM [195]
CZE Ammonium 7.5 23.4 uM [196]

acetate buffer

2.2.6 High performance liquid chromatographic methods

A number of HPLC and two ultra-performance liquid chromatography (UPLC) methods
for the determination of glutathione, GSSG and related compounds have recently been
developed or improved. Detection systems used in combination with them include UV
absorbance, FD, ECD, MS, MS/MS and atomic fluorescence spectrometry (AFS). Most
assays are reversed-phase (RP)-based, although anion-exchange HPLC has also found
application. Common characteristics in almost all these methods are that eluents are
buffered at acidic pH (to maintain glutathione and congeners in a non dissociated form, so
as to improve interaction with the stationary phase, and to attenuate thiol autoxidation),
and that TFA is added to the eluent (TFA is an ion-pairing reagent which helps the
resolution of peak tailing associated with GSSG). To enhance the separation selectivity
of HPLC, electrochemically modulated liquid chromatography (EMLC) was introduced
by Saitoh et al. in 2006 [197]. EMLC works by altering retention through changes in
the potential applied to the conductive stationary phase. Even if EMLC is potentially
suitable for the determination of glutathione and GSSG, it has not yet been adopted. A

summary of the HPLC methods reviewed in this article is given in table 2.3.

Only three recent HPLC methods have employed UV absorbance as a means of detection.
Hansen et al. (2007) quantified protein thiols and dithiols in picomolar amounts by using

4-DPS as a derivatizing agent [198]|. Vignaud et al. (2004) assayed disulfides produced
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from the oxidation of glutathione and Cys using by using RP-HPLC coupled with either
direct UV absorbance or ECD (coulometric) detection. In order to avoid derivatization,
size exclusion was previously performed on a fast protein liquid chromatography (FPLC)
system. ECD was found to provide a sensitivity 100 times higher for the disulfides
than UV absorbance at 220 nm for underivatized samples. This method allowed the

determination not only of glutathione, Cys and their symmetric disulfides, but also of

their mixed disulfide, GSSC [199].

Table 2.3: Review of HPLC based detection of glutathione

Sample Label LoD Concentration in Ref
human blood
Human blood FDNB 0.5 uM 14014+113 uM [200]
Human plasma OPA 70 nM - [201]
Human blood OPA 14 M 4.69+0.93 [202]
pumol/g Hb
Rat liver NPN - - [203]
Human plasma MBB 0.2 uM - [204]
Human urine MIPBO 3.5 ftM - [205]
Rat brain ThioGlo 50 fM - [206]
Human plasma MIAC 2 pM 2.11 uM [207]
Human plasma MBB 1.4 nM - [208]
Human plasma SBD-F - - [209]
Human serum None 19 M - [210]
Rabbit erythrocytes NEM - - [211]
Human blood NEM - 1.31£0.12 mM [212]
Human blood NEM 0.01 uM 74.4421.2 [213]
nmol/mg protein
Rat brain DTNB 0.16 uM - [214]
RAW 267.4 cell line ABD-F13C 0.01 uM 13-16 nmol /mg [215]
protein
Mouse liver TAA - - [216]
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Table 2.3 — continued from previous page

Sample Label LoD Concentration in  Ref

human blood

Mouse liver None 0.2 pM - [217]
Human urine FEM - - [210]
Human blood PHMB 0.8 nM 539.4£70.9 uM [218]

2.2.7 Gas chromatographic methods

Except for the assay reported in [219], utilizing a flame photometric detector, all GC
methods introduced so far for the measurement of glutathione, Cys or their S-nitroso
derivatives have utilized MS for detection. GC/C/IRMS was used to assay glutathione
and Cys in erythrocytes from very-low-birth-weight infants, with ethyl chloroformate
as a derivatizing agent. This method permitted the determination of low 3C enrich-
ments in glutathione following incubation with 13C-Gly, thereby providing a good tool
for study of the turnover of glutathione in infants, via determination of the fractional
synthesis rate. The authors suggested that this facilitated research into the assessment
of de novo glutathione synthesis. In another study by the same research group, GSH
and Cys concentrations were determined in erythrocytes from microvolumes of neonate
blood through the use of GC/MS. Additionally, 2H-labeling was used to measure 2H-
enrichment in glutathione and Cys, which provided a means of kinetic assessment of the
AT metabolism in neonates [220]. Cabral et al. (2008) reported the introduction of 2HyO
for the estimation of glutathione synthesis. The use of the less invasive 2H9O as tracer
offers advantages over radiolabeled AA infusions: the concentrations of precursors in the
biosynthetic pathway are not increased, the cost is lower and there is a possibility to
follow the synthesis over long time periods. The author swere able to maintain constant
2H50 enrichment for 2 weeks and to follow the synthesis until a plateau was reached,

corresponding to the turnover of the entire glutathione pool [221].
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2.2.8 Capillary electrophoresis methods

CE is a technique in which the analytes are separated in a narrow (internal diameter:
10-100 pm) capillary containing a background electrolyte. Because of the large resistance
of the capillary, a high electric field must be applied. The heat produced is readily

dissipated due to the large surface/volume ratio of the capillary.

The advantages of CE include a short duration of analysis, small sample amounts, ef-
ficient separation, easy automation and wide applicability. Because of the low amount
of analytes arising from the relatively small volumes injected, the LOD is an important
issue. Techniques with which the separation efficiency can be enhanced and consequently
the sensitivity can be increased include sample stacking [222], microchip and microchan-
nel CE [223], and the novel techniques gradient elution moving boundary electrophoresis
(GEMBE) [224] and gradient elution isotachophoresis (GEITP) [225]. During sample
stacking, analytes present at low concentrations in a long injected sample zone are con-
centrated into a short zone (stack). The stacked analytes are then separated and indi-

vidual zones are detected [222].

For the separation and assay of glutathione and congeners, different CE approaches with
different detectors (UV absorbance, FD, laser-induced fluorescence (LIF), ECD and MS)
have been used. All methods employed bare fused silica capillaries, except for two studies
involving the application of polyimide-coated [226] or polybrene-coated capillaries [227].

A summary of the most recent CE methods reviewed in this article is given in table 2.4.

Table 2.4: Review of CE based detection of glutathione

Sample Label LoD Concentration in Ref

human blood

HaCat cell extracts NEM 40 pM - [228]
Human erythrocytes None 15 uM 6.77 pmol/g Hb [229]
Human erythrocytes None 75 M 7.14 pmol/g Hb [230]
Rat liver microdialysate None 0.75 uM - [231]

Continued on next page
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Table 2.4 — continued from previous page
Sample Label LoD Concentration in  Ref
human blood
Human erythrocytes None - 0.87 mM [232]
Human plasma None 2.35 uM - [233]
Human blood None 5 uM 1078.1+17 uM [234]
Human plasma None 0.5 uM - [235]
Human plasma 6-IAF - 7.01£0.51 uM [236]
Unlysed MGC 803 NDA - - [237]
cancer cell
Acute promyelocytic NDA 0.5 uM - [238]
leukemia cell
Human erythrocytes NDA 6.9 aM - [239]
Human erythrocytes 5-IAF - 6.78+0.92 uM [240]
HepG2 hepatoma cell 5-IAF - - [241]
HUVEC 5-IAF 0.1 aM - [241]
Human plasma 5-IAF - - [242]
Human plasma 5-IAF - 3.514+0.38 uM [243]
HUVEC 5-IAF - 9 nM [244]
Human plasma 5-IAF - - [245]
Human urine None 0.134 uM - [246]
Human None 1.7 uM - [247]
hepatocarcinoma cell
Human blood None 2.58 uM - [248]
Human urine None 0.08 mg/ml - [249]
Cell and plant extracts None - - [250]
Human erythrocytes Diazo- 0.05 aM 64.9 aM /cell [251]
luminol
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Table 2.5 shows a qualitative comparison based on the problems associated some of the

well known techniques for detection of glutathione.

Table 2.5: Comparison of methods for detection of glutathione

Method Principle Disadvantages
Colorimetric Optical Optical interference,
Chemiluminescence Optical lack of
Spectrophotometry Optical electrical integration
Liquid chromatography Chromatography Poor selectivity
Cyclic voltammetry Electrochemical Low electro
Square wave voltammetry Electrochemical oxidation rate,
Dual pulse voltammetry Electrochemical lack of scope of
Chronoamperometry Electrochemical miniaturization
Impedance spectroscopy Electrochemical
Proton nuclear magnetic resonance NMR Cost of analysis
Capillary electrophoresis Electrophoresis Poor selectivity

2.3 FET based biosensor

Field-effect transistor (FET)-based biosensors (BioFETs) have undergone great progress
especially in the last decade, since they were first realized in 1980 by Caras and Janata in

1980. Recently, BioFETs have become one of the most important branches of biosensors.

Field-effect transistors (FETS) are suitable candidates for designated sensors, due to
their ability to directly translate the interaction with analytes taking place on the FET
surface into a readable signal. Consequently, the analytes need not to be labeled, and we
classify this technique as the label-free technique for biosensors. From the electrochemical
point of view, FET-based biosensors are a three-electrode system, including source, drain

and gate electrodes. The work principle is that the electrical conductance of a sensing
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component between the source and the drain is sensitive to its environment and varies

significantly with surface adsorption of various chemicals and biomolecules.

Nowadays, a diversity of FET-based biosensors can be employed for specific interactions
of biomolecules, such as enzymatic reaction, DNA hybridization and antibody—antigen
reactions. We tried to classify these biosensors into enzymebased FETs (ENFETS)
(Kharitonov et al., 2000), cell-based FETs (Duan et al., 2012) and immunodetection-
based FETs (ImmunoFETs; Hideshima et al., 2011). ENFETs which combine ion-
sensitive field-effect transistors (ISFETs) with enzymes, are based on biocatalytic reac-
tions affecting the charge at the gate surface, and produce an electronic signal dependent
on the enzyme substrate concentration. Various enzymes are studied in the ENFETSs,
such as glucose oxidase (Liu et al., 2008), urease (Sekiguchi et al., 2000), penicillinase
(Gorohkov et al., 1996), horseradish peroxidase (Varma, 2002), tyrosinase (Anh et al.,
2002), etc. Cell-based FETSs are exploited in the detection of cells metabolism and the
analysis interaction of drugs and cells. FETs can also record electric potentials inside
cells. Duan et al. (2012) has reported a new approach in which a SiOg nanotube is
synthetically integrated on top of a nanoscale FET. The nanotube can penetrate the
cell membrane, bringing the cell cytosol in contact with the FET, which is then able to

record the intracellular transmembrane potential.

ImmunoFETs are the most frequently used biosensors. It is expected to provide im-
mediate and important information regarding initial therapy by detecting the charged
antigens related to serious diseases using immobilized antibody modified FETs. However,
ImmunoFET biosensing devices for use in the medical field have not been put into full-
scale practice until now because there are two challenges. The first potential impediment
is the fact that ImmunoFET sensors have difficulty detecting macromolecules in physio-
logical solutions without pretreatment. The second is to overcome the inherent screening
of the Debye length (Kulkarni & Zhong, 2012). Therefore, it is critical to increase the
sensitivity of FET detection through controlling the Debye length based on the height of
the adsorbed receptor. In fact, it has to structure the antibody-modified surface so that
it can withstand the electric application throughout the FET measurements to improve

reproducibility.
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In recent years, many types of nano-materials have been intensely selected as the promis-
ing candidates of FET biosensors. One-dimensional semiconducting nanomaterials con-
figured with FETs offer opportunities for real-time and label-free sensing applications,
such as silicon nanowires and carbon nanotubes (referred to as carbon nanotube field-
effect transistors (CNT-FETs; Iijima, 1991; Kim et al., 2007; Wang, 2005), and silicon
nanowire field-effect transistor (SINW-FETs; Gao et al., 2011; Zhang et al., 2010a). They
are also amenable to large-scale and high-density integration. Two-dimensional semicon-
ducting nanomaterials also have attracted great attention as they can be made an ideal
biosensor with high selectivity and sensitivity, such as graphene field-effect transistor

(GFET; Cheng et al., 2010; Novoselov et al., 2005, 2007).

Table 2.6: Comparison of types of FET biosensors for detection of glutathione

Principle Disadvantage
Nanowire Difficult to functionalize
Nanotube

Liquid gate Charge screening

Floating gate

Graphene FET Reusability, stability

Organic FET

Dielectric modulated Difficult to fabricate

Junctionless

2.4 Channel material for FET

Zinc oxide has become an important material in variety of research areas by virtue of
its electrical, sensory, and optical properties, along with being nontoxic and air-stable
semiconductor. The increasing interest in fabrication and integration of ZnO based thin
film devices is mainly because of its direct wide band gap (3.37 €V), which manifest the
fact that it is semiconducting in nature and transparent to visible light. In order to
design a low-cost device following a simple, high-throughput process of manufacture is

often achieved by simple, solution-based techniques, such as spin coating, inkjet-printing,
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or roll-to-roll processes. From that perspective, ZnO nanoparticles present a potential for
solution-based manufacturing since it is possible to directly process the semiconductor

from a liquid dispersion without the need of a costly or high-temperature process.
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Chapter 3

Development of functionalized layer

THE most critical step towards designing a biosensor is development of an efficient
functionalization mechanism. This chapter describes the process of developing such a
mechanism that can serve the purpose of this work. The conjugation reaction between
glutathione and CDNB in presence of GST is the most common method that comprises
the core of most of the methods so far reported for detection of glutathione. The aim of
this work is to implement this method into an FET based electrochemical device. How-
ever, in order to do so, a semiconducting channel layer was necessary where recombinant
GST protein could be immobilized. Hence, experiments were carried out to test binding
of GST with some semiconducting nanoparticles in order to find out the most suitable
combination for this work. ZnO nanoparticles were the first priority to try out binding

experiment based on their semiconducting properties and ease of synthesis.

27
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Figure 3.1: Conjugation reaction of GSH and CDNB in presence of GST

3.1 Synthesis of ZnO nanoparticles

3.1.1 Materials

All molecular grade chemicals and reagents were used in this experiment. Zinc acetate
dihydrate (Zn(CH3COO)2.2H20 > 98%), dimethyl sulfoxide (DMSO > 99%), ethanol
(absolute) and potassium hydroxide (KOH > 84%) were purchased from Merck, India.

L-glutathione reduced (> 99%) and Methanol (> 99%) were obtained from Sigma.

3.1.2 Method

ZnO nanoparticles were synthesized using co-precipitation method reported in [252]. The
synthesis process is described below: zinc oxide nanoparticles (ZnO-NPs) were synthe-

sized by dissolving 0.2 M Zinc acetate dihydrate in 20 ml of dimethyl sulfoxide (DMSO)

TH-2025_136153006



Chapter3: Development of functionalized layer 29

‘ Add 0.2 M Zinc Acetate Dihydrate in 20 ml Dimethyl Sulfoxide (DMSO) ’

Stir for 30 minutes on a magnetic stirrer

‘ Dissolve 1.2 M KOH in 10 ml 90% ethanol solution

Stir for 5 minutes on a magnetic stirrer

‘ Wash three times using methanol-water mixture in 1:3 ratio to remove DMSO ’

‘ Resuspend in 20 ml milli-Q grade water for use with protein

Figure 3.2: Flow chart for synthesis of ZnO nanoparticles

and stirring continuously for 30 minutes. 1.2 M potassium hydroxide (KOH) was dis-
solved in 10 ml of 90% ethanol and was added to the above solution. Milky white solution
of zinc oxide nanoparticles were formed following 5 minutes of stirring as per the reported
protocols of Juhi Soni et.al. [252]. The nanoparticles were washed five times (8000 rpm,
5 minutes each) using 1:3 mixture of methanol and water to eliminate DMSO. Finally
the nanoparticles were washed with Milli-Q grade water and resuspensed in 10 mM PBS

for further analysis and subsequent applications.

3.2 Characterization of ZnO nanoparticles

3.2.1 Transmission electron microscopy (TEM) studies

Synthesized nanoparticles were initially characterized using TEM. The aqueous disper-
sion of the nanoparticles was dropcast on a copper grid, and the grid was air dried at
room temperature before loading for analysis. The average diameter of the nanoparti-
cles was observed to be 18.3 nm 4 5.68 nm. Figure 3.3 shows the obtained TEM and
Selected Area Electron Diffraction (SAED) pattern and the size distribution plot of the
synthesized ZnO nanoparticles. The SAED pattern confirms the polycrystalline nature

of the ZnO nanoparticles.
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Figure 3.3: (a) TEM image (b) SAED image (c) Size distribution plot of synthesized
Zn0O nanoparticles

3.2.2 Field Emission Scanning Electron Microscope (FESEM) analysis

FESEM analysis of the synthesized nanoparticles was then carried out for the morpho-
logical characterization of the nanoparticles. The aqueous dispersion of the nanoparticles
was dropcast on a piece of SiO9 wafer, and the wafer was air dried at room tempera-
ture before loading for analysis. Figure 3.4 shows the obtained FESEM image along
with the nanoparticle size distribution plot. Uniform spherical morphology of the ZnO
nanoparticles can be prominently observed from the obtained FESEM image. The aver-

age nanoparticle diameter calculated from the analysis was 23.5 nm + 4.23 nm.

3.2.3 X-Ray Diffraction (XRD) analysis

Synthesized nanoparticles were then centrifuged and the precipitate was air dried under

room temperature for XRD analysis. The obtained XRD peaks of the ZnO nanoparticles
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Figure 3.4: (a) FESEM image (with magnification 50000, acceleration voltage 5 kV
and working distance 4.5 mm) (b) Size distribution plot of the synthesized ZnO nanopar-
ticles

shown in figure 3.5 are similar to reported results [35]. The d-spacing (lattice spacing)
value was calculated for the most prominent peak corresponding to (101) plane using
Bragg’s law, which is defined as,

n\ = 2dsinf (3.1)

where, n is an integer, A is the wavelength of a beam of X-rays incident on a crystal with
lattice planes separated by distance d, and 6 is the Bragg angle. The d-spacing value
calculated from this equation was found to be 2.46 A. The lattice constants calculated
from this d-value were found to be a = 3.23 A and ¢ = 5.19 A. These values agree with
previously reported results [36]. The average size of the nanoparticles can be calculated

from the Debye-Scherer formula which is defined as,

D = [0.9)]/8 cos 6 (3.2)

where, A is the radiation source wavelength, and S is the Full Width Half Maximum
(FWHM in radians) of the most prominent diffraction peak located at 260 = 36.38°
corresponding to the (101) plane. The average particle diameter was found to be 21.45

nm, which was similar to the FESEM data.

3.2.4 UV spectroscopic studies

UV spectroscopic studies of ZnO nanoparticles were performed using Perkin Elmer

Lambda 25 UV /VIS Spectrometer. The UV spectroscopy revealed a characteristic peak
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Figure 3.5: XRD analysis of ZnO nanoparticles

at 355 nm, which is a specific indicator for the presence of ZnO nanoparticles. (i.e., the

nanoparticles synthesised are ZnO). Also the absence of any other peak indicates absence

of impurities.
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Figure 3.6: UV spectroscopic analysis of ZnO nanoparticles

3.3 Purification of protein

The solubilized protein (present in the supernatant) obtained by means of primary cul-
ture, secondary culture followed by cellular lysis of 30 ul of glycerol stock of bacteria
E.coliBL21 harbouring the vector pGEX4t2 was passed through the glutathione agarose

beads for purification by affinity chromatography. Elution buffer was prepared by adding
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10 mM of reduced glutathione to 5 ml of 50 mM Tris, pH 9.5. The column bound re-
combinant GST was eluted with the elution buffer [33]. Flow through was collected in
fractions and stored at -20°C. The protein fractions were analyzed using 12% sodium

dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE).

3.3.1 Estimation of protein by Bradford Assay

Bradford assay method was implemented in order to estimate the concentration of puri-
fied recombinant GST protein. The standard assay solution was prepared using bovine
serum albumin of concentration 0.5 pug/mL to 10 ug/mL. 10 uL of the protein sample
was incubated with 90 ul. of Bradford reagent solution (Sigma) in a 96-well plate at
room temperature for 10 minutes in dark condition, which resulted in development of a
blue coloured solution. This solution was then put under TECAN Elisa plate reader at

the wavelength of 595 nm for optical density measurement.

3.3.2 Enzyme activity

Activity of GST was determined with CDNB as substrate. The reaction medium con-
tained 0.1 M PBS buffer (pH 7.5), 1.0 mM GSH and CDNB and protein in a total volume
of 1.0 mL. Absorbance of the solution after addition of protein sample was measured at
340 nm for first 10 minutes at an interval of 1 minute and at an interval of 5 minutes
for next 30 minutes. The change in absorbance was measured using TECAN Elisa plate
reader at the wavelength of 340 nm in a 96-well plate against a reference containing
CDNB and glutathione. One unit of activity is defined as the formation of 1 M prod-

uct per min at 25°C (extinction coefficient at 340 nm, in a 96-well plate is 5.3 for CDNB).

Change in absorbance(AAsy)/min = (A340 final — A340 initial) /Teaction time  (3.3)
GST activity(uM/ml/min) = (AAggg)/min*V(ml)*D) /(Venz (ml)*E; v ) (3.4)

Where, V = Total reaction volume, Vep, = Volume of enzyme used, D = Dilution factor,

E v = Molar extinction co-efficient
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Characterization results of purified protein (SDS PAGE, CD spectroscopy, MALDI plot,

Bradford Assay standard curve and Enzyme activity plot) has been shown in figure 3.7.

1 2 9 10

a)

26.7 kDa —= - - e awaw— CST

_--
!

Protein purification analysis-SDS PAGE gel. Lane 1: Protein ladder (2-212 kDa),
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Figure 3.7: (a) SDS PAGE (b) CDS (¢) MALDI (d) Bradfor Assay (e) Enzyme activity
plot
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3.4 Binding analysis

3.4.1 Binding of nanoparticles and protein

The binding of recombinant GST protein onto the surface of zinc oxide nanoparticles
was analyzed using fluorescence spectroscopy. For the analysis, different concentrations
of protein were incubated with a fixed amount of the nanoparticles synthesized for 3
hrs. at 37°C. After 3 hrs. the contents were centrifuged at 8000 rpm for 10 min, and
the amount of unbound protein was quantified using spectrophotometer. The protein
concentration was compared with the control protein. The percentage of binding was

calculated as shown below:

Binding(%) = [(total protein — unbound protein)/total protein|*100 (3.5)

Before binding ZnO nanoparticles and the enzyme, zeta potential of each of them was

measured using Laser Doppler Micro-Electrophoresis. Obtained values of zeta potential
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Figure 3.8: Zeta potential measurement of (a) ZnO nanoparticles and (b) purified
GST at pH 7.5

for ZnO nanoparticles and purified recombinant GST at a pH level of 7.5 were 13.4 mV
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Figure 3.9: Binding analysis of GST-ZnO nanocomposite

and -6.21 mV respectively. Since both are of opposite polarity, the bonding between
them is most probably electrostatic. Binding experiments resulted in 73.8% binding of

recombinant GST with the ZnO nanoparticles as shown in figure 3.9.

3.4.2 Kinetic parameters

The kinetic parameters of both GST and GST bound ZnO nanoparticles were determined
with respect to the substrates, GSH and CDNB, using Michaelis-Menten model. The
enzyme concentration was held constant at 10 nM throughout the process. Ky and
Vmax were determined from the Michaelis-Menten plot of rate of reaction (umol S-(2,4-
dinitrophenyl)glutathione/min/ml protein) versus substrate concentration (mM). After
that the catalytic efficiency was calculated using the following formula. The obtained

values are described in table 3.1.

kcat - Vmax/[Et] (3'6)

Where, keat = turn over number, [E¢| = concentration of total enzyme used, Vpax =

maximum rate of product formation per minute

In figure 3.10(a,b) concentration of one component is varied while the others are held
constant. In figure 3.10(a), at 10 nM concentration of GST, when GSH is kept constant
at 2.0 mM, increase of CDNB from 0.5 mM to 2.0 mM shows marked increase in the
product (GS-DNB) formation, whereas increasing CDNB concentration beyond 2.0 mM

does not show a large change in product formation. A similar trend is observed for figure
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Table 3.1: Kinetic parameters

Parameters GST ZnO-GST GST ZnO-GST
CDNB as substrate GSH as substrate
Vmax (umoles/ml/min) 48.67 188.2 61.32 135.3
Ky (mM) 1.431 1.713 0.427 0.3936
Keat (sfl) 81.1 313 102.2 225
K /keat (M 1s71) 5.66x10% 18.2x10% 2.39x10° 5.73x10°
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Figure 3.10: Michaelis Menten plot with (a) varying CDNB concentration (b) varying
GSH concentration using GST alone and (¢) varying CDNB concentration (d) varying
GSH concentration using GST-ZnO composite nanoparticles

3.10(b). Therefore we can infer that the optimum reaction is obtained at a 1:1 ratio of
GSH:CDNB. This study also forms the base for comparative analysis of enzyme efficiency
when acting alone and in conjugation with ZnO nanoparticles. Figure 3.10(c,d) depicts
the kinetic study of the enzyme when in conjugation with the ZnO nanoparticles. We can
clearly observe that there is no change in the trend of the curves, and the optimum ratio
of GSH:CDNB remains 1:1. This indicates that the conjugation does not interfere with
the reaction. A large increase in the rate of GS-DNB formation is observed (maximum

velocity (Vmax) of the reaction has increased). This is most probably due to the increased
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availability of GST enzyme to catalyze the reaction as it has now been immobilized. It
is further confirmed by the fact that CDNB and GSH do not react in the presence of
ZnO nanoparticle alone. From the data represented in table 3.1, it is clear that no-
ticeable increase occurs in the catalytic efficiency (keat) of the enzyme when present in
conjugation with ZnO nanoparticles (most probably due to enhanced availability follow-
ing immobilization). The Ky, remains nearly the same in case of GST and GST-ZnO
conjugate for each of the substrates (GSH and CDNB) individually. This suggests that
the affinity of the enzyme towards the substrates remain unchanged, further confirming
the belief that ZnO nanoparticles do not harm the integrity or the functionality of GST
when in conjugation. (Small Ky, value indicates requirement of lower concentrations of
substrate for the reaction to reach half of its maximum velocity.) The ratio of keat /Km
is considered as a measure of enzymatic efficiency. In this case, we observe that the
efficiency remains in the same order of magnitude, but increases slightly on conjugation

with ZnO nanoparticles.

3.5 Experiments on Au nanoparticles

Au nanoparticles were synthesized and similar binding experiment of Au nanopartilces

and GST was carried out. Obtained results are shown below:
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(a) TEM image (b) Zeta potential

Figure 3.11: Characterization of Au nanoparticles

Zeta potential of Au nanoparticles was found to 40.7 mV and after binding with purified

recombinant GST, 70% binding was observed as shown in figure 3.12. But binding
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percentage tends to saturate with further increase in concentration of GST as visible

from the plot.
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Figure 3.12: Binding analysis of Au nanoparticles and GST

3.6 Experiments on Cu nanoparticles

Cu nanoparticles were also synthesized and similar binding experiment of Cu nanopar-

ticles and GST was carried out. Obtained results are shown below:
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Figure 3.13: Characterization of Au nanoparticles

Zeta potential of Cu nanoparticles was found to 34.4 mV and after binding with purified

recombinant GST, 32% binding was observed as shown in fig.3.14.
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Figure 3.14: Binding analysis of Cu nanoparticles

3.7 Comparison of ZnO, Au and Cu nanoparticles

After completing similar binding experiments on ZnO, Au and Cu nanoparticles, finally
binding of ZnO nanoparticles with purified recombinant GST was found to be the best

one. A comparative table is shown below:

Table 3.2: Comparison of ZnO, Au and Cu nanoparticles

Nanoparticles Zeta potential (mV) Binding (%)
Zn0O 13.4 73.8
Au 40.7 70
Cu 34.4 32

3.8 CV analysis

Synthesized ZnO nanoparticles were then characterized for their semiconducting prop-
erties and the first step was CV (Capacitance-Voltage) analysis. CV analysis confirms
whether the nanoparticles behave as n-type or p-type material. This analysis was ac-
complished by characterizing a Metal-Oxide-Semiconductor (MOS) structure which was
designed by depositing a layer of synthesized nanoparticles on a Si—SiO9 wafer as shown
in figure 3.15. The capacitance of a MOS structure depends upon the voltage applied on

gate terminal and type of the semiconducting material.
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Figure 3.15: Schematic of MOS capacitor and CV analysis

It can be observed from figure 3.15 that negative gate voltage results in formation of
depletion capacitance parallel to oxide capacitance resulting in decrease of overall ca-
pacitance across the terminals. Whereas for positive gate voltage the device capacitance
remains at its maximum value of oxide capacitance due to accumulation of majority
carriers near the oxide interface. This is a standard behaviour of n-type semiconducting
material. Thus synthesized ZnO nanoparticles were confirmed to posses n-type semicon-

ducting properties.

3.9 Synthesis of p-type ZnO nanoparticles

ZnO nanoparticles naturally exhibits n-type conductivity due to oxygen vacancies and
Zn interstitials as well as the incorporation of hidden hydrogen atoms within the ZnO
host lattice. The concentration of n-type carriers in ZnO can be further increased by
doping with different donor dopants such as B, Al; Ga and In. On the other hand, the
controlled doping of p-type ZnO nanoparticles remains a challenged goal for achieving the
desired optical and electronic semiconductor properties. Different approaches have been
proposed to obtain p-type ZnO nanoparticles among which nitrogen doping is proven
to be the most effective. Nitrogen has been considered a good candidate for a shallow
acceptor level in ZnO because of the similarity of the covalent radius of N (0.75 A) and
that of O (0.73 A), and N-doped ZnO nanostructures are predicted to greatly improve
the performance of ZnO-based optoelectronics and several other applications.

In this work, a method reported in [253] was followed in order to synthesize N-doped
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p-type ZnO nanoparticles. This method is based on application of MWI (Microwave
Irradiation) and has been reported to produce high-quality ZnO nanosturctures with
controlled morphology and doping level. The aim of synthesizing p-type nanoparticles is
to check if they offer better performance in terms of semiconducting properties compared

to that of conventional n-type ZnO nanoparticles.

3.9.1 Synthesis process

100 mL of 0.1 M anhydrous zinc acetate was mixed with 100 mL of 0.1 M NaOH. After
mixing, a white precipitate formed and was removed from solution by centrifugation (3000
rpm for 5 min) followed by three washing with water. The precipitate was dispersed in
50 mL of 1 M H90O9 and heated in a closed vessel at 70°C for 2 hrs. The gelatinous
solution was then uncapped and dried at 70°C. The resulting ZnOs powder was used as
the starting material. ZnOg and 1 mM urea were dissolved in Oleylamine (OAm), which
acts as the solvent for the reactants and the capping agent for the resulting N-doped ZnO
nanoparticles. The reaction mixture was heated in a hot oil bath with stirring to 110°C
and the temperature was maintained for 1 hr. to assist in dissolving the reactants and
removing water. After heating, the reaction mixture was transparent yellow in colour;
MWTI was applied for 3 min at ambient pressure in an open test tube, which resulted in

the solution becoming pale pink and opaque, indicating the formation of ZnO.

3.9.2 Characterization

The UV spectrum analysis shows a blue shift as shown in figure 3.16(a) due to presence
of urea or in other words due to N-doping. This shift due to N-doping is most likely a
result of Burstein-Moss effect, where the shift of the fundamental absorption edge results
from the high electron density in the conduction band (n-type) or in the valence band (p-
type). The CV analysis also confirms that the nanoparticles are of p-type i.e. Nitrogen

doping is apparent from figure 3.16(b).
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Figure 3.16: Characterization of p-type ZnO nanoparticles

3.9.3 Binding analysis

Synthesized p-type ZnO nanoparticles were characterized for binding with GST protein.
Zeta potential of p-type ZnO nanoparticles were found to be -2.4 mV, having the same
polarity as that of GST protein; which dints the probability of electrostatic binding
between them by principle. The binding analysis shown in figure 3.17 confirms that the

binding between them is about 6%, which is negligible.
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Figure 3.17: Binding analysis
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3.10 Conclusion

This chapter dealt with development of an efficient functionalization mechanism which
can be incorporated with an electrochemical device to be fabricated. Binding of recom-
binant GST were tried with different synthesized nanoparticles and ZnO nanoparticles
were found to have formed highest binding with GST. This chapter also gives an insight
on purification and kinetic studies of recombinant GST along with characterization of
synthesized nanoparticles. Binding analysis was carried out based on measured zeta
potential of analytes and binding efficiency was measured by means of UV analysis. Fi-
nally, p-type ZnO nanoparticles were synthesized as conventional ZnO nanoparticles were
found to posses n-type semiconducting properties. In the context of FET characteristics,
both type of semiconducting nature plays an important role because of which p-type
ZnO nanoparticles were synthesized and tested; but they were less efficient in terms of
binding with recombinant GST. Thus, from all the outcomes reported in this chapter,
nanoconjugate of ZnO nanoparticles and GST stood out as the best material to be used

as the channel material of FET device to be fabricated.
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Chapter 4

Simulation studies of ZnO
nanoparticle based FET

IN this chapter a Field Effect Transistor (FET) having ZnO nanoparticles as the channel
layer is simulated and proposed for possible biosensing applications. Based on simulations
carried out using device simulation tool COGENDA TCAD, performance analysis in
terms of threshold voltage, subthreshold slope, transconductance and on-off current ratio
is measured. The structure under investigation is a bottom-gate FET device. The drain
current flowing through the channel is controlled by the external potential applied at
the gate terminal. The channel acts as a chemiresistive channel, whose conductivity
changes on being electrostatically bound to certain biomolecule or protein. Based on
its positive zeta potential, the electrostatic affinity of ZnO nanoparticles with certain
proteins can be employed for specific detection of that protein. In addition, the simulated
Zn0O nanoparticles based FET device has dimensions favorable to be used as a biosensor
along with scope of miniaturization. Hence, it can be stated that the proposed FET will
be of great promise for future nanobiosensors, and if realized by proper fabrication, it
may outperform the conventional sensors already in use for detection of biomolecules as

well as for theranostic applications.

45
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4.1 Simulation setup

2-D numerical simulation using COGENDA TCAD tool was carried out for a structure
described in [254] . The purpose of simulating already reported structure was to validate
our simulation setup by replicating the reported results. The Lombardi mobility model
was employed; it accounts for the temperature, doping, and field-dependence effects. The
Fermi—Dirac carrier statistics, along with standard recombination models, were used in
the simulation. Throughout the simulations, the channel length and the device width
were takes as 1 ym. In addition, the source and drain length (Lg and L) were assumed
to be small (10 nm) compared to the channel length. This way, parasitic resistance effects
were neglected. The results obtained after simulation were compared with the reported

results in [254] and are shown below.

4.2 Simulation results

Using the simulation setup described above, different device characteristics of the struc-
ture reported in [254] were simulated and compared with the reported results in order
to validate the simulation setup. Initially output and transfer characteristics of the de-
vice i.e. effect of drain and gate voltage on drain current were simulated. After that
effect of oxide thickness, channel thickness and channel doping concentration on device
characteristics were simulated and compared; followed by derivation of output and trans
conductance curves from these analysis were performed. Figure 4.1 shows the structure

that was simulated.

ATLAS
Data from jit_Tomdevice str

Figure 4.1: Simulated structure
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4.2.1 Output characteristics

Figure 4.2 shows the simulated structure along with its output characteristics (simulated
and reported). It shows the change in drain current with respect to drain voltage at

different gate voltages.
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Figure 4.2: Output characteristics of a DG-JLFET for different gate voltages

4.2.2 Transfer characteristics

Figure 4.3 shows the transfer characteristics (simulated and reported) of the device. It

shows the change in drain current with respect to gate voltage at different drain voltages.
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Figure 4.3: Transfer characteristics of a DG-JLFET for different drain voltages
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4.2.3 Effect of oxide thickness

Figure 4.4 and figure 4.5 show the effect of change in oxide thickness on device character-
istics; validated with reported results. With increase in oxide thickness oxide capacitance

decreases, which results in lower threshold voltage and higher drain current.
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Figure 4.4: Transfer characteristics of a DG-JLFET for different oxide thickness
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Figure 4.5: Output characteristics of a DG-JLFET for different oxide thickness. The
transistors are biased at a gate voltage equal to 1.1 V ( Vpp)

4.2.4 Effect of channel thickness

Figure 4.6 shows effect of channel thickness on transfer characteristics of the device.
Threshold voltage of a device decreases with increasing channel thickness due to variation
in doping concentration. Figure 4.7 shows combined effect of oxide and channel thickness
on it. It shows how oxide thickness and channel thickness can be tuned to keep threshold

voltage constant.

TH-2025_136153006



Chapter4: Simulation studies of ZnO nanoparticle based FET

49

—e— Tsi=6 nm
=— Tsi=10 nm

T T T 14
2
10 T T T T — 20
104 F12 5 = L 193
p* Poly Gate, Vpg= 0.05 V, Ng=1x10""crm,. aAnaaa
10° ?l.,x:7 nm Dz:unﬂf'uuﬁgat’{ o
L10 I
= o F . 7 415 =
3 R L1
- &5 % r j’ o ?L
c o = ¢ d o 3
g . 2 = 10°F i nﬂr‘” 410 =
E 4] 6 3 @ F d A P o
o g 5 1w ! o 5
- (6] ] o - o
£ r4 = F b o T 1s
S c £ .8 I ﬂ £ S
Jud 3 10 o ]
5 s §vr J AT A &
F2 ik 7 AT #To Simulations
1077 F s & === Model t;=10nm | 5
Lo ol ; e Model t;=6 nm
0.1 . ; , 0 0 1 2

1
Gate Voltage (V)

(a) simulated

Gate Voltage (V)

(b) reported

Figure 4.6: Transfer characteristics of a DG-JLFET for different channel thickness
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4.2.5 Effect of channel doping concentration
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Figure 4.8 shows effect of change in channel concentration on transfer characteristics of
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the simulated device. Higher doping concentration results in higher conductivity through

the channel; which in turn results in higher drain current and lower threshold voltage.

4.2.6 Output and trans conductance

Figure 4.9 and figure 4.10 are output and trans conductance plots of the simulated device
along with the corresponding reported results. These two plots were obtained from the

derivative of output and transfer characteristics curves of the device.
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Figure 4.10: Transconductance versus gate voltage for different DG-JLFETs

The results reported in [254] were successfully obtained using the models mentioned in
section 4.1. Hence the simulation setup used can be considered to be correct and can
be implemented for simulating characteristics of the device proposed for this thesis and

accordingly the structure can be optimized based on the simulation results.
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4.3 Device structure

The structure of the proposed device is shown in figure 4.11 (not to scale). The channel
consists of ZnO nanoparticles. The channel thickness and oxide thickness are 1 pm and
300 nm respectively. Below that lies a Si layer of thickness 500 pm and below that 1
pm thick Al contact, which acts as the bottom gate. The Si layer is doped with donor
concentration of 1x1016cm™3. The source/drain/gate contacts are formed with Al. Table

4.1 shows the complete dimensions of the simulated structure.

Region

drain
.channel
.gate
Wroay
Moxide

source

Figure 4.11: Simulated structure (not to scale)

Table 4.1: Dimensions of the simulated structure

Dimensions (um)

Length Thickness
Si body 100 500
Si0O9 100 0.3
Channel 5 1

4.4 Simulation setup
The numerical analysis and 2-D simulation was carried out using device simulation tool

COGENDA TCAD. Steady state analysis was implemented in order to evaluate the

different characteristics of the device under varying potentials. Basic drift-diffusion
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equations, Boltzmann carrier statistics, Lombardi mobility model and SRH recombi-

nation rates were applied in order to carry out the simulation. Doping concentration

013 3

(donor and acceptor for n-type and p-type respectively) of 1.5x10"°cm = was applied to
the channel material based on the experimentally calculated resistivity values of ZnO
nanoparticles (discussed in next chapter). The electron mobility value of 75 cm?/V —s

for ZnO nanostructures were considered for simulation [255].

4.5 Results and discussion

The structure shown in figure 4.11 was simulated using COGENDA TCAD device simu-
lator tool. Figure 4.12(a) shows the output characteristics of the proposed device consid-
ering acceptor type doping, obtained by plotting the drain current versus drain voltage
for different values of gate voltage. A drain current of 2 uA was exhibited at a gate volt-
age of -5 V and a drain voltage of 5 V. Figure 4.12(b) shows the transfer characteristics
of the structure obtained after simulation. It shows the drain current versus gate voltage
plotted by keeping the drain voltage fixed at different values for the different plots. A
drain current of 1.1 A and a threshold voltage of 0.9 V was obtained from this plot at
a drain voltage of 5 V and a gate voltage of -2 V. For sensing applications, drain voltage
can be kept fixed at 2 V and less than 0.9 V has to be applied through the gate region,

so that the device operates in the linear region.
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Figure 4.12: Output and transfer characteristics of p-FET
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Figure 4.13: Output, transfer characteristics and transconductance of n-FET

Figure 4.13 shows the output, transfer characteristics (linear and log scale) and transcon-
ductance curve derived from the transfer characteristics for channel with donor type
doping. From these characteristic curves the performance parameters of the device were
calculated. The threshold voltage was found to be -0.9 V at drain voltage of 1 V. Again
at same drain voltage subthreshold slope was calculated to be 119 mV/dec and on-off

current ratio was found to be 1013

. Whereas transconductance of 379 nS was observed

at the same drain voltage of 1 V.

Figure 4.14 shows the energy band diagram of the device across the channel-oxide-Si
region under different Gate biasing voltages. The left side is the bottom gate side and
the right side is the channel, separated by a dielectric and a doped si layer (substrate).
The effect of gate voltage on channel is visible and results in bending of energy band at

the interface of the channel with dielectric.
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Figure 4.14: Energy band diagram

The energy band diagrams correspond to the results shown in figure 4.13, which is n-
channel depletion mode (normally on) device. Negative gate voltage results in depletion
of majority carriers in the channel near the interface with dielectric. This results in series
depletion capacitance with oxide capacitance, which decreases the overall capacitance,
resulting in decrease in drain current. On the other hand, positive gate voltage results in
accumulation of majority carriers near the dielectric interface, which basically enhances

the flow of electrons through the channel.

The device being bottom-gate structured, the channel can be utilized for sensing pur-
pose. ZnO nanoparticles have positive zeta potential as explained in first chapter of
this thesis and this particular property can be used to detect any protein or biomolecule
which can form electrostatic binding with the nanoparticles. ZnO nanoparticles thus
act as a chemiresistive channel whose change in surface properties on being attached to
biomolecules will get reflected in the device characteristic curves. ZnO nanoparticles be-
have as n-type material inherently; unless and until they are doped otherwise chemically
or by high temperature processes. If p-type ZnO nanoparticles are synthesized, in that
case the zeta potential will have opposite polarity than that of n-type ZnO nanoparticles.
However p-type ZnO is not popular because of stability issues [256]. Let us consider a
particular case. The net charge in a protein may be attributed to the presence of pos-
itive, negative or neutral amino acids constituting the protein. Every protein has an
isoelectric point of pH at which it exhibits no net electrical charge. The negative log of
the acid dissociation constant (pKa) for an amino acid side chain alters the charge in

the protein. At a value of pH lower than the isoelectric point, the protein exhibits a net
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positive charge while for higher values of pH it shows a net negative charge. Since ZnO
nanoparticles have positive zeta potential, we can expect electrostatic binding between
Zn0O nanoparticles and proteins having negative surface charge i.e. zeta potential. Thus
we can functionalize the channel region with a biomolecule in order to detect a target

which is again specific to the attached protein/biomolecule.

4.6 Conclusion

The characteristic curves of a ZnO nanoparticle based FET has been evaluated using
device simulation tool. Furthermore, our results include the calculation of important
parameters of the FET that is crucial for its operation as a biosensing device. The simu-
lation results reveal that the FET exhibits a threshold voltage of -0.9 V, a sub-threshold

013 and transconductance value of 379

slope of 119 mV /dec, on-off current ratio of 1
nS. From these analysis, it can be inferred that performance of ZnO nanoparticles as
a channel material for FET is comparable with the commonly available semiconductor
materials. In addition, the simulated device is of favourable dimensions, making it com-
parable in terms of miniaturization to many other commercially available sensors. In

conclusion we can put that the proposed device will be of great promise for the field of

nanobiosensor if realized by proper fabrication.
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Chapter 5

Integration of nanoparticles,
recombinant GST and device

THIS chapter presents an electrochemical method for detection of glutathione us-
ing Glutathione-S-Transferase (GST) - ZnO composite nanoparticles to investigate the
prospects of the method for detection of cancer at an early stage. The purified recombi-
nant GST enzyme was bound with ZnO nanoparticles by electrostatic interactions and
the nanocomposite was dropcast on a silicon-silicon dioxide wafer. The GST function-
alized deposited layer was then used as a chemiresistive channel to detect conjugation
reaction between glutathione and 1-Chloro-2,4-Dinitrobenzene (CDNB). The zeta po-
tential values of the ZnO nanoparticles and the GST were found to be 13.4 mV and
-6.21 mV, respectively. Around 73.8% binding was observed between the enzyme and
ZnO nanoparticles. I-V analysis of the chemiresistive channel showed an increase in con-
ductivity of the channel due to conjugation reaction between glutathione and CDNB as
compared to that of glutathione or CDNB alone. I-V characterization of the GST func-
tionalized layer was performed at various concentrations of glutathione and a sensitivity
and LOD (Limit of Detection) of 5.68 nA/uM and 41.9 nM were obtained, respectively.
Thus from I-V analysis of the chemiresistive channel, the detection and quantification of

glutathione could be obtained.
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5.1 Experimental setup

5.1.1 Functionalization

In order to achieve highly specific detection, GST was bound electrostatically to the ZnO
nanoparticles. In presence of both glutathione and CDNB, the conjugation reaction
between them can take place only at the surface of ZnO nanoparticles since purified
recombinant GST were attached to the nanoparticles only. Thus the possible impact
of other oxidation-reduction reactions in the analyte on the output characteristic of the
electrochemical device was completely avoided. As the device characteristics change
according to the electrochemical reactions on the surface of the nanoparticles, so the

detection of glutathione was very specific.

5.1.2 Deposition of electrolyte on wafer

The silicon wafer was cleaned with IPA (isopropyl alcohol) and ethanol using standard
protocol. Then the GST bound ZnO nanoparticle composites were deposited on the oxide
surface by three different techniques, namely, i) dropcast ii) doctor blade and iii) spin

coating. The deposited layers were characterized for each case using Veeco Profilometer.

5.1.3 I-V measurement setup

Keithley 2420 source meter was used for I-V analysis of the device. The connections were
made by external copper electrodes and conductive silver paste. The terminals on the
device were properly isolated using a thin polydimethylsiloxane (PDMS) layer so that

they were not shorted while making measurements with the electrolyte.

5.2 Steps of analysis

The GST bound ZnO nanoparticle composite was deposited on a Si/SiO9 wafer as the
first step towards further analysis. The I-V curve was then plotted for the blank surface in

the absence of any analyte. In the next step, the I-V curve was plotted after application
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of 5 L. 100 mM CDNB. The device was then washed twice using phosphate buffer saline
(PBS). The next I-V analysis was done after application of 5 ul. of 100 mM GSH. This
was followed by washing with PBS. In the final step, 5 uL from a 1:1 mixture of GSH
and CDNB (100 mM each) was applied on the surface and I-V plots were obtained at
certain time intervals till the reaction was complete, marked by sharp decrease in output
current. The detailed analysis of these I-V plots is carried out in upcoming sections of this
chapter. After completion of experiment, the device was given a wash with PBS so that

there remained no traces of products which could affect the subsequent measurements.

5.2.1 Device structure

As stated before, the ZnO nanoparticle-GST enzyme composite was deposited on oxide
wafer using three different techniques out of which the layer deposited by means of drop-
cast yielded the best results in terms of reusability. In other words, easily reproducible
dropcast method provided us with a stable layer of deposition as compared to that of
the others. The deposition was done on an area of 5 mm x 5 mm. Profilometer tests
were carried out for all three techniques and the results have been shown in table 5.1.

Table 5.1: Structural schematic of the experimental setup

Method Average thickness Average Roughness Reusability
Dropcast 10.28 pum 3.627 pm Good
Doctor Blade 1.35 pm 934.6 nm Bad
Spin Coat 1.21 pm 61.16 nm Bad

After deposition of ZnO nanoparticle and GST composite layer, we arrived at the struc-
ture shown in figure 5.1. In this structure the Si and SiO9 has been used as a substrate
only as it did not contribute electrically towards current between the chemiresistor. The
ZnO-GST layer, which was dropcast on top of it, was used as a resistive channel and
based on the changes in conductivity of this layer all the measurements and detections

were carried out.

In the structure shown in figure 5.1, ZnO nanoparticle not only acts as a base for binding

and immobilization of GST onto its surface, but also as a semiconducting layer that allows
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\‘ GSTﬁ\

- Metal contact

Figure 5.1: Structural schematic of the experimental setup

movement of current. Glutathione conjugates with CDNB forming GS-DNB and HCI on
the surface of ZnO nanoparticles because of presence of GST bound to them. Any change
in the conformation of GST due to its participation in the reaction between glutathione
and CDNB, leads to a significant change in resistance of the GST-ZnO nanocomposite,
therefore changing the current flow. This allows us to study fluctuations of glutathione
concentration in the concerned samples. Following an approximate standardization, spe-
cific changes in current flow can be measured and related to quantitative measure of
increase or decrease of glutathione concentration. The detection of glutathione with this
structure was very specific due to fact that GST was functionalized on the surface; hence
the conjugation reaction of GSH and CDNB could take place on the surface or the in-
terface only. The other reactions which might be taking place in the analyte were not
reflected in the I-V characteristics as they are not by linked to the conducting channel

by any means.

5.2.2 Measurement of resistivity

Resistivity of synthesized ZnO nanoparticles and its conjugate with GST were measured
and the values are shown in table 5.2. A PDMS channel of width 1 mm and length 3 cm
was prepared using the following technique - PDMS and the cross linker was mixed in 10:1
ratio. The mixture was then stirred vigorously and then put in 20-50 mbar desiccator
for 30 min in order to remove the air bubbles present. The final step was to heat the

mixture at 60°C for 6 hrs. in hot air oven. The solutions were put in the channel and
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the current through it was measured by applying a bias across different lengths. Copper
wires of very low contact resistance were used as electrodes for connections. Since the
cross sectional area of the channel is constant throughout, the resistance of the solution
can be represented as a linear function of length. According to transmission line model
(TLM) method [34], the slope of the resistance versus length plot is the resistivity per
unit area value and the y-intercept of the plot is the value of the contact resistance. This

is apparent from the following equation-

R = (p/A)*] + 2R, (5.1)

Where, (p/A) is the resistivity per unit area, 1 is the length of the channel and R is the
contact resistance at each terminal. Now, resistivity was calculated using the slope and

the cross sectional area values.

= ZnO nanoparticles
e ZnO nanoparticles + GST
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Figure 5.2: Measurement of resistance values at different channel lengths

Contact resistance was found to be 3.3 K€. It was observed that the resistivity value of
the ZnO nanoparticles solution decreased when GST protein was bound to it, the reason
being the GST protein molecules have negative surface charge at the buffer pH of 7.5.
Due to this they act as charged ions that allow the flow of current. In case of Zinc oxide
nanoparticles, only the nanoparticles allow the flow of current, where as in case of ZnO-
GST, both the nanoparticles and the protein molecules contribute to the current flow. As
discussed in previous section, the nanoconjugate was deposited on silicon dioxide wafer.

Considering the deposition obtained by dropcast method, the average thickness of the
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layer was 10.28 um. Hence the sheet resistance value was calculated using the following
equation-

Rs = p/t (5.2)

Where, p is the resistivity and t is the average thickness of the layer.

Table 5.2: Measured resistivity values

Parameter Zn0O nanoparticles Zn0O nanoparticle bound GST
Resistivity (£2.m) 21.8 5.61
Sheet Resistance (K /sq) - 545.72

5.2.3 Characterization and Detection of GSH

I-V analysis of the device was carried out for three different cases — i) in presence of
glutathione only, ii) in presence of CDNB only, & iii) in presence of both glutathione
and CDNB. It was observed that in presence of both glutathione and CDNB the cur-
rent flowing through the channel increased significantly, which was concurrent with the
expected outcome. This was because when the conjugation reaction of glutathione with
CDNB took place, there was a flow of ions, which aided the flow of current through it.
Since GST was present in the channel only, so the reaction and the event of transfer
of ions took place at the interface only. This reaction was totally time dependent and
the reaction stopped when the complete amount of glutathione formed conjugate with
CDNB. As the conjugation process continued, there remained less and less amount of
glutathione and CDNB. Hence the current value decreased with time as shown in figure
5.3(a). However the current value did not fall to its original value because the initial
solution or analyte and the final product formed by the reaction were not electrically
equivalent. For the reactions we have carried out, the assay time was in tens of seconds

(in about 30-40 seconds reaction reached completion).

After each measurement, the device required washing with Phosphate Buffer Saline
(PBS) in order to avoid nonspecific interactions and false results being generated in sub-

sequent measurements. The device was successfully reused in its current model (without
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Figure 5.3: (a) I-V analysis and detection of GSH at different instants of time (b)
Change in output current due to various analytes at V = 5V

any further SiOg surface modification) for about 10 times. Following this, the nanocon-
jugate layer seemed to scrape off at places. But this issue can be fixed by carrying out
certain modifications of the SiO9 surface that would allow chemical bond formation be-
tween the surface and the ZnO of the GST-ZnO nanoconjugate, thereby increasing the
reusability. The column bar graph shown in figure 5.3(b) summarizes the observed shift

in current due to application of different analytes with respect to the blank curve.

5.2.4 Sensitivity analysis

In order to measure the sensitivity, the device was put under test with different con-
centrations of glutathione. Three different mixtures of glutathione and CDNB were
prepared with concentrations of 50 yM, 100 uM and 200 uM respectively. I-V analysis
was carried out separately for each of the analytes having different concentrations and
the obtained results were calibrated as shown in figure 5.4. The calibration curve was
obtained from the measured values of current flowing through the channel at different
concentrations. Linear regression analysis was used to determine the slope, intercept and
correlation coefficient (R2?). The results showed linear correlation between the obtained
current value and glutathione concentration in the range of 100 nM — 10 mM with a
regression equation of I(pA) = (3.2425540.01315) + [(0.00568+7.93362x107°) X Cagpl
, (R% = 0.99863), where Cqgy is the concentration of glutathione (uM). Apparently,
the slope of this calibration curve is the required sensitivity and it was calculated to

be 5.68 nA/uM. The LOD (Limit of Detection) was calculated to be 41.9 nM from the
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calibration curve using the following formula-

LOD = 3*|standard error/slope] (5.3)
4.6
60 - -
Voltage = 10 V 4] [Voltage =10 V|
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40+ 4.0-
g 30 3 3.8
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Figure 5.4: Calibration curve (No. of trials = 3)

5.2.5 Selectivity of the device

In order to achieve highly specific detection, GST was bound electrostatically to the
ZnO nanoparticles. In presence of both glutathione and CDNB, the conjugation reac-
tion between them can take place only at the surface of ZnO nanoparticles since purified
recombinant GST were attached to the nanoparticles only. Thus the possibility of effect
of other oxidation-reduction reactions in the analyte on the output characteristic of the
electrochemical device was avoided. As the device characteristics change according to
the electrochemical reactions on the surface of the nanoparticles, so the detection of glu-
tathione was very selective. It would still be specific while using patient samples as we
have immobilised the GST enzyme on the nanoparticles instead of the glutathione (sub-
strate). The complex sample may have multiple enzymes that can react to glutathione,
and immobilizing glutathione would take into consideration changes due to all such non-
specific reactions. On the other hand immobilised GST would allow CDNB to react with
glutathione only on the surface of the nanoparticles. Therefore all such reactions would

specifically account for the CDNB-GSH interaction. As immobilised GST level will be
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constant, any upregulation or downregulation of glutathione would be clearly visible as

the current output.

5.2.6 Mathematical verification of experimental results

Mathematical verification of experimental outcomes is discussed in this section. The
following equation incorporates all the parameters that control the amount of current

flowing through the deposited thin film.

Or,1 = V/[(p/t)*(1/w) + 2Rc] (5.5)

Where V is the applied voltage, 1 and w are the length and width of the deposited film,
Rs and R are the sheet resistance of the thin film and contact resistance respectively,
obtained by experimental measurements described in the section 5.2.2. The I-V plot ob-
tained was compared with the experimentally obtained I-V plot. Figure 5.5 summarizes
the comparison between experimental and modeled I-V characteristics of the GST-ZnO

nanoparticle composite thin film.

25+ - --- Experimental
Model

204
15

10

I (uA)

Voltage (V)

Figure 5.5: Comparison between analytical model and experimental I-V analysis of
Zn0O nanoparticles-GST conjugate thin film
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It is apparent from figure 5.5 that experimental and simulated values are in close prox-
imity with an average error of -11.75%. The deviation in the experimental I-V from a

definite slope was possibly due to the non-uniformity of the thin film.

5.3 Conclusion

In this chapter, a novel method of electrochemical detection of glutathione has been
demonstrated using composite nanoparticles of ZnO with GST. The kinetic parameters of
purified recombinant GST along with its nanoconjugate solution with ZnO nanoparticles
were calculated and binding analysis was performed. Then the nanoconjugate solution
was deposited on oxide wafer to form a chemiresistive channel. This channel was used
for successful detection of glutathione. This novel concept of forming a channel layer
with a composite of ZnO nanoparticles and the protein itself is the first step towards
device based specific detection of glutathione. However there is scope for improvement
as this method can be further extended to a FET (Field Effect Transistor) structure for
more accurate and sensitive in-vitro detection of glutathione which in turn will help in

detecting certain types of cancer at an early stage.
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Chapter 6

Fabrication and characterization of
FET for detection of glutathione

THIS chapter outlines the fabrication and characterization of FET device for detection
of glutathione in solution as well as in cancer cells. The process of device fabrication
using optical lithography technique is discussed in detail. Followed by a brief discussion
on characterization results of device without any analyte. Finally, outcomes of the device

with respect to detection of glutathione are analysed.

6.1 Device fabrication

The steps followed for fabrication of the device are described below in sequential order:

Wafer cleaning: Standard 4-inch 500 pm thick Si wafer (Phosphorous doped, <100>
oriented, 1-10 Q.cm resistivity) was used as the starting material. Firstly, cleaning of
the wafer was done using Piranha solution (3:1 mixture of concentrated sulfuric acid and
hydrogen peroxide).

Growth of oxide: A layer of SiO9 of thickness 300 nm was grown thermally on the

polished side of the wafer using Oxidation-Diffusion furnace.

67
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Dehydration bake: Dehydration bake was done for 10 minutes at 110°C to remove
any residual liquid on the substrate surface.

Coating of primer: Hexamethyldisilazane (HMDS) was used as the primer in order to
enhance the adhesivity of photoresist to be deposited next . It was spin coated at 3500
rpm for 1 minute.

Coating of photoresist: S1813 was used as the photoresist of choice. It is a positive
photoresist. It was dispensed on the substrates and spin coated at 3500 rpm for 1 minute
over the HMDS primer.

Soft bake: Soft bake was done for 3 minutes at 110°C to ensure proper adhesion of the
photoresist to the substrate surface.

Lithography: Lithography is the process of transferring an image from a photographic
mask to a substrate. Direct writing was done to define the device designs onto the
photoresist on the wafer using Dilase 250 direct laser writer instrument. Figure 6.1
shows the mask designed in Clewin software which was used for photolithography. The

channel length and width were designed to be 5 yum and 10 um respectively.

=

Figure 6.1: Mask layout designed for photolithography

Development: The development of the wafer post-lithography was done to remove the
exposed resist using TMAH (Tetra Methyl Ammonium Hydroxide) developer solution
for 1 minute.

Hard bake: The substrate was then heated at 110°C for 1 minute in order increase the
stability of developed photoresist for subsequent processes. Figure 6.2 was a microscopic

image of a pattern taken after completion of this step.
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Figure 6.2: Image of the pattern after development

Metal deposition: Al was deposited using thermal evaporation technique. Deposition
was done at room temperature.

Lift-off: REMOVER PG (N-Methyl-2-pyrollidone) solution was used at 60°C for 30
minutes to achieve proper lift-off of the deposited metal. Figure 6.3 shows a microscopic

image of the device after lift-off.

Fﬂ,{ ; ——
: T y
Source 17 Drain

Figure 6.3: Microscopic image of the fabricated device (top view)

Back-gate deposition: The last step was deposition of back gate contact, which was

again performed using thermal evaporation of Al on the back side of the wafer.

. al

[] znoNP +GST
[ sio:

[ si

Figure 6.4: Schematic of the fabricated device

PDMS molding and channel deposition: A Polydimethylsiloxane (PDMS) molding

was created across the channel in order to hold liquid samples without getting dispersed.
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The channel material consisting conjugate of GST and ZnO nanoparticles was then

deposited using dropcast method. Figure 6.4 show the schematic of the fabricated device.

Figure 6.5 describes the process flow of the complete fabrication process followed by two

images of the fabricated device under test are shown in figure 6.6.
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Figure 6.5: Process flow for fabrication of the device

Figure 6.6: Images of fabricated device
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6.2 Experimental setup

6.2.1 Functionalization

In order to achieve highly specific detection, GST was bound electrostatically to the ZnO
nanoparticles. In presence of both glutathione and CDNB, the conjugation reaction
between them can take place only at the surface of ZnO nanoparticles since purified
recombinant GST were attached to the nanoparticles only. Thus, the possible impact
of other oxidation-reduction reactions in the analyte on the output characteristic of the
electrochemical device was completely avoided. As the device characteristics change
according to the electrochemical reactions on the surface of the nanoparticles, so the

detection of glutathione was very specific.

6.2.2 Measurement setup

All measurements were taken using Keithley 4200 parameter analyzer and probing was
done using a Lakeshore DC probe station. Source, drain and gate terminals were probed
by three terminals of the probe station connected to the SMU’s of the parameter analyzer,

which is capable biasing the device as well as measuring the response of the device.

6.3 Steps of analysis

The GST bound ZnO nanoparticle composite was dropcast at the region between source
and drain, which indeed forms the channel layer of the FET device. The output char-
acteristics of the device were then obtained for the blank surface in the absence of any
analyte by applying varying gate as well as drain bias in order to confirm the effect of gate
voltage on drain current. In the next step, output characteristics were again obtained
after application of 1 pli of 100 mM CDNB. The device was then washed twice using
phosphate buffer saline (PBS). The next analysis was done after application of 1 uL of
100 mM glutathione. This was followed by washing with PBS. In the final step, 1 uL
from a 1:1 mixture of glutathione and CDNB (100 mM each) was applied on the channel

and Ig — V4 plot was obtained at certain time intervals till the reaction was complete.
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The detailed analysis and comparison of these characteristic plots is carried out in the
following section. After completion of experiment, the device was given a wash with PBS
so that there remained no traces of products which could affect the subsequent measure-
ments. After completion of these measurements, same analytes were applied again in
same order and real time drain current was obtained for a fixed gate and drain bias.
The sharp increase in drain current on application of mixture of glutathione and CDNB
marks the detection of this reaction by the device. Finally, the device was again put
under test for real life cancer cell environment. Sample having known concentration of
MCF-7 and Hela cells were used in order to confirm the detection. These results were
compared with that of Human Embryonic Kidney (HEK) cells having no cancer cells at

all. The results obtained are described in the following sections.

6.4 Results and discussion

6.4.1 Fabricated device

The fabricated device had dimensions as described in the following table.

Table 6.1: Parameters of fabricated device

Parameter Value
Channel length 5 pm
Channel width 10 pm
Oxide thickness 300 nm

Substrate thickness 500 pm

6.4.2 Characterization and detection of glutathione

The fabricated device was initially characterized with functionalized ZnO nanoparticles
with GST as the channel material. Figure 6.7 shows the output and transfer characteris-
tics of the device measured under varying drain and gate voltages. The gate dependence

of the device is prominent from the transfer characteristics. From this analysis gate
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voltage of -2 V from the subthreshol region was fixed as the gate bias for subsequent
experiments. In practice, FET devices biased in subthreshold region gives maximum

sensitivity. That is why gate biasing of -2 V was selected for this application.

Drain Current (nA)

20| —vd=2v 10

0.14

Drain current (uA)
Drain current (nA)

0.01+

T T T T ) T T T T ]
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Gate Voltage (V) Gate Voltage (V)

Figure 6.7: Output and Transfer characteristics (linear and log scale) of the device

Subsequently, output characteristic of the device was measured under different analytes
being applied. Initially only CDNB was applied, followed by glutathione only and finally
GSH and CDNB combined.
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Figure 6.8: Output characteristics of the device (I3~ V4 at Vg = -2 V) in linear and
log scale

Obtained Ig — Vg4 plots are shown in the figure 6.8. It can be observed from the plot

that the response due to glutathione and CDNB is much higher than that of glutathione
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or CDNB individually. This is because in presence of both glutathione and CDNB
conjugation reaction between them takes place on the channel where GST is present.
Since this reaction takes place on the surface of the channel, the occurrence of this

reaction gets reflected on the device characteristics.

As visible from the output characteristics of the device, current flowing through the chan-
nel clearly increases by significant amount in presence of both glutathione and CDNB.
Figure 6.9 shows a column graph quantifying the change in drain current due to presence

of different type of analytes.

1
250 4 X [ Change in current
< 200
=
E
2 150-
3
o
c
5 100 4
=]
c
2 5o
(§]
0 . s .
GSH+CDNB GSH CDNB

Figure 6.9: Change in drain current (Vq =10V, Vg =-2V)
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Figure 6.10: Real time analysis
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Figure 6.10 shows real time measurement of drain current at a fixed gate voltage of -2 V
and drain voltage of 10 V. The sudden peaks depict sudden increase of output current due
to presence of an anlayte on the channel. As can be seen, current increases significantly
when GSH and CDNB both are present on the channel. The current reaches a peak,
then slowly reduces to somewhere nearby its original value. So, from this plot, we can
know the time for which the channel undergoes the conjugation reaction. For 1 ul sample

volume of 1:1 GSH and CDNB assay time was found to be 30 s.

After each measurement the device was washed with Phosphate Buffer Saline (PBS) and
deionized water in order remove the analyte from the channel so that the subsequent

measurement is free from any kind residue from the previous test.

6.4.3 Sensitivity analysis

Sensitivity analysis of the device was carried by measuring drain current at fixed gate
voltage for different concentration of glutathione. Obtained calibration curve is shown in
figure 6.11. Both sensitivity and Limit of Detection were calculated from this calibration
curve. The values of sensitivity and LOD were found to be 60.22 pA /dec change in
concentration and 13.1 nM, respectively. The linear range of operation is 0.1 uM to 0.1
M and regression equation is I = (444.70 £8.82) + (60.22 £1.59) log(c), [R* = 0.989),

where I is drain current in pA and c is molar concentration of glutathione.
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Figure 6.11: Calibration curve (Number of trials=5)
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6.4.4 Characterization in presence of cancer cells

After successful detection of glutathione, the device was tested for actual cancer cells
to see if the device can detect increased glutathione levels in HeLa and MCF-7 cancer
cells. Cancer cells were grown by cell culture in laboratory. HeL.a and MCF-7 are human
cervical and breast cancer cells, respectively and these cells contain higher concentration
of GSH compared to normal cells as reported [34]. Cancer cells and CDNB were applied
on the channel followed by measurement of output characteristic of the device at fixed
gate bias. Drain current obtained corresponding to cancer cells had higher current levels
compared to that of HEK cells. Moreover, a comparison between HeLa and MCF-7
were also carried out for same number of cell lines. HeLa cells recorded higher current
implying that HeLa cells contain higher concentration of glutathione compared to MCF-

7. Following figure shows the result of comparison between HelLa, MCF-7 and HEK

cells.
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Figure 6.12: (a) Output characteristic (I — Vq) for HeLa and MCF-7 cells at Vg =
-2V, (b) Comparison of change in current for HeLa, MCF-7 and HEK cells (V4 = 10
V, Vg =-2V)

Once detection of cancerous cell was confirmed, next step was to calculate the sensitivity
in terms of number of cells and formulation of calibration curve. Various analytes having
different number of HeLa cells were prepared and tested. The drain current was observed
to be varied in relation with the number of cells present. Calibration curve was plot from
these results as shown in figure 6.13. The calibration curve showed a linear response till
50 numbers of cells and below that it was not possible to separate them from the response

corresponding to HEK cells. So the linear range of operation was from 50 to 1000 number
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Figure 6.13: Calibration curve (Number of trials=>5)

of cells. The values of sensitivity and LOD were found to be 206.7 nA /cell and 38 cells
respectively. The regression equation is I = (9.5 +3.43) + (0.2067 £0.0102)N, [R? =

0.984], where I is drain current in A and N is number of cells.

6.5 Conclusion

A novel device based electrochemical detection method of glutathione has been described
in this chapter. The device is a FET device, channel material of which consists of
a conjugation of ZnO nanoparticles and purified recombinant GST protein. The novel
concept of incorporating a protein as a channel material is reported here for the first time.
The device successfully and selectively detects and quantifies glutathione as compound
and as well as a human cell component. The device was also tested successfully with
real laboratory grown HelLa and MCF-7 cancer cells and it was found that the device
could detect enhanced concentration of glutathione in cancerous cells, which indeed is
the first step towards detecting certain types of acute cancer disease. The device can be
further improved upon keeping the primary working principle same, in order to meet the

requirements to make a deliverable product for marketization.
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Chapter 7

Conclusion and Future Scope

7.1 Conclusion

THIS chapter presents the summary and future aspects of the work described in this
thesis. The overall target of this work was the design and fabrication of FET based device
for detection of glutahtione. It started with development of a favourable functionalization
mechanism to be incorporated with FET. The mechanism was tested on a two terminal
platform for successful detection of glutathione. Subsequently FET device was fabricated
with functionalized channel layer for detection of glutathione. The device was also tested
for detection of enhanced concentration of glutathione in cancerous cells. The conclusion

related to different aspects of this work drawn from chapters is summarized below:

The first two chapters provide a general overview, introduces the main objectives and

scope of this thesis and present a detailed literature review of the topic.

Development of a favourable and efficient functionalization mechanism is the most critical
point towards designing a biosensor. The third chapter dealt with several issues related
to development of funtionalization scheme for this work. In order to detect glutathione by
dint of its conjugation reaction with CDNB, recombinant GST has to be functionalized
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on the device and as GST itself not being semiconducting, it was bound with ZnO
nanoparticles based on their opposite polarities of zeta potential. This nanoparticle-
protein ensemble is the final outcome of this chapter which could be incorporated as the

channel material of FET device to be fabricated.

In order optimize a structure to be fabricated, simulation studies beforehand is essential
as many modifications after fabrication can not be afforded. The fourth chapter is all
about design and optimization of the device structure based on simulation results. Device
simulation setup was finalized by reproducing reported results, which was then utilized
for simulation of the proposed structure. The results showed FET characteristics for the
structure that encouraged us to go ahead with the proposed structure. As a subsequent
step, device dimensions were also finalized based on the simulation results in accordance
with constraints of fabrication processes and the suitability of liquid chamber volume

requirements.

The fifth chapter elaborates a vital part of this thesis which is the combining three
individual parts of the final biosensing device to be designed. Channel material was
finalized in this chapter and then the efficiency of this layer with respect to detection of
GSH was described. The channel material is combination of nanoparticles and protein
and this combination was applied to fabricate a two terminal resistive device. Detection
of GSH was successfully accomplished with sensitivity and LOD of 5.68 nA /uM and 41.9
nM respectively. The device showed linear response for a range 100 nm - 10 mM of GSH

concentration. This is a crucial step towards fabrication of FET for the same purpose.

The sixth chapter outlined the final outcome of this whole thesis work, which is the
fabrication of FET and utilization of it for detection of glutathione. The channel mate-
rial discussed in previous chapter was incorporated to FET device and characterized for
detection of glutathione in solution and as cell component. Sensitivity and LOD were
calculated to be 60.22 A /dec change in concentration and 13.1 nM respectively with
a linear response for 0.1 M - 0.1 M concentration of glutathione when the device was
tested for glutathione as solution. On the other hand, when characterized with cancer

cells, 206.7 nA /cell of sensitivity and LOD of 38 cells were obtained.

TH-2025_136153006



S[10M ST T, I dNaD pue HSD Ter OL-T0 29p /Y11 2209 0¢ LAA 01Ad(]
OAT)SISOlI
J10M ST, G ANaD pue HSH 6T ;0110 N/ VU 89°C 0€ o) 901A9(]
[792] - HSD 66 0610 N/ VU gp8 - VO
l€9z] 0¢ HSD 9°0 0'T-¢ 0T N/ vU 96 0021 Add
[z9z] - HSD 710 G- 0TXG /v 9L°0 0021 AMS [BOTUIDD -OT)OF]
[19¢2] 0¢ RAT[RS TRTINE] 00€ 09-0T /¥ $9°0 1 AMS
[09g] - HSD 08 0G€€-€°0 SO OTXS'F - AAD
woﬁwowwﬁﬁaﬁz
[652] 009 poo[q ety 8 01-10°0 /e 870 8 - )
Aydersoyewoay)
[etd 0% poojq weumpy 90 0$-10°0 N/ V1 6670 006 - pmbry
[L¢2] 007 LSO ¢or 007-00T T/ 0 90°0 009 - OLI}OWILIO[O))
(1) ()
awIN[oA uorpoele (JN7/) uorjerado (s) euury, ordourag
‘Joy ordwreg odA T, sydueg Jo ymwury  Jo adued Jeoaulr] AJAT)ISUDS Aessy odAq, uo1329919(

senbrutpe) Surysixe Ym uostredwo)) :1° O[qeL

81

TH-2025_136153006



Chapter7: Conclusion and Future Scope 82

Finally, table 7.1 provides a comparative analysis of the performance of the devices
presented in this thesis with some of the existing techniques reported in literature. From
this quantitative comparison, it can be concluded that the devices presented in this
thesis definitely offers advantages in terms of assay time, linear range of operation and
sample volume. Sensitivity is comparable to most of the existing techniques. Limit of
detection can be improved further but it is decent enough considering the concentration
of glutathione in human blood (mostly mM) which is way higher than the LOD of the

devices.

7.2 Scope for future work

As mentioned before, device based detection of glutathione has been reported for the first
time through this work. Although the results are encouraging and better than most of
the conventional techniques for detection of glutathione, still there is scope for improve-
ment in device dimension aspect. There is scope of testing the device characteristics
with channel length in nanometer regime. Next comes the most important feature of a
typical biosensing device, the feasibility of being converted into a point-of-care device for
commercial use. The device fabricated in this work is capable of achieving that target
if manufactured with proper realization. This aspect of future prospect of this work
is probably the most significant point to be taken good care of so that a point-of-care

device can realized in near future.
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