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Abstract
A proof of concept for the implementation of an extended gate field effect tran-
sistor as a pseudo-reference electrode for electrokinetic label-free detection of
biomolecules is demonstrated. The application of an extended gate field ef-
fect transistor for biodetection using a capillary-based electrokinetic sensor as
a transducer and a commercial transistor was studied. The concept was val-
idated by studying the stability of the electrode under various pressure puls-
ing and biasing conditions. This was followed by measuring the response of
a Z-domain functionalized microcapillary upon injection of varying concen-
trations of Herceptin and comparing the results with the conventionally used
platinum pseudo-reference electrodes. It was observed that the systemwith ex-
tended gate field effect transistor could detect biomolecules at a concentration
as low as 100 pM with good reproducibility. The extended gate field effect
transistor based pseudo-reference electrode has shown an ability to improve
the signal to noise ratio by a factor of 3 as compared to a platinum electrode,
enabling higher sensitivity and accuracy. This concept holds a lot of potential
to improve the limit of detection of capillary-based electrokinetic sensors as
well as allow for the miniaturization of the detection setup.

Keywords: Biosensor, label-free detection, electrokinetic effect, reference elec-
trode, extended gate
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Sammanfattning
Konceptvalidering för implementation av en fälteffekttransistor med förlängt
styre som pseudoreferenselektrod för inmärkningsfri upptäckt av biomoleky-
ler demonstreras. Tillämpning av en fälteffekttransistor med förlängd grind
för biodetektion med användning av kapillärbaserad elektrokinetisk sensor
som transduktor och en kommersiell transistor studerades. Konceptet valide-
rades genom att studera elektrodens stabilitet under olika tryckpulsnings- och
förspänningsförhållanden. Detta följdes av mätning av responsen hos en Z-
domän funktionaliserad mikrokapillär vid injektion av varierande koncentra-
tioner av Herceptin och jämfördes med resultaten för de konventionellt använ-
da platinareferenselektroderna. Den förlängda grindfälteffekttransistorn ba-
serade pseudo-referenselektroden har visat en förmåga att förbättra signal-
brusförhållandet med en faktor 3 jämfört erhållen med platinaelektroder.och
möjliggör högre känslighet och noggrannhet. Detta koncept har stor potential
att förbättra detektionsgränsen för kapillärbaserade elektrokinetiska sensorer
samt möjliggöra miniatyrisering av detekteringsinstallationen.

Nyckelord: Biosensor, inmärkningsfri detektering, elektrokinetisk effekt, re-
ferenselektrod, förlängd styre
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Chapter 1

Introduction

The extensive research and development in the field of nanotechnology, biomed-
ical engineering, physics, andmaterial sciences havemademiniaturization and
portability of health monitoring and medical equipment possible, bringing the
lab-based analyses to the patient’s bedside. The advent of various diseases like
cancer and Ebola accompanied by an increase in pollution levels combined
with a drastic growth in population has made the development of a modal-
ity which is simple, easy to use and permits low-cost detection of extremely
low concentration of various biomolecules like DNA, proteins, glucose, and
enzymes among others highly needed [1]. The current lab-based diagnostic
methods have numerous disadvantages as they are expensive, time-consuming,
require expensive equipment with a necessity for pre-treatment of samples and
trained personnel for operations and little scope for portability. Thus, there is a
need for a new development which can fulfill the World Health Organization’s
ASSURED (affordable, sensitive, specific, user-friendly, reliable and robust,
equipment free and deliverable) criteria for portable diagnostic devices [2].

Accompanied with the potential for nanofabrication, integration of microflu-
idics and miniaturization has opened a new avenue for the fabrication and
adaptation of various nanostructures as lab-on-a-chip modalities such as sil-
icon nanowires (SiNW) [3, 4, 5, 6, 7], bioFETs [8, 9], single-walled carbon
nanotubes (SWCNTs) [10, 11], silicon nanoribbons (SiNR)[12, 13, 14]. These
Point-of-Care (POC) based diagnostic methods enable accessible and easy di-
agnosis with the detection of analyte at low concentrations, low requirement
of sample volume and simple process are the essential features [15]. These
nanostructures received extensive interest due to their large surface area to
volume ratio which makes them highly sensitive to the charges around them

1



2 CHAPTER 1. INTRODUCTION

[4] and imparts fM detection capabilities [16]. However, these structures have
encountered various roadblocks which have hindered further development and
commercialization of thesemodalities. Some of themajor issues involvedwith
these structures are:

1. Trade-off between uniform fabrication of structures and cost [17, 18,
19],

2. Donnan potential on the surface due to ionization of surface of the nanos-
tructures giving rise to immobile charges which attract other mobile
charges giving rise to an electric potential [20],

3. The need for the integration of a mixing/pumping modality which en-
sures mixing in order to assure that the sensitivity of the device is not
restricted to diffusion limited sample delivery [21],

4. Challenges accompanied with the detection of small molecules with
weak charges and large molecules with extremely low concentrations
(like cancer markers) due to the Debye screening effect [22, 23],

5. The low-frequency flicker noise which degrades the detection limit of
the device by severely affecting the sensitivity and accuracy of the mea-
surement [24].

Hence, there is a need to work and develop new avenues which will improve
all the drawbacks and permitting better device performance, higher sensitivity,
accuracy, and limit of detection.

The electrokinetic phenomenon has been used extensively in the characteriza-
tion of surface properties and charges but was initially considered as interfer-
ence and a source of noise in an electrical sensor [25]. However, this effect was
successfully exploited by Dev et al. in order to utilize the electrokinetic phe-
nomenon like streaming potential and streaming current for biosensing [26].
This sensing modality has been further studied and developed for the detection
of small extracellular vesicles and other biomolecules [27]. Even though this
method holds a lot of promise for future adaptation, it is hampered by current
drift and electrical noise issues as well as the limited scope of miniaturization
due to the use of large electrodes. The issues faced by the above two sensing
methodologies can be resolved by studying the prospect of an extended gate
field effect transistor as a pseudo-reference electrode. This will enable us to
have further control over the sensing dimensions and also have a scope for
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miniaturization. These have been reported to be successfully adapted for pH
sensing [28, 29, 30, 31, 32], but have not yet been used in combination with
biosensors. Hence, there is a lot of potential to study and optimize their appli-
cation in biosensing as well which will enable a direct control over the ampli-
fication and enable customization of surface functionalization and dimensions
to improve the signal to noise ratio and the sensitivity of the device.

1.1 Thesis Objective
The major objective of this thesis is to study the potential for the application of
the extended gate field effect transistor based electrode using a capillary-based
electrokinetic sensor as transducer accompanied with a commercial transis-
tor to develop a proof of concept for the same. The thesis will also study
the stability of the electrode under different pressure pulse and current bias-
ing conditions to determine and optimize optimal operation conditions. This
will be followed by the comparative analysis of the limit of detection (LOD)
and the signal to noise ratio (SNR) of extended gate field effect transistor and
platinum electrode as pseudo-reference electrodes by using the well-studied
protein affinity pair of Herceptin and Z-domain [33].

1.2 Thesis Outline
Chapter 2 of the thesis deals with the necessary theoretical background of con-
cepts crucial for the understanding of experiments carried out for this thesis.
In this thesis, two different types of pseudo-reference electrodes - platinum
and extended gate field effect transistor were used. Chapter 3 broadly explains
the methods employed for the experiments. The results and interpretation of
the various observations and analysis are discussed in chapter 4.



Chapter 2

Background

This chapter of the thesis deals with the theoretical background necessary for
the understanding of key principles especially focusing on ion sensitive ex-
tended gate field effect transistors, electrokinetic biosensing and noise consid-
erations.

2.1 Electrokinetic Effects
Electrokinetic effects such as streaming current and streaming potential arise
as a result of a pressure driven flow of electrolyte through a microchannel.
This flow results into a viscous drag on the mobile ions in the electric double
layer which accumulates ions in the direction of the flow. This results in an
electric potential known as the streaming potential Vstr along the channel. The
electrical shorting of the ends of this channel with an external conductor along
with the resultant streaming potential drives a conduction current through this
circuit which is equal and opposite to the streaming current Istr. This effect is
linearly dependent on the pressure difference between the ends of the channel
and the zeta potential of the surface. For this thesis, we mostly concentrate
on streaming potential and streaming current which are kinetic effects that
are generated due to the movement of ions in the diffuse layer by means of
a pressure gradient applied across a fluidic channel [34]. The application of
a pressure gradient dp

dL
across a fluidic channel of cross-sectional area A and

length L generates a fluid flow causing the movement of ions in the direction
of the flow. This movement of ions close to the liquid-solid interface leads to
a net current density which is known as the Streaming Current Istr [35].

From the measured streaming current, the zeta potential ζ can be determined

4
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by using the following relation:

ζ =
η

ε

L

A

Istr
∆P

(2.1)

where L and A are the length and the cross-sectional area of the capillary
respectively, η and ε are the permittivity and viscosity of the bulk solution re-
spectively.

The zeta potential of a surface can also be determined from the streaming
potential measured by the analysis [35, 36]. The relation between the two is
given by the following equation:

Vstr =
ε

ησ
ζ∆P (2.2)

where σ is the electrical conductivity of the bulk solution.

2.1.1 Electrokinetic Effects for Biosensing
The streaming current and streaming potential based techniques are widely
used to study and characterize the surface properties and study the kinetics of
adsorption and desorption of various species on a variety of substrates [37].
These methods being very sensitive to the surface properties such as the sur-
face charges, can be used for sensitive detection of biomolecules.

The principle used in this thesis is based on the sensing modality developed in
our lab by Dev et al. [26] using a functionalized silica microcapillary andmea-
suring the pressure and streaming current when the analysis was induced by
two alternating flow rates. This sensing principle was recently also utilized by
Cavallaro et al.[27] for detecting small extracellular vesicles with high speci-
ficity and sensitivity. The streaming current measured was used to the cal-
culate apparent ζ∗ by the following relation arising due to the electrokinetic
effect [38]:

ζ∗ =
η

ε

L

A

∆Istr
∆P

(2.3)

In the above equation, ∆P and ∆Istr indicate the difference in the pressure
and streaming current respectively upon alternating the flow of electrolyte at
two different flow rates. Here, the zeta potential is indicated as the apparent
zeta potential or ζ∗ as the relationships and equations mentioned above are
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Figure 2.1: Schematic depicting the principle of electrokinetic detection em-
ployed in this thesis. Reproduced with permission from [27] Copyright (2019)
American Chemical Society

not standardized and valid for rough surfaces or non-homogenous charge dis-
tribution. Therefore, in this case, it is not an accurate surface zeta potential
measurement. However, this method relies on the difference between the two
apparent zeta potentials namely the initial baseline and the baseline after the
injection of the sample. Hence, this method can still be used for the detection
of molecular adsorption onto the surface. So the new term apparent zeta po-
tential or ζ∗ is only used to make a distinction with the true zeta potential ζ
[26, 27]. The main aim of this thesis is to investigate the prospect of using ex-
tended gate FET as a pseudo-reference electrode for microcapillary biosensors
and compare its performance with metal electrodes e.g. platinum. Preliminary
results clearly show an improved limit of detection accompanied with better
signal-to-noise ratio which might be helpful for designing a miniaturized elec-
trokinetic sensor with better sensitivity.

Figure 2.2: Schematic of the measurement setup involving platinum elec-
trodes. Created with BioRender
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The two sensing modalities used in the thesis utilize platinum and extended
gate FET as a pseudo-reference electrode respectively. In the case of a plat-
inum electrode, a streaming current arising due to electrokinetic effects is mea-
sured when there is a pressure pulsed differential flow of electrolyte through
the functionalized silica microcapillary. This can be well understood with the
help of Figure 2.1 where the change in the streaming current between the in-
jection of the buffer and the analyte (regions 1 and 2 respectively) indicates the
binding of the analyte to the functionalized capillary surface. The setup used
for this analysis usually utilizes pair of a platinum electrodes for each capillary
being measured. This creates a major bottleneck especially while multiplex-
ing as it is difficult to integrate all the electrodes together due to their large
sizes as seen in Fig 2.2. Hence, it is important to develop a modality wherein
miniaturization might be possible.

Figure 2.3: Schematic of the measurement setup involving EGFET based
pseudo electrode. Created with BioRender

When an extended gate FET (EGFET) is used as a pseudo-reference electrode,
this pulsing pressure generates a pressure dependent streaming potential which
supplements the supplied gate potential across the platinum electrode. This
combination of the supplied gate potential and streaming potential controls
the gate voltage applied on the transistor, hence having an effect on the flow
of current through the transistor as well as the amplification levels [39, 40].
Using EGFET based pseudo-reference electrodes provide a scope for multi-
plexing measurements wherein multiple analysis could be carried out at the
same time resulting in easier and cheaper diagnosis accompanied with scope
for miniaturization as seen in Fig 2.3 as it removes the bottleneck associated
with the use of platinum electrodes due to their large footprint.
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2.1.2 Advantages of Electrokinetic Sensing
The approach of electrokinetic effects has gained attraction especially for biosens-
ing but has been limited for the detection of small molecules and proteins.
This method holds immense potential especially in cases wherein the surface
coverage might be low as other sensing methodologies like fluorescence and
surface plasmon resonance usually require much higher surface coverage [41].
Electrokinetic based sensing methods are versatile, fast, easy to use, and being
completely electronic have a huge potential for scale-up and miniaturization
with simple integration with fabrication and microfluidic-based technologies.
This is extremely beneficial as on a macro scale, the sensitivity is hindered and
limited by the transport of analyte to the sensing region due to bulk effects,
whereas integration with a microfluidic platform with the high surface area
to volume ratio and short diffusion lengths enables higher transport towards
the surface improving the signal [42]. This mode of sensing holds immense
potential for the diagnosis of various diseases as well as the monitoring and
progression of therapies.

2.1.3 Limitation of Electrokinetic Sensing
The electrokinetic effects namely streaming potential and streaming current
arise due to the movement of ions in the diffuse layer by means of a pres-
sure gradient applied across a fluidic channel [34]. The potential and the cur-
rent generated is extremely small (∼pA) and is extremely sensitive to various
sources of noise and environmental disturbances. The major source of noise
is the low-frequency flicker noise [43] which along with the Debye length [44,
45] limits the sensitivity and affects the limit of detection.

2.2 Field Effect Transistors
A field-effect transistor (FET) is comprised of three terminals: the source,
gate, and drain. The electric field generated due to the potential difference
applied on the gate can be used to modulate the current. The current is con-
ducted by electrons or holes depending upon the type of FET. An application
of a positive potential difference to the gate leads to the repulsion of free holes
(positive charge) from the substrate under the gate. These free holes move
downward into the substrate yielding a carrier depleted region. This region is
filled by negatively charged acceptors. The positive potential difference also
attracts the negatively charged electrons from the substrate into the channel.
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As the number of electrons reaches a sufficient number, an extremely thin n-
channel is induced which bridges the source and drain regions, forming an
electronic path between them. The application of a potential difference across
the source and drain along with the created channel leads to a current flow [8].

Figure 2.4: Schematic illustration of a metal oxide semiconductor field effect
transistor. Reproduced under CC BY-SA 3.0 license

The gate voltage and the drain voltage of a FET regulate the flow of current
through a FET. The device can be operated in one of the three operational
regions- saturation, linear and sub-threshold as shown in Fig 4.4 depending
upon the choice of the two parameters.

Figure 2.5: Operational regions of a FET.
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The threshold voltage Vth is defined as the minimum gate voltage for which the
device is ‘on’ and conducts a significant amount of current. When the applied
gate voltage is lower than the threshold voltage Vgs < Vth, the device is said to
operate in the sub-threshold region with the drain current is known as the sub-
threshold current. This operation region is preferred for FET based sensors to
amplify the response upon the addition of the analyte as the increase of drain
current is exponential in this operation region. [46]. The MOSFET operates
like a resistor, controlled by the gate voltage relative to both the source and
drain voltages. The current from drain to source is modeled as:

ID = µnCox
W

L

(
(VGS − Vth)VDS −

VDS
2

2

)
(2.4)

where µ is the mobility of electrons in the channel, L andW is the length
and the width of the channel respectively andCox is the capacitance of the gate
per unit area.

At the linear or saturation regime, the drain current is very high resulting in
the saturation of the response. The gate-source voltage is higher than thresh-
old voltage and the drain-source voltage is lower than the difference between
the gate-source and threshold voltage Vgs > Vth and Vds < VgsVth [46]. The
transistor operation in this mode is defined as follows:

ID =
µnCox

2

W

L
[VGS − Vth]

2 (2.5)

2.2.1 Ion-Sensitive Field-Effect Transistors
The concept of the ion-sensitive field effect transistor (ISFET) was first in-
troduced in 1970 by Bergveld [47], but the major developments for adapting
these ISFETs for sensing purposes were seen in the late 1990s and early 2000s
when they were employed to for pH sensing using CMOS processing tech-
nology. ISFETs were first used as a sensor in 1980 when Caras and Janata
used it to detect penicillin [48]. ISFET is composed of a MOSFET wherein a
gate terminal has been replaced by an ion-selective membrane, reference elec-
trode, and an electrolyte. This forms the sensing region of the ISFET and the
magnitude of the signal (current flow) is not only dependent upon the charges
carried by the biomolecules interacting with the dielectric, but also by the pH
of the electrolyte and the solution in contact with the dielectric [46]. ISFET
provides a label-free sensing modality along with a potential for miniaturiza-
tion and integration with CMOS based techniques allowing the development
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of nano-scale portable devices known to reduce non-specific adsorption yield-
ing an increase in the limit of detection [49, 50].

Figure 2.6: Schematic structure of an ISFET. Reproduced from [46] under CC
BY-SA 3.0 license.

The use of ISFET based sensors has been widely reported for the detec-
tion of urea [51, 52], glucose sensing [53], detection of DNA [54], detection of
single nulceotide polymorphisms (single base changes) in the DNA [55], de-
termination of DNA bases [56], detection of ribosomal and other proteins [57,
58] and the detection of immunological molecules [59, 60]. Even though there
has been extensive research in this field, there still are a number of drawbacks
holding this technology from widespread adoption like:

1. Ionic screening effect limited charge sensing [61, 44],

2. Difficulties in the miniaturization and integration of reference electrode
on the chip [62]

3. Intrinsic drift of the device in an aqueous medium [63],

Hence, there is a need to improve this modality by taking advantage of the
great potential offered by CMOS technology.
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2.2.2 Extended Gate Field Effect Transistors
The Extended Gate Field Effect Transistor was developed by van der Spiegel
et al. [64] in 1983. The main motivation behind this concept and development
was to protect the device from any possible damage caused because of pene-
tration of liquid as the sensing surface is always exposed to the liquid in case of
an ISFET. An EGFET consists of a sensitive structure independent of the tran-
sistor, which is connected to the gate of the transistor by a shielded connection.
The EGFET is highly temperature and corrosion resistant. In addition, as the
electronics are separated it allows for convenient post-processing, especially
the engineering and surface modification and functionalization of the EGFET
separately from the transducer enabling easier fabrication and post-treatment,
higher usage flexibility and simpler integration with commercial electronics
such as commercial transistors [39].

Figure 2.7: Schematic structure of an EGFET. Reproduced from [39] under
CC BY-SA 3.0 license.

The stable performance of an extended gate surface accompanied with a
MOSFET has been well studied under different variations in the environment
such as chemical ions [65], temperature [66] and light conditions [67]. The
separation of the sensing region from the electrical components permit the
modification of the geometry of the sensing region. By varying the width and
length, and hence the aspect ratio the power output from the transistor can be
regulated and increased [68, 67]. Considering the equation 4 (2.4) explained
previously, the control over the aspect ratio of the sensing region (W/L) and
hence, the transconductance gm permits higher control and regulation of the
device performance parameters. The increase in the surface area accompanied
with higher transconductance is known to reduce the 1

f
flicker noise which is

the major source of noise in these systems [69]. In addition, the response time
of the sensor can be reduced by increasing the aspect ratio by decreasing the
length and making the sensing region wider. This will protect the sensor from
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external interferences [70].

EGFET based biosensors have been widely used for pH sensing [71, 72], wa-
ter quality monitoring by pH and conductivity analysis [73], detection of urea
[74], glucose monitoring [75, 76], specific RNA detection from Staphylococ-
cus aureus [77] and for immunosensing where it was developed for detecting
dengue virus specific proteins [9].

2.3 Noise Considerations
MOSFETs are affected by two basic fundamental sources of noise namely
flicker or low frequency 1

f
noise and thermal noise. Amongst the two, low-

frequency flicker noise is more critical as compared to thermal noise as the
process of biosensing involves a long analysis time. The low-frequency flicker
noise is usually attributed to number fluctuation theory, according to which
the noise is caused by the fluctuations in the number and mobility of carriers
that participate in the process of conduction caused by detrapping and trap-
ping of carriers at the interface of the silicon and the insulator [43]. This
noise acts as a source of voltage and induces changes in the current through
the FET. On the other hand, the thermal noise is highly dependent on the dis-
tribution of mobile carriers and the conductivity of the channel [78]. There
is also some contribution due to the noise arising from the Faradaic contri-
bution . These are generally current and/or potential fluctuations due to the
redox reaction that occurs at the heterogeneous electrode and the electrolyte
interface [79]. Faradaic contributions may arise due to the degradation of the
surface, mechanical erosion, partial faradaic currents over the electrodes and
adsorption/desorption over time [80].

In cases where a FET was used directly for biosensing as in the case of IS-
FETs, it was observed that the low-frequency flicker noise and thermal noise
is supplemented by the electrode-electrolyte interface which gives rise to an
electrochemical interference [81]. Further, an increase in the concentration
of electrolyte results in a decrease in the resistance of the electrolyte [82].
Therefore, it might be of interest to consider a high electrolyte concentration
to minimize the effect of electrolyte resistance. On the other hand, using a
concentrated electrolyte will result in high charge screening as concentrated
electrolytes have smaller Debye Length (λD) causing a reduction in the sensi-
tivity of the sensor modality developed. The most dominant noise, in any case,
is the low-frequency flicker noise, hence the electrolyte concentration can be
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reduced to obtain higher sensitivity [44, 83]. In order to further improve the
signal from the FETs, the low-frequency flicker noise can be suppressed by sur-
face functionalization and passivation with chemical molecules and increasing
the surface charge density by altering the pH [84].

2.4 Pseudo Reference Electrodes
In case of a FET, a reference or a pseudo-reference electrode is generally uti-
lized to apply a gate voltage to the transistor controlling the operating regime,
amplification, and other device operating parameters. The major difference
between reference and pseudo-reference electrode is that a reference electrode
has a well known and stable potential ensured by the thermodynamic equilib-
rium due to the filling solution in the electrode that participates in the elec-
trochemical reaction. In the case of a pseudo-reference electrode however, the
potential depends on the analyte solution and may vary. In order to reduce
noise and prevent drift, a stable interface between the solution and electrode
is necessary [85].

2H+(aq) + 2e− ⇀↽ H2(g) (2.6)

In most of the cases where the principle of electrokinetic flow based sens-
ing is employed, a platinum tube which is a pseudo-reference electrode is used
as the gate electrode as it is hollow permitting the flow of liquid through it. It
does not consist of any electrolyte or salt to maintain the chemical reaction.
There are still various stability and drift issues associated with platinum elec-
trodes which lead to noise as they are highly sensitive to pH variations in the
solution. In the late 1980s and early 1990s, there was an increased research fo-
cus on miniaturization of reference electrodes to integrate them into a CMOS
compatible FET. These solid state reference electrodes are in direct contact
with the solution while maintaining a constant potential difference irrespec-
tive of the type of molecular species at the electrolyte-electrode interface [86,
87].

A conventional reference electrode can be replaced with a chip-based elec-
trode which has an active surface layer which brings about a change in surface
potential upon the change in electrolyte potential with no dependence on chem-
ical or pH reactions. Hence, there is a need to passivate and functionalize the
surface with different surface treatment methodologies to limit the change in
potential due to pH or ion sensitivity of the surface. This will enable much
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higher stability and sensitivity.

The first step in this regard was carried out in 1982 by Nakajima et al. [29] who
introduced a Si3N4 ISFET chemically coated with parylene which functioned
as a reference FET or RFET. This RFET was plagued by a lot of issues and
failed to operate as an ideal reference electrode as the potential was affected
by pH changes. The reason behind the failure of this device as a reference
electrode was attributed to the use of short-chained silanes for passivation of
the surfaces. The passivation was insufficient to reduce the number of active
surface groups andmobile charge carriers [88] responsible for the pH response
[86].

Perrot et al.[31] worked on improving upon the concept of reference FET laid
down by Nakajima et al. in 1982. In their work, two conventional FET with
different active layers were used in a differential mode to detect Ag+ ions.
The first FET was functionalized with Ag selective cyano-terminated silane
and was called the sensing FET. The second or the reference FET was func-
tionalized with a stable layer of isopropyl silane which is non-reactive. This
methodology again involved the use of short-chained silanemolecules and was
plagued by strong pH sensitivity.

Bataillard et al. [30] developed a Si/SiO2 electrolyte structure which was
functionalized with a long- chain docosyl chain silane (C-22 alkyl chain).
There was a marked reduction in the pH sensitivity which was a step forward
in further improving the use of these electrodes.

The work in this field was again refreshed by Tarasov et al. [28] wherein they
utilized silicon nanowires with an active Al2O3 surface functionalized with a
long C-18 alkyl chain silane to study the effect of surface coverage and passi-
vation on the response of the electrode. They were successful in obtaining a
highly effective reference sensor (reference FET) where the sensitivity to pH
was reduced by about two orders of magnitude.

The scope of this thesis deals with studyingwhether a similar pseudo-reference
electrode strategy could be integrated with the electrokinetic biosensing work
going in the lab [26, 27]. Usually, the electrokinetic studies carried out involve
the use of two platinum tube electrodes which have shown high sensitivity to
variations and noise and drift in the measurements which affect the limit of
detection for the biosensor. By replacing one of the platinum electrodes with
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a metallic-extended gate contact with a sensitive Al2O3 layer there is a chance
to improve the stability and sensitivity of the measurements by reducing the
drift and noise [89] . The other advantage of using an extended gate FET as
a pseudo-reference electrode is that it gives precise control for amplification
which can further be tuned depending upon the reaction condition, concentra-
tion, and needs of the analyte and the experiment [32].

2.5 Protein Interaction
In this thesis all the optimization and experiments were carried out with the
use of Staphylococcus aureus protein A derived dimeric Z-domain. This Z-
domain has high binding affinity and specificity towards human IgGwith aKD

value of about 10−9M [90]. The KD value depicts the equilibrium dissocia-
tion constant which is the benchmark to evaluate the affinity of the molecular
interactions. The smaller KD value (as in this case) signify greater binding
affinity of the ligand (Z-domain) to the target (human IgG)[33] . Trastuzumab

Figure 2.8: Schematic illustration of the interaction between Z-domain and
Herceptin. Created with BioRender

was used as the IgG binding partner. Trastuzumab is a recombinant human-
ized monoclonal antibody which is an active component in the anti-cancer
drug Herceptin (Roche A.G.) used for HER2+ breast cancer [91]. The inter-
action between the Z-domain and Herceptin (trastuzumab) can be seen in the
Figure 2.8.
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Methods

As described in the preceding sections, the main biodetection method used in
this thesis is based on the principle of electrokinetic effect which has already
been reported in various articles [26, 27]. However, this thesis investigates var-
ious prospects of utilizing an extended gate FET as a pseudo electrode replac-
ing metal or Ag/AgCl electrode in the setup. The sensitivity of detection for a
representative protein-receptor interaction is tested and compared between the
two different electrode systems (EGFET and platinum) though with identical
capillaries. In addition, the electrode stability under different conditions and
the signal to noise ratio of various measurement modalities (streaming current
and streaming potential) are compared. The methods used are described in
detail in the following sections.

17
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3.1 Measurement Setup

3.1.1 ExtendedGate Field Effect Transistor as Pseudo
Reference Electrode

Substrate Chip

The chips for the extended gate were fabricated on a silicon (Si) wafer in the
cleanroom. The wafers were first cleaned with Piranha solution (3 parts of
concentrated sulphuric acid (H2SO4) and 1 part of 30 % hydrogen peroxide
solution (H2O2)) for 5 minutes and washed with deionized water before drying
at room temperature. This was followed by the deposition of a 150 nm thick
titanium-tungsten adhesion layer by evaporation, followed by a deposition of
a 200 nm thick gold (Au) layer. The use of a gold layer passivates the surface
and gives out a very low pH-dependent response making sure that the sensor
response is primarily due to the biomolecules [14]. Finally, a 50 nm thick
Aluminum Oxide Al2O3 layer was deposited on top by atomic layer deposi-
tion (ALD). The high quality of deposition of oxide by ALD ensures that the
leakage current and hysteresis when in contact with liquid is low in order to
reduce the device noise. The use ofAl2O3 as the gate oxide prevents dielectric
breakdown and current drift in case of incorporation of ions. It also permits
the reuse of the substrate as Al2O3 is weakly charged at neutral pH leading to
a reduction in fouling caused by non-specific adsorption on the surface [92].

Figure 3.1: Schematic of the measurement setup involving EGFET. Created
with BioRender
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Setup

A custom designed and built setup as seen in Fig 3.2 was used for the mea-
surement. It consists of a platinum electrode which connects to the inlet from
the flow sensor integrating the system with the fluidic system. The platinum
electrode was then connected to the top structure which has further connec-
tions. The platinum electrode was used to apply the gate voltage Vg provided
by Keithley 2636A Sourcemeter. Currently, only one connection is in use, but
there is a possibility to use five of them at the same time enabling a multi-
plexed biosensing system. There were some trials to do multiplexing with two
channels, but due to noise and other unknown issues, the plan was restricted
to optimize the device for a single channel only.

The custom designed setup consisted of a reservoir to dip the attached func-
tionalized capillary with the extended gate substrate chip inside at the bottom,
which was then connected to the gate of the commercial transistor- 2N7000
N-channel MOSFET from ON Semiconductors with a shielded electrical con-
nection forming an EGFET at the outlet as shown in Fig 3.2. The MOSFET
was then connected to the Keithley 6336 sourcemeter to record the data on a
specially designed LabView program. The setup was operated inside a Fara-
day cage to shield it from electrostatic and other sources of noise.

Figure 3.2: Picture of the actual setup used for EGFET
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3.1.2 Platinum as Pseudo Reference Electrode
The setup consisted of a pair of platinum electrodes at the inlet and outlet with
the functionalized capillary connected in between them, The streaming cur-
rent Istr was measured across the pair of platinum electrodes using a Keithley
2636A SourceMeter as seen in Fig 3.3. The data was recorded on a specially
designed LabView program and the setup was operated inside a Faraday cage
to shield it from electrostatic and other sources of noise.

Figure 3.3: Schematic of the measurement setup involving platinum elec-
trodes. Reproduced with permission from [27] Copyright (2019) American
Chemical Society.
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3.2 Surface Treatment of EGFET Electrode
The most important part of this project was to determine the most optimal
surface treatment methodology which gives a stable current with minimal drift
and noise. The various strategies studied are as follows:

(A) Cleaning of the chip with isopropanol and water followed by oxygen
plasma treatment;

(B) A followed by caseination ;

(C) A followed by caseination and buffer wash;

(D) A followed by caseination, buffer wash and incubation in deionized wa-
ter for 24 hours;

(E) A followed by caseination, buffer wash and incubation in deionized wa-
ter for 48 hours.

Out of the above-mentioned studies, strong current drift was observed in all
the cases except the last one.

This lack of stability in current was attributed to the decomposition of the
Al2O3 oxide layer in basic pH conditions of PBS buffer leading to hysteresis
[93]. The oxide layer on the substrate is only 50 nm thick and is more impervi-
ous to faster degradation especially when stored in mild-alkali conditions for
extended periods of time. It has been reported that the Al2O3 oxide layer can
be protected by storing it under hydrated conditions in water as it allows the
formation of a thin layer of water at the substrate, protecting the oxide layer
from degradation [94].
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3.3 Capillary Functionalization

3.3.1 Silanization
The protocol for the capillary functionalization has been adapted from previ-
ous work done by Dev et al.[26]. Fused silica capillary fibers (Acreo Swedish
ICT AB, Sweden) were used as microfluidic channels. The capillaries were
about 45 mm long with an inner diameter of 25 µm. The capillaries were
firstly flushedwithwater to clean the inner surface. This was followed by flush-
ing the capillaries with a cleaning solution comprising 5 parts of de-ionized
water, 1 part of 30% H2O2 and 1 part of 25% NH4OH at 88 ◦ C for about
10 minutes. The capillaries were allowed to cool. This process yields a thin
layer of oxide on the inner surface of the capillary due to oxidation by H2O2.
The capillary was then flushed again with deionized water and 96% ethanol
for about 5 minutes each. The inner capillary surface was then coated with
5% (3-Aminopropyl)triethoxysilane (APTES) in 96% ethanol for 10 minutes.
Subsequently, the capillary was flushed with 96% ethanol and 1x phosphate
buffered saline (PBS) for 5 minutes each.

Figure 3.4: Silanization with APTES followed by activation with glutaralde-
hyde. Reproduced from [95] with permission from the Royal Society of Chem-
istry.
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3.3.2 Experimental Capillary with Z-domain
The activation of the APTES coated inner surface of the capillary was carried
out by flowing 1% glutaraldehyde in 1x PBS for 1 hour. Post the activation,
the capillary was immediately injected with 50 µg/mL of Z-domain for about
2 hours to allow the receptor molecules to bind covalently by means of amide
bonding onto the activated APTES functionalized inner surface. This step
was followed by flowing a blocking solution consisting of 0.1 M Tris and 50
mM ethanolamine for 30 minutes to deactivate remaining active sites on the
capillary. The capillary was washed by flowing 1 x PBS in between each of
the steps. The capillary was then flushed with 0.1 X PBS and stored in the
refrigerator under N2 until further use. Prior to the biosensing experiments,
the capillary was injected continuously with 0.5 % w/v casein solution at 5
µL/sec for 2 hours. This was done to prevent non-specific interactions which
might yield false positive results.

Figure 3.5: Covalent bonding of the receptor molecule (antibody) onto the
activated APTES coated layer. Reproduced from [95] with permission from
the Royal Society of Chemistry.

3.3.3 Capillary for Control Experiments
The procedure to functionalize the capillary for control experiments differs
a bit from the experimental capillary. The activation of the APTES coated
inner surface of the capillary was carried out by flowing 1% glutaraldehyde in
1x PBS for 1 hour. Post the activation, the capillary was flowed with 0.5 %

w/v casein solution for 2 hours. This step was followed by flowing a blocking
solution consisting of 0.1 M Tris and 50 mM ethanolamine for 30 minutes to
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deactivate remaining active sites on the capillary. The capillary was washed by
flowing 1 x PBS in between each of the steps. The capillary was then flushed
with 0.1 X PBS and stored in the refrigerator underN2 until further use. Prior
to the biosensing experiments, the capillary was injected continuously with
0.05 % w/v casein solution at 5µL/sec for 2 hours. This was done to prevent
non-specific interactions which might give false positive results.

3.4 Measurement Procedure

3.4.1 Extended Gate FET as Pseudo Reference Elec-
trode

The substrate chip was washedwith isopropyl alcohol andwater and dried with
N2 gas. This was followed by plasma cleaning of the substrate in a mixture
of argon and oxygen for 2 minutes to remove any remaining organic debris on
the surface. The plasma cleaned substrate chip was then immersed and incu-
bated in 0.05 % w/v casein solution for 2 hours. This was followed by rinsing
with deionized water and immersion and incubation in 0.1 x PBS buffer for 2
hours. The substrate chip was finally rinsed again with deionized water, im-
mersed and incubated in deionized water for about 48 hours.

Post the surface treatment, the substrate chip was dried withN2 gas and placed
on the holder. The oxide layer was gently scratched on the two ends to make
contacts to connect with the 2N7000 FET.

A commercial pressure controlling system (Elveflow, OB1) was used to pump
0.1 x PBS buffer at rectangular pulses of 30 seconds switching between two
pressure levels of 1500 mbar and 3000 mbar such that the pressure difference
is maintained as 1500 mbar. The flow rate of the buffer into the capillary was
monitored and controlled with a commercial flow sensor (Elveflow, MFS3)
used with the pressure controlling system. The flow rates were determined
to be 4.8 and 2.2 L/min for the applied pressure of 3000 mbar and 1500 mbar
respectively. This pressure driven flow of 0.1 x PBS buffer and/or sample gen-
erates a streaming potential Vstr which modulates the gate bias, such that the
actual applied gate bias is a sum of the applied gate bias and the streaming po-
tential. This value of bias then drives current through the 2N7000 commercial
FET (ON Semiconductors). The drain current arising due to the supplemen-
tation of the Vg by Vstr is switched by the Keithley 707B Switching Matrix
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and recorded by the Keithely 6336 sourcemeter. The data was recorded with
a custom LabView program and analyzed using a MATLAB program using
equation 2.2 (2.2).

3.4.2 Platinum as Pseudo Reference Electrode
The setup consisted of a pair of platinum electrodes at the inlet and outlet with
the functionalized capillary connected in between them, The streaming cur-
rent Istr was measured across the pair of platinum electrodes.

A pressure controlling system (Elveflow, OB1) was used to pump 0.1 x PBS
buffer at rectangular pulses of 30 seconds switching between two pressure lev-
els of 1500mbar and 3000mbar such that the pressure difference is maintained
as 1500 mbar. The flow rate of the buffer into the capillary was monitored
and controlled with a commercial flow sensor (Elveflow, MFS3) used with the
pressure controlling system. The flow rates were determined to be 4.8 and
2.2 µL/min for the applied pressure of 3000 mbar and 1500 mbar respectively.
The setup was operated inside a Faraday cage to shield it from electrostatic
and other sources of noise.

This pressure driven flowof 0.1 x PBS buffer and/or sample generates a stream-
ing current Istr and streaming potential Vstr which was recorded by Keithley
2636A SourceMeter. The data was collected with a custom LabView program.
The streaming current and streaming potential measured were used to calcu-
late the apparent ζ∗ using a MATLAB program by the equations 2.2 (2.2) and
2.3 (2.3) arising due to the electrokinetic effects.
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Results and Discussion

This section will begin with the characterization of the extended gate field ef-
fect transistor as a pseudo-reference electrode followed by optimization of var-
ious operating parameters by studying the dependence of electrode properties
like noise and drift on the various parameters like surface treatment, pressure
pulse range and biasing condition. After optimal operation conditions have
been determined, it was followed by biomolecular sensing using Herceptin and
Z-domain as protein interaction of interest. The signal to noise ratio and the
limit of detection obtained with the EGFET pseudo-reference electrode will
be compared with the operational values from a platinum pseudo-reference
electrode based sensing modality.

4.1 ExtendedGate FET asPseudo-Reference
Electrode

4.1.1 Effect of Surface Treatment
A surface passivation of the substrate was carried out in order to the reduce
effective trap density. For this purpose, casein was used as it saturates the
free binding sites on the functionalized microcapillary preventing non-specific
binding to the surface and improving the sensitivity of the assay [96]. Usu-
ally, silanization is the most widely used surface passivation for ISFET based
pseudo-reference electrodes as reported by Tarasov et al. [28]. This method,
however, uses casein which is non-toxic and easy to handle as compared to
silane molecules which are usually toxic. It also suppresses the charge in-
teraction at the interface of the electrolyte and the substrate and results in a
lower effective trap density [97]. The wafer substrate treatment was further

26
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optimized and cleaned with extensive washing and incubation with 0.1 x PBS
buffer for 2 hours before the measurement to equilibrate the substrate. As
defined in the procedure in section 3.2, a step-wise optimization of surface
treatment was performed as follows:

(A) Cleaning of the chip with isopropanol and water followed by oxygen
plasma treatment;

(B) A followed by caseination ;

(C) A followed by caseination and buffer wash;

(D) A followed by caseination, buffer wash and incubation in deionized wa-
ter for 24 hours;

(E) A followed by caseination, buffer wash and incubation in deionized wa-
ter for 48 hours.

Figure 4.1: The current pulses measured with different surface treatment of
the EGFET substrate chip switching between 1500 mbar and 3000 mbar.
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The signals obtained can be observed in Fig. 4.1. The signal to noise
(SNR) for all of the above cases was determined by the following relation and
is represented in Fig 4.2.

SNR =
RMSSignal

RMSNoise
(4.1)

Figure 4.2: Signal to noise ratio for various surface treatments

The case A has the lowest SNR as the surface is not passivated and the ox-
ide layer is exposed to the ions which are known to degrade the Al2O3 oxide
layer in basic pH conditions of PBS buffer. An improvement in SNR in case
B when the surface is caseinated is observed as casein prevents nonspecific
binding reducing the noise background and improving the sensitivity. Further
improvement in SNR was observed after the chip was incubated in the 0.1 x
PBS buffer (C) which is the same buffer that is used for measurement. But,
there was still a lot of drift observed which can be attributed to the decompo-
sition of the Al2O3 oxide layer in basic pH conditions of PBS buffer leading
to hysteresis [93]. The oxide layer on the substrate is only 50 nm thick and is
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more impervious to faster degradation especially when stored in mild-alkali
conditions for extended periods of time. It has been reported that the Al2O3

oxide layer can be protected by storing it under hydrated conditions in water
as it allows the formation of a thin layer of water at the substrate, protect-
ing the oxide layer from degradation [94]. Hence, multiple studies were done
wherein the chip was immersed and stored in deionized water for 24 (D) and
48 (E) hours.

The best SNR was observed when the chip was immersed and stored in wa-
ter for 48 hours after the surface treatment. This optimization was selected
and all the experiments were carried out using a similar functionalization. A
treated chip was observed to work perfectly for about 12 days when it was
stored in water after each measurement with stability and minimal drift. The
passivation protocol optimized is as follows:

1. The chip was cleaned with isopropyl alcohol and deionized water fol-
lowed by drying under N2.

2. The chip was then treated with oxygen plasma for 2 minutes to remove
any organic debris on the surface.

3. The chip was then immersed in a solution of .05 % w/v casein solution
for 2 hours.

4. The chip was then washed with 1 x PBS to remove unbound casein and
immersed in a solution of 1 x PBS for 2 hours.

5. The chip was finally washed with deionized water to remove any salt
traces from the buffer and immersed in deionized water for 48 hours.

In order to verify the surface passivation, 20 nM Herceptin was injected
for about 10 minutes to the system and the response was studied as seen in Fig
4.3. In this case, a low pressure (500 mbar) was used to flow Herceptin into
the system. The pressure was not pulsed to prevent leakage of the solution and
short-circuiting and damage to the device.
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Figure 4.3: Response of a non-passivated and a freshly passivated surface upon
injection of 20 nM Herceptin

It was observed that upon injection of 20 nM of Herceptin on an untreated
non-passivated chip, there was a change in the current signifying that the sub-
strate chip is sensitive to ions. Whereas, for the treated and passivated chip
using the method above, it was observed that the current remains almost con-
stant and stable with minimal change. This signifies that the surface passiva-
tion is successful and the chip has minimal non-specific binding and has low
sensitivity and response to ions, hence reducing the ion related effects making
the surface insensitive to ions and further limiting the noise. It
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4.1.2 Initial Characterization
The use of an extended gate field effect transistor as a pseudo-reference elec-
trode was carried out by first studying the transistor characteristics by per-
forming an I-V sweep to measure the drain current Ids for different values of
gate voltage Vg without the extended gate to ensure that the 2N7000 MOS-
FET is working correctly. This was followed by connection of the gate of the
MOSFET to the extended gate chip placed in the setup. The I-V sweep was
performed again to measure the drain current Ids for different values of gate
voltage Vg at different pressure points- 1500 mbar and 3000 mbar as seen in
Fig 4.4.

Figure 4.4: Transfer Characteristics of the FET with and without the extended
gate in linear scale
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In Fig 4.5, a shift in the value of the drain current Ids corresponding to the
applied gate voltage Vg can be seen for different applied pressures 500 mbar,
1000 mbar, 1500 mbar, and 3000 mbar. Also, it can be observed that at the
same gate voltage the current is higher for higher pressure.

Figure 4.5: Zoomed image of transfer characteristics of the EGFET with dif-
ferent applied pressures

This observation is important for the initial characterization and verifi-
cation of the sensor. This is because the streaming potential Vstr is directly
related to the pressure [35, 39]. As the pressure increases, the streaming po-
tential also increases. This increase in streaming potential supplements the
applied gate voltage and leads to a higher drain current being observed as seen
in Fig. 4.6. Hence, we see that at higher pressure (3000mbar) the drain current
is also higher as compared to lower pressure (500 mbar) for the same applied
gate voltage.
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Figure 4.6: Effect of pressure dependent streaming potential on gate voltage.
Created with BioRender.

4.1.3 Operational Regime
The use of EGFET as a pseudo-reference electrode enables us to precisely
control the amplification by regulating and setting the gate voltage Vg in the
required current regime and levels as per the need. This feature is highly use-
ful but can also result in additional noise in the system. It is well known that
the transistor has noise contribution from low-frequency flicker noise, thermal
noise and noise arising from the electrode-electrolyte interface which gives
rise to an electrochemical interference [81].
Especially at low current levels, the predominant source of noise is the low-
frequency flicker noise. As the current levels go higher the transistor has more
noise effects arising due to the contribution from the thermal, dielectric and
capacitive noises [98]. Hence, it is important to consider all of the noise and
operational factors to determine the optimum operational regime. This goes
hand-in-hand with the transistor properties used to determine the operational
parameters of the transistor. The sub-threshold operation region is preferred
for FET based sensors to amplify the response upon the addition of the analyte
as the increase of drain current is exponential [28, 98].
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Figure 4.7: Transfer Characteristics of the EGFET at 1500 mbar with a linear
fit to determine Vth

Hence, the threshold voltage Vth of the extended gate FET at a flow of
1500 mbar was determined as 2.3 V by performing a linear fitting on the I-
V characteristics obtained during the gate voltage sweep as seen in Fig 4.7.
All the measurements in this thesis have been carried out in the sub-threshold
regime.

4.1.4 Optimization of Gate Bias
In order to determine and optimize the gate biasing and current levels, the re-
sponse of the transistor to a rectangular pressure pulse train alternating be-
tween 1500 mbar and 3000 mbar was studied. The current levels studied
ranged from 0.1 nA to 1000 nA and the corresponding gate voltages were
taken from the Ids and Vg curves. The root mean square value of the signal
and the noise was obtained by data analysis and fitting using a custom MAT-
LAB program and the signal to noise ratio (SNR) was determined by using
the equation 4.1 defined earlier in this chapter.



CHAPTER 4. RESULTS AND DISCUSSION 35

Figure 4.8: Plot depicting the SNR obtained while biasing at different current
levels

Figure 4.8 represents the different value of SNR obtained at various bias-
ing levels studied above. The error bars represent the standard deviation of the
data points obtained. The results obtained are as expected. At lower current
levels (below 1 nA), the transistor is seen to be operating in an ’OFF’ mode
which will affect the real-time biosensing measurements. As the current is in-
creased, there is a rise in the SNR for 1 nA followed by a decrease in the SNR
for all the subsequent biasing regimes- 10 nA, 100 nA and 1000 nA.

The main reason behind this decrease in the SNR is attributed to the increase
in the 1

f
low-frequency flicker noise which increases with the increase in cur-

rent [43]. Higher current levels are also known to have a higher contribution
arising from other sources of noise such as thermal, capacitive and dielectric
noise further reducing the SNR [98]. The results obtained by this study fol-
lows the trend of the dependence of SNR on gate potential reported by Heller
et al. in 2009 [99].
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4.1.5 Optimization of Pressure Pulse
The pressure pulse is one of the most important working parameters in this
study. The buffer and the analyte of interest are usually injected into the mi-
crocapillary by means of a pressure controller. The pressure controller allows
the flow profile to be determined by the user. There is a need to study the op-
timum flow of the sample and the buffer in the capillary to enable optimum
interaction of the injected solutions with the mobile ions present in the elec-
tric double layer on the inner surface of the capillary. The time-based pressure
pulsing enables a net flow of charge in the direction of the flow resulting in
streaming current and streaming potential.

A constant flow of electrolyte on the electrode may lead to polarization of
the electrode. The electrode polarization leads to the development of isolat-
ing barriers at the electrode-electrolyte interface. This influences the reaction
mechanism and kinetics, lead to a disruption in the charge distribution and thus
lead to noise and disturbances in themeasurement [100]. Hence. the use of dif-
ferential mode of measurement between two different pressure values (hence,
different streaming current and streaming potential values) ensures optimum
transport of the electrolyte and the analyte molecules as well as enables the
switching of the electrode between two different potentials, preventing the po-
larization of the electrodes and ensuring that the measurement is accurate and
sensitive [101].

In order to determine and optimize the pressure pulse for electrokinetic biosens-
ing, the response of the transistor to a rectangular pressure pulse train with a
pressure difference ranging between 500 mbar and 2500 mbar was studied.
The root mean square value of the signal and the noise was obtained by data
analysis and fitting using a custom MATLAB program and the signal to noise
ratio (SNR) was determined by using equation 4.1 defined earlier in this chap-
ter.
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Figure 4.9: Plot depicting the SNR obtained while pulsing at different pressure
differences

Figure 4.9 represents the different value of SNR obtained at various pres-
sure pulsing regimes studied above. The SNR for 500 mbar and 1000 mbar
pressure pulses are shown in the inset. The error bars represent the standard
deviation of the data points obtained. The SNR obtained for the small differ-
ential pressure pulses (500 mbar and 1000 mbar) was very low. The maximum
SNR was seen with pressure pulse with a difference of 1500 mbar. When the
difference in the pressure pulses was increased (2000 mbar and 2500 mbar), it
was observed that the SNR decreased. This was observed even though a higher
pressure difference∆P generates a higher streaming potential Vstr which leads
to a higher drain current for a specific applied gate voltage as seen in Fig.
4.6. Hence, the higher values of drain current may lead to an increase in low-
frequency flicker noise, thermal noise and other sources of noise affecting the
SNR adversely. A higher value of ∆P also causes a higher flow rate lead-
ing to consumption of more analyte and samples for biosensing, defeating the
purpose and advantage of biosensors.
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4.2 Biosensingwith EGFETPseudoReference
Electrode

The electrokinetic measurements were carried out at a biasing level between
1 and 2 nA such that the current difference between pressure pulses varying
between 1500 mbar and 3000 mbar yielded a ∆I of about 550 pA. This region
of the Ids and Vg transfer characteristic is seen to be exponential. Hence, the
EGFET operates in the sub-threshold operational regime as observed in Fig
4.10 below.

Figure 4.10: Transfer Characteristics of EGFET with the flow at 1500 mbar to
determine the measurement regime.

The electrokineticmeasurementswere carried out first by injection of freshly
prepared and filtered 0.1 x PBS buffer with the defined pressure pulses of 30
seconds each varying between 1500 mbar and 3000 mbar as optimized in sec-
tion 4.1.5. This was followed by the injection of Herceptin in different concen-
trations from 0.1 nM, 1 nM, 5 nM and 50 nM under similar flow and pressure
profiles.
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The injection of Herceptin brought about a gradual change in the stream-
ing potential and current due to the electrokinetic effect. After the stable cur-
rent profile was observed, 0.1 x PBS buffer was injected again to remove any
loosely bound or unbound Herceptin molecules. If this injection is carried out
for a longer time, there was an observance of dissociation of the bound Her-
ceptin molecules as well causing a further increase in the signal.

Figure 4.11: Vertically translated graph for real-time change in ∆I upon in-
jection of different concentrations of Herceptin.

The response of Z-domain functionalized capillaries upon concentration-
dependent injection of Herceptin is depicted in Fig 4.11. The individual plots
for every concentration have been vertically translated to begin from the same
baseline using the function for the same in Origin. It was observed that a much
faster response was obtained with the steady state being reached in about 20
minutes post injection for both 50 nM and 5 nM injection of Herceptin. The
absolute change in the amount of current was observed to be ∼ 297.6 pA, ∼
212.6 pA, ∼ 105.9 pA and ∼ 34.6 pA for 50 nM, 5 nM, 1 nM and 0.1 nM of
Herceptin respectively as seen in Fig 4.12.
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The response of control measurement was also carried out for both the
concentrations and it was observed that current was observed to be ∼ 161.45
pA for 50 nM of Herceptin respectively which is very high and highlights the
non-specific binding in the measurement.

Figure 4.12: Different concentrations of Herceptin and the corresponding
change in ∆I values for the EGFET pseudo-reference electrode.

The change in the streaming current due to the injection of different con-
centrations of Herceptin results in an almost straight line with error bars repre-
senting the standard deviation as seen in Fig 4.12. The noise level determined
after analysis of all the measurements carried out was 0.69 pA. The limit of de-
tection is defined as 3 times this noise which is 2.09 pA. With the signal being
much higher as compared to the theoretical limit of detection of three times
the noise, this system holds a potential for a much higher limit of detection
which needs further investigation beyond this thesis to accurately determine
the same with confidence.
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4.3 Biosensing with Platinum Electrode
The use of platinum electrodes as a pseudo-reference electrode for biomolecule
detection has been well established and optimized by our group [26, 27, 32].
Due to the difficulty in the miniaturization of these electrodes for CMOS tech-
nology is a bottleneck affecting the further development of this sensing modal-
ity [87].

4.3.1 Streaming Potential and Streaming Current
Measurements

Usually, the biosensing measurements carried out with the platinum electrode
involve the principle of streaming current whereas the biosensing measure-
ments carried out with the EGFET pseudo-reference electrode rely on the prin-
ciple of streaming potential.

Figure 4.13: Comparison between the biosensing experiment carried out by
streaming potential and streaming current.
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The streaming current and streaming potential can both be compared by
the apparent zeta potential which can be calculated using the previously de-
fined relations from equations 2.2 and 2.3.

In order to verify that both the electrokinetic effects yield similar results, a
biosensing experiment involving 1 nM of Herceptin was performed with one
measuring the streaming current and the other measuring the streaming poten-
tial as seen in Fig 4.13. The signal obtained for 1 nM of Herceptin using the
streaming current and the streaming potential mode was 7.8 mV and 8.6 mV
which are very similar. This small difference could arise due to various factors
and user errors. But, this result signify that using either of the electrokinetic
effects- streaming potential or streaming current yields no difference and gives
similar results. Hence, we can compare the results obtained by the streaming
potential mode in th previous section and the results obtained by the streaming
current mode in this section.

4.3.2 Biosensing Experiments
The electrokinetic measurements were carried out first by injection of freshly
prepared and filtered 0.1 x PBS buffer with the defined pressure pulses of 30
seconds each varying between 1500 mbar and 3000 mbar. This was followed
by the injection of Herceptin in different concentrations from 1 nM, 5 nM and
50 nM under similar flow and pressure profile.

The injection of Herceptin in a Z-domain functionalized capillary brought
about a gradual change in the streaming current due to the electrokinetic effect.
After the stable current profile was observed, 0.1 x PBS buffer was injected
again to remove any loosely bound or unbound Herceptin molecules. If this
injection is carried out for a longer time, there was an observance of dissoci-
ation of the bound Herceptin molecules as well causing a further increase in
the signal.
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Figure 4.14: Different concentrations of Herceptin and corresponding change
in ∆I values for platinum electrode.

The response of Z-domain functionalized capillaries upon concentration-
dependent injection of Herceptin is depicted in Fig 4.14. It was observed that
a much faster response was obtained with the steady state being reached in
about 20 minutes for both 50 nM and 5 nM injection of Herceptin. The time
taken for the steady state in case of injection of 1 nM Herceptin was more
than an hour. The absolute change in the amount of streaming current Istr was
observed to be ∼ 36 pA, ∼ 31 pA and ∼ 8.7 pA for 50 nM, 5 nM and 1 nM
of Herceptin respectively.
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4.4 Comparison betweenPlatinumandEGFET
as Pseudo Reference Electrodes

The use of platinum and EGFET as a pseudo-reference electrode has been
studied extensively during this project. The EGFET pseudo-reference elec-
trode was observed to have the ability to amplify the signal while limiting the
noise in the same process. This can be observed in Fig 4.15 where the sig-
nal obtained with different concentrations of Herceptin is depicted using both
EGFET and platinum pseudo-reference electrodes. 0.1 nM Herceptin mea-
surement could not be carried out with the platinum electrode as the signal
obtained was of the same magnitude as the noise, and hence couldn’t be used
to analyze the data. This is due to the fact that it is very close to the limit of
detection as demonstrated by Dev et al. [26].

Figure 4.15: Comparison between the signals from EGFET and Pt electrode
for different concentrations of Herceptin.
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This preliminary result is significant as it demonstrates that the EGFET
pseudo-reference electrode enables a higher limit of detection and sensitiv-
ity. The signal from the EGFET pseudo-reference electrode shows about 8-10
times higher signal because of the amplification. Also, it can be observed
that at 5 nM and 50 nM the signal from platinum electrodes is observed to be
more or less similar signifying that the response is saturated. Whereas there
is a large difference in the signal between 50 nM and 5 nM of Herceptin from
the EGFET pseudo-reference electrode. Hence, the EGFET pseudo-reference
electrode has a capability for higher sensitivity and accuracy.

In order to study and distinguish between the specific and non-specific re-
sponse from both the pseudo-reference electrodes, the response of injection of
50 nM of Herceptin in both the setups with experimental capillary functional-
ized with Z-domain as well as the capillary without any functionalization was
studied and the results can be observed in Fig 4.16.

Figure 4.16: Comparison between the EGFET and Pt electrode with a mea-
surement of 50 nM Herceptin.
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The signal from the experimental capillary upon the injection of 50 nM of
Herceptin with EGFET as a pseudo-reference electrode is about 9 times higher
than the signal obtained with the platinum electrode as a pseudo-reference
electrode as seen in Fig 4.16. Even though the signal is about 9 times, the
noise is almost thrice. This shows that the use of EGFET as a pseudo-reference
electrode improves the signal to noise ratio while limiting the amplification of
noise when the signal is amplified. This improvement in the SNR will result
in the improvement of sensitivity, accuracy, and limit of detection enabling
better performance of the sensor.
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Conclusion

The research in point-of-care and biosensors is one of the biggest research do-
mains today. Accompanied by the advent of lifestyle associated and chronic
diseases and aging population, there is an increasing need to have these POC
biosensing devices. These devices need to portable and inexpensive. The
most promising modality suited is transistor-based devices. This is mainly at-
tributed to the miniaturization and multiplex sensing capabilities. The result-
ing signal is usually in an electrical form which enables easier data acquisition
and processing.

In this thesis, the use of an extended gate field effect transistor based pseudo-
reference electrode for electrokinetic biosensingwas studied and demonstrated.
It investigates various surface treatments and operational current and pressure
pulse regimes for optimum performance of the sensor. The surface treatment
was carried out tomake the EGFET surface insensitive to ionic changes and re-
duce non-specific binding. This was supplemented by studies to determine the
optimal current and pressure regimes for the best possible signal to noise ratio
as that is one of themajor limiting factors associatedwith electrical biosensing.

The proof of concept was then demonstrated by the electrokinetic biosens-
ing. This technique works on the principle of electrokinetic effect wherein the
flow of a solution through the microcapillary generates a streaming potential
which supplements the gate voltage. This combination of streaming potential
and gate current then brings about a change in the drain current which is mea-
sured. This method was validated by performing injections of Herceptin at
different concentrations into a Z-domain functionalized capillary and compar-
ing the noise levels, signal to noise ratio and limit of detection with the con-

47
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ventionally used platinum pseudo-reference electrodes. The optimization of
various operating parameters like the biasing regime and pressure pulsing was
performed to improve the signal to noise ratio. The measurements revealed
that this method can reliably amplify the signal level while limiting the noise.
It was seen that while the signal was amplified 9 times, the noise was only am-
plified thrice with the EGFET. This improves the SNR by a factor of 3 which is
extremely beneficial in improving the sensitivity and hence, the limit of detec-
tion improving the major bottleneck faced by electrical biosensing modalities.
This proof of concept holds great potential for electrokinetic biosensing es-
pecially when this concept is integrated with one-dimensional nanostructures
like silicon nanowires, silicon nanoribbons, and metal oxide nanowire based
biosensors. The implementation of EGFET based pseudo-reference electrodes
will enable a better response, lower noise and better capability for miniatur-
ization.

5.1 Future Perspective
In this thesis, a single channel biosensing measurement was carried out. It
would be informative to carry out multiplexed biosensing using these elec-
trodes. This can be carried out by having different channels, with each channel
(capillary) immobilize with different receptors. The inflow of a single sample
can then be used to carry out multiple biosensing experiments. This technique
can then further be adapted forMEMS-based devices enabling miniaturization
accompanied with low-cost fabrication which will be promising for commer-
cialization and meet all the requirements laid down by the World Health Or-
ganization’s ASSURED criterion which envisages the necessity and potential
of POC devices modalities.
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