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ABSTRACT

Fluid handling at the microscale has greatly affected different fields such as bio-
medical, pharmaceutical, biochemical engineering and environmental monitoring due to
its reduced reagent consumption, portability, high throughput, lower hardware cost and
shorter analysis time compared to large devices. The challenges associated with mixing of
fluids in microscale enabled us in designing, simulating, fabricating and characterizing
various micromixers on silicon and flexible polyester substrates. The mixing efficiency
was evaluated by injecting the fluids through the two inlets and collecting the sample at
outlet. The images collected from the microscope were analyzed, and the absorbance of
the color product at the outlet was measured to quantify the mixing efficacy. A mixing
efficiency of 96 % was achieved using a flexible disposable micromixer.

The potential for low-cost processing and the device response tuning using chemi-
cal doping or synthesis opened doorways to use organic semiconductor devices as trans-
ducers in chemical and biological sensor applications. A simple, inexpensive organic
electrochemical transistor (OECT) based on conducting polymer poly(3,4-
ethyelenedioxythiphene) poly(styrene sulfonate) (PEDOT:PSS) was fabricated using a
novel one step fabrication method. The developed transistor was used as a biosensor to
detect glucose and glutamate. The developed glucose sensor showed a linear response for
the glucose levels ranging from 1 pM-10 mM and showed a decent response for the glu-
cose levels similar to those found in human saliva and to detect glutamate released from

brain tumor cells. The developed glutamate sensor was used to detect the glutamate re-

iii



iv
leased from astrocytes and glioma cells after stimulation, and the results are compared
with fluorescent spectrophotometer. The developed sensors employ simple fabrication,
operate at low potentials, utilize lower enzyme concentrations, do not employ enzyme

immobilization techniques, require only 5 uL of both enzyme and sample to be tested and

show a stable response for a wide pH ranging from 4 to 9.
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CHAPTER 1

INTRODUCTION

Microfluidics and organic electronics possess several applications in common.
The development and integration of microfluidic devices such as micromixers and organ-
ic electronic devices such as organic electrochemical transistors (OECT) using low cost
and rapid fabrication technologies will have potential applications in biomedical field,

especially for biosensors in point of care analysis.

1.1 Introduction to Microfluidics

Fluid handling at the microscale has greatly affected different fields and has led to
a new concept, called microfluidics. Microfluidics is a field of plumbing and manipulat-
ing fluids at a micro scale region to provide the solutions for outstanding system integra-
tion issues of chemistry and biology. It is assumed that this field may automate biology
and chemistry to an extent where the current integrated circuit revolution automated the
computation. The applications of microfluidics can be extended to biology, chemistry,
medicine, energy generation, heat management, control systems, and display technolo-
gies. Commercially available liquid crystal displays (LCDs) and ink jet printers can be
considered as microfluidic devices [1, 2].

1.1.1 The Physics of Microfluidics

Fundamental physical effects change more rapidly in microfluidics than that of

microelectronics as the size is diminished. For example, viscous forces dominate the

1



inertial forces and the mass transport of the fluid is generally laminar at microscale, i.e.,
the physics of the fluid flow differs from macroscale. In fact, microfluidic physics draws
attention from different classical physics and chemistry such as thermodynamics, elec-
trostatics, statistical mechanics, fluid mechanics, fluid dynamics, polymer physics, and
elasticity [1, 2].

Fluids are continuum materials and are made of molecules. The velocity field of a

Newtonian fluid obeys the Navier-Stokes equations and is given by Eq. 1.1:

p(%—+u-Vu)=V~6+f=—Vp+nV2u+f, (1.1)
where f'denotes body force densities. The left side of the equation represents the inertial
acceleration terms, and the right side represents the forces. In microfluidics, inertial forces
are small compared to the viscous forces, so the nonlinear term can be avoided resulting

in the following Stokes Eq. 1.2:

p%=V-G+f=—Vp+nV2u+f. (1.2)
Figure 1.1 depicts fluid flow through a microchannel that takes an instant right
turn and a microchannel with contracting width. In the first case, fluids flow with a cer-
tain velocity through a microchannel of a certain width undergoes an unexpected right
turn. A fluid element rounding the corner exerts an inertial centrifugal force density £, and
loses momentum density during the turn time. Due to this curved stream line, fluid inertial
forces points outwards centrifugally. In the second case, fluids flow through a contracting

channel and attain a higher momentum. Despite the direction of fluid flow, inertial force

points towards the wide end of the channel.
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Figure 1.1 (a) Fluid element that is rounding the corner loses the momentum (b) Fluid
element flowing through a contracting channel gains the momentum [2].

Inertial and viscous force densities and their magnitudes have to be accounted for
both cases. The ratio of inertial forces to viscous force densities is known as Reynolds

number (Re) and is described in Eq. 1.3:

Re=PYolo (1.3)

n

where p is the density of fluid, Uy is velocity scale, Ly is generic length scale, and 1) is

shear viscosity. The Reynolds number ranges between in the order of 10°-10 in a typical
microfluidic device with water as the working fluid, with velocities and channel radii in
the ranges of 1 pm/s-1 cm/s and 1-100 pm, respectively. These values confirm the domi-
nation of viscous forces over inertial forces in the microscale region and result in a lami-
nar flow. As Re increases, a secondary flow is generated in a circular channel driven by
the centrifugal forces on the fluid. This results in an unpredictable and irregular turbulent
flow in the macroscale [2].

In high Reynolds number world, turbulent mixing happens due to the random ed-
dies and secondary flows. In low Re world, diffusion is the only phenomenon behind fluid

mixing resulting in long mixing times on the order of minutes. Some microfluidic



applications demand rapid mixing by different approaches rather than a time consuming
diffusion based mixing. Figure 1.2 depicts a simple T-junction, in which two different flu-
ids were injected. Diffusion based mixing takes place at the intersection of the two fluids

and it increases as the fluids flow down the channel as depicted in yellow in Figure 1.2.
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Figure 1.2 Two fluids are brought together at T-junction to flow alongside down the
channel [2].

How far the fluids must flow to attain a complete mixing across the channel is ex-

pressed using the Péclet number (Pe). It is defined as the ratio of convection to diffusion

and is described in Eq. 1.4:

Pe= Ulf’)w, (1.4)

where w is channel width, D is diffusivity, and Uj is velocity scale. In general, a small
protein flowing through a 100 um wide channel with a 100 um/s velocity requires a Pe of

250 channel widths approximately to mix completely [1-5].



1.1.2 Fabrication Technologies

Micromachining, soft lithography, stereo lithography, laser ablation, hot emboss-
ing, microthermoforming, injection molding, and xurography are currently available tech-
niques for microfluidic device fabrication. The suitable method for device fabrication is
chosen depending on the specific application [6].

1.1.2.1 Micromachining

Silicon micromachining is one of the earliest technique applied to microfluidic
device fabrication. The microchannels can be created by using photolithography and
wet/dry etching techniques depending on the application. Recent advancements in this
technique can be used to create nanometer structures. However, many microfluidic appli-
cations do not require this precision [6].

1.1.2.2 Soft lithography

Soft lithography or elastomeric material casting is one of the widely used process
for generating polymeric microstructures owing to easy processing, low cost, and high
replication accuracies. There are different casting processes available, such as microcon-
tact printing (uCP), microtransfer molding (W TP), replica molding, solvent-assisted mi-
cromolding (SAMIM), and micromolding in capillaries (MIMIC). The casting process is
depicted in Figure 1.3. It starts with mixing ten parts of base elastometer with one part of
curing agent to produce an optically transparent, chemically inert and electrically insulat-
ing elastometer. The polymer mixture is then poured onto the master mold and is cured.
The stiffness of the elastometer depends on the ratio of the curing agent and the curing
temperature. The elastometer is simply peeled away from the master mold after curing.

Polydimethylsiloxane (PDMS) can be easily bonded to glass or other PDMS sheet using



oxygen plasma treatment for 10-30 s. The accuracy of this replication process is very high

and 10 nm featured size structures have been reported [7, 8].
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Figure 1.3 Schematic of PDMS casting process [8].

1.1.2.3 Stereo lithography

Stereo lithography is one of the well established rapid prototyping techniques in
the macroworld. It uses liquid resin that is exposed to two high intensity light beams using
laser sources. When the two beams meet at a certain location, the generated light intensity
is sufficient to cross-polymerize the photoresist. The process is simple, and the first de-

vice can be produced very fast using this method; however, it suffers from several



disadvantages such as serial device fabrication rather than batch processing, relatively
high surface roughness and limited choice of materials [8, 9].

1.1.2.4 Laser ablation

Laser ablation uses a high intensity laser beam to create required geometry either
by exposing the substrate through the mask or by moving either the substrate or the laser
beam in x and y directions to produce the desired pattern on the substrate. In both cases,
high intensity focused laser beam ablates a certain amount of material, typically 1 um per
laser shot, depending on laser intensity, wavelength and material wavelength. Deeper
structures require several shots leading to a characteristic surface roughness and the ab-
lated material is removed by suitable means. Laser ablation is generally used to structure
thermoset polymers. Exposure of intense laser beams to the substrate alters the surface
chemistry and surface charge. So laser ablation is not recommended to fabricate devices
for surface sensitive applications such as electrokinetic transport systems [8, 10].

1.1.2.5 Hot embossing

Simple processing, a large range of suitable materials, low master structure re-
quirements, high replication accuracy, and commercially available instrumentation make
hot embossing one of the most widely used techniques for polymeric microstructure fa-
brication. The process starts with loading the polymer substrate in the system and heating
it to a temperature above the glass transition temperature in a vacuum along with the mas-
ter structure. Depending on the design, master material and polymer material, the master
structure is pressed into the polymer with certain force. Later, the master and polymer

substrate are cooled below the transition temperature [8, 11].



1.1.2.6 Microthermoforming

Microthermoforming is very simple and the structures can be created rapidly al-
though it suffers from limited accuracy in structure replication, ability to create sharp an-
gles, and high aspect ratio structures compared with the hot embossing method. General-
ly, this method is used for producing thin walled plastic devices. Typically, 50 um thin
polymer foil is clamped in the mold tool that has microstructure on one side as depicted in
Figure 1.4. Later, the polymer foil is heated 10 °C above transition temperature followed
by pressing into the master mold using compressed gas. Then the polymer structure is
cooled down to 20 °C below transition temperature to achieve the required polymer mi-

crostructure [7-8, 12].
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Figure 1.4 Schematic of microthermoforming process [7].

1.1.2.7 Injection molding

For injection molding, the polymer material that has to be microstructured should
be in the form of pre-dried granules. The ability to produce three-dimensional objects and
the rapid production time are the major advantages of this process; however, it suffers
from various disadvantages such as the complex process, thermally stable complex mold

requirement, and less replication accuracy [8, 13].



10

1.1.2.8 Xurography

D.A. Bartholomeusz et al. [14] first reported xurography technique to fabricate
microfluidic structures in various films. The word xurography was derived from Greek
root words Xuron (razor) and graph€ (writing). This inexpensive rapid prototyping tech-
nique uses a cutting plotter, which is generally used to cut the graphics in adhesive vinyl
films. This computer-controlled cutting plotter cuts the films of different thicknesses
ranging from 25 um-1000 um, according to the specific design with a resolution of 10
pum. Several polymer films can be attached together after microstructuring to create 3-D

layered channels [14].

1.2 Introduction to Organic Electronics

The discovery of conduction in polymer materials in 1977 opened the doors for
organic electronics [15]. During the past few decades, several conductive polymer based
devices such as field effect transistors, rectifiers, sensors and light emitting diodes (LEDs)
were developed using simple fabrication techniques such as drop casting, spin coating,
ink-jet printing and self assembly [16, 17]. Among all the developed devices, organic thin
film transistors (OTFTs) have attracted a great deal of attention for sensor applications
such as humidity sensor, hydrogen peroxide sensor, and glucose sensors. Figure 1.5 de-

picts the circuit made of OTFTs on a plastic substrate.
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Figure 1.5 OTFT circuit fabricated on flexible plastic substrate [18].

1.2.1 Fabrication Methods

The organic electronic structures can be obtained by high speed, low cost and
simple fabrication methods such as drop-casting, spin coating, layer-by-layer (LBL) self
assembly and ink-jet printing in addition to tedious micromanufacturing techniques. In all
of these mentioned fabrication methods, polymer is dissolved either in water or in organic
solvent.

In the drop-casting technique, a drop of polymer solution is dropped onto a sub-
strate, and later it was dried or annealed at certain temperatures to attain a polymer film in
between the electrodes. Though it is a simple technique, the films obtained in general are
not uniform and the film thickness is only controlled by changing the polymer concentra-

tion.
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Spin coating is the most common fabrication process to get uniform thin films. In
this method, a small volume of fluid is deposited onto the center of the substrate and is
spun at high speeds to spread it all over the substrate. Later, the substrate is annealed to
get uniform thin films. The thickness of the deposited films depend on the concentration
of the polymer solution, viscosity of the solution, spinning speed, surface tension, and
drying rate.

Layer-by-Layer self assembly is one of the promising technologies to achieve ul-
tra thin uniform films in the range of nanometers. The alternating layers of polycations
and polyanions are deposited onto the surface of the substrate using dip-coating and
spray-coating techniques. Different hierarchical order of materials can be deposited by
changing the order of dipping or spraying solutions [19, 20].

Recently, ink-jet printing is gaining a lot of attention in printing the electronic
structures and is one of the main contenders for field emissions, flat screen displays, and
light emitting diode fabrication processes. There are two approaches in ink-jet printing
technique; one is the “Continuous, Charge and Deflect” method that deflects a 0.5 mm
drop. The second one is “Drop-on-Demand (DOD)”, which is used for small drops in the
range from 20 um-100 um [21].

1.2.2 Sensor Applications

Recently, conducting polymers are attracting a lot of attention in biological and
chemical sensor developments. OTFTs are promising devices for sensor applications, as
they are aqueous compatible, can be operated at low potentials, and can be fabricated us-
ing low cost rapid fabrication techniques. OTFTs are dividend into organic field effect
transistors (OFETs) and organic electrochemical transistors (OECTS) and use different

principles to detect the analytes. In OFETs, the applied electric field across an insulating
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layer modulates the transistor channel current. In OECTs, the channel current is mod-
ulated by the electrochemical doping/dedoping of the polymer material and is discussed in
detail in Chapter 4. The analyte can be detected by either direct analyte-semiconductor

interactions or indirect receptor (immobilized on the surface) interactions [22, 23].

1.3 Motivation of the Project

Recently, much effort is made to develop biosensors, particularly to detect lower
molecular weight reagents. The rapid increase in deadly diseases, pollutants, and chemical
warfare agents around the globe greatly demands highly sensitive and selective onsite
sensors [24]. High specificity and sensitivity of antibodies and the technology of produc-
ing antibodies against any particular organic compounds made immunosensors as the ob-
vious choice [25]. Most currently available immunosensors are designed to detect high
molecular weight molecules (primarily proteins and infectious agents), and chemical
agents of small sizes remain very difficult to detect. Thus, the development of a simple,
low cost Lab-On-a-Chip (LOC) device consisting of passive micromixers and polymer

based biosensor for immunosensor applications is required.

1.4 Organization of Dissertation

The dissertation is organized into five chapters. Overview on micromixers, simu-
lation, fabrication and characterization of various passive micromixers on silicon, and the
development of flexible passive micromixer are demonstrated in Chapter 2. The introduc-
tion to conducting polymer, literature review on organic thin film transistors (OTFT), de-
velopment of organic electrochemical transistor (OECT), and the fabricated device cha-
racteristics are presented in Chapter 3. Chapter 4 deals with the development of glucose

sensor to detect glucose levels similar to those found in human saliva and micromolar



glutamate sensor to detect glutamate released from astrocytes and glioma cells after sti-

mulation. Conclusion and future work are presented in Chapter 5.
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CHAPTER 2

PASSIVE MICROMIXERS

This chapter deals with the design, simulation, fabrication, and characterization of
passive micromixers. Various micromixer designs were proposed and the mixers were
fabricated on silicon and polyester sheet using micromanufacturing and xurography tech-
niques. The flexible polymer micromixer developed on polyester sheet exhibited a mixing
efficacy of 96% at Re = 1, and the mixing index was higher than 90% for a wide Rey-
nolds number range. The developed flexible micromixer is biocompatible and was used to
mix glucose oxidase and glucose, and the results indicated that the mixing efficiency is

higher than the pipette mixing, potentially leading to better biosensors.

2.1 Literature Review

2.1.1 Introduction to Micromixers

Fluid handling and analysis at the microscale has gained a lot of attention during
the last two decades. Over the past decade, microfluidic device development greatly af-
fected different fields such as biomedical, pharmaceutical, biochemical engineering and
environmental monitoring due to their reduced reagent consumption, portability, high
throughput, lower hardware cost, and shorter analysis time compared to large devices.
Since then different microfluidic structures have been proposed by considering different

factors such as operation principle, device performance, fabrication method, and materials
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used. The components of these microfluidic devices include micropump, micromixers,
microactuators, and microvalves [4].

Micromixers are one of the important microfluidic systems besides micropump
and can work either stand-alone or by integration in a microfluidic system. Several bio-
logical, chemical and biochemical processes often require rapid mixing. Micromixers play
an important role in cell activation, enzyme reactions, protein folding, drug delivery, bio-
chemistry analysis, and sequencing of nucleic acid [5, 26].

Viscous forces dominate the molecular forces when considering mixing at the mi-
croscale. Therefore, it is difficult to generate turbulent flow at this low Reynolds number
regime. Thus, the effective mixing in microfluidic devices is challenging due to the lami-
nar and stable flow of the fluids. Transverse flow in microscale can be created by employ-
ing various micromixing techniques [28-31] .

2.1.2 Classification of Micromixers

Micromixers are categorized into active and passive micromixers as depicted in
Figure 2.1. Active micromixers use an external field to create disturbance in the flow to
further enhance the mixing process and are categorized by an external disturbance effect
type such as pressure, electrohydrodynamic, electrokinetic, dielectrophoretic, magneto
hydrodynamic, thermal, and acoustic effects. The integration of active micromixers in a
microfluidic system is challenging and expensive as the fabrication process often involves
complicated processes and the mixer operation requires external power sources. Passive
micromixers completely rely on molecular diffusion and chaotic advection and do not re-
quire external energy. Molecular diffusion can be improved by increasing the contact sur-
face area between two fluids, while chaotic advection can be achieved by using obstruc-

tions in the channel by manipulating the laminar flow. Therefore, these are categorized by
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the arrangement of mixed phases such as lamination, injection, chaotic advection, and
droplet techniques. Passive micromixers are simple, robust and do not require external

energy to enhance mixing; thus, it can be easily integrated in a microfluidic system [27,

28].

Pressure Disturbance

Electrohydrodynamic

Dielectrophoretic

Electrokinetic I

Magneto hydrodynamic

Acoustic

Micromixer

Lamination

Serial

Injection l

Chaotic advection

Passive

Figure 2.1 Classification of Micromixers [27].

2.1.2.1 Active Micromixers

2.1.2.1.1 Pressure field disturbance. Pressure field disturbance is one of the earliest
adopted techniques to achieve mixing in active micromixers. Pressure disturbance was
achieved by using micropumps, generating pulsing velocity, and integrating a microstirrer
in the channel. Micropump driven pressure disturbance can be achieved either by integrat-
ing micropump in a microfluidic system that is fabricated using optical lithography tech-

niques, or by using an external micropump. In this technique, mixing liquids are divided
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into serial segments as shown in Figure 2.2 (a) to generate convection independent mixing
process by driving and stopping the fluid flow in the microchannel using micropump. In
the second technique, pulsing velocities are generated in the channel by pulsing the side
flow at a Re of 0.3 as depicted in Figure 2.2 (b), and the mixing efficacy is dependent on
pulsing frequency and number of mixing units [31-33]. Pressure disturbance can also be
achieved by placing a micromachined magnetic stirrer at the intersection of the liquids in
a simple T-mixer as shown in Figure 2.2 (c). This rotating stirrer rotates at a speed be-

tween 100 rpm and 600 rpm with the application of an external magnetic field [28, 34].

(c)

Figure 2.2 Pressure field disturbance schemes (a) serial segmentation using micropump
(b) flow velocity generation along the channel (c) integrated magnetic micro-
stirrer in the microchannel [28].

2.1.2.1.2 Electrohydrodynamic, dielectrophoretic, electrokinetic and magneto- hy-
dredynamic disturbances. A.O. Moctor et al. [35] reported an electrohydrodynamic dis-
turbance based micromixer by placing a series of titanium wires perpendicular to the
channel that is 30 mm long, 250 pm wide and 250 um deep as depicted in Figure 2.3 (a).
Voltage and frequency on the electrode were altered to achieve good mixing at a Re of

0.02 [28]. Deval et al. [36] and Lee et al. [37] reported micromixers based on
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dieelctrophoresis (DEP) phenomenon that moves the particle to and from an electrode by
polarizing the particle relative to its surrounding medium in a non-uniform electric field.
The local geometry variations and electrically actuated embedded particles correspond to
chaotic advection as depicted in Figure 2.3 (b). Several groups have used electrokinetic
flow to transport liquid in the channels instead of pressure driven flow and Figures 2.3 (¢)
and (d) depict micromixers based on electrokinetic disturbance. Mixing liquids were di-
vided into serial segments by turning on or off the applied voltage [38, 39]. In a magneto
hydrodynamic disturbance based micromixer, DC voltages applied on the electrodes gen-
erate Lorentz forces in the presence of the magnetic field. If the liquids to be mixed are
electrolyte solutions, the generated Lorentz force rolls and folds the electrolytes to induce

mixing phenomenon in the chamber [28, 40].

Figure 2.3 a) Electrohydrodynamic disturbance by placing electrodes on the channel (b)
dielectrophoretic disturbance in the chamber (c) electrokinetic disturbance in
the chamber and (d) electrokinetic disturbance in the channel [28].

2.1.2.1.3 Acoustic and thermal disturbance. Moroney et al. [41] reported acoustic mix-
ing proof of concept with a flexible-plate-wave (FPW) device. Zhu and Kim [42]
analyzed focused acoustic wave model and fabricated an acoustic micromixer in silicon

with dimensions of 1 mm x 1 mm x 10 um by placing a zinc oxide membrane at the
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bottom of the chamber. The frequency and the voltage of the input signal control acoustic
vibrations. Various schemes such as acoustically induced flow focused acoustic streaming
and high frequency stirring were employed to realize mixing at microscale. The acoustic
energy also raises temperature, and the ultrasonic mixing phenomenon poses problems for
highly temperature sensitive biological and chemical sample analysis, and also it may
create cavities in the biological samples if the ultrasonic wave is around 50 kHz [28]. Ya-
suda [43] reported an acoustic micromixer that uses piezoelectric zinc oxide thin film to
generate loosely focused acoustic wave for stirring movements. A sinusoidal wave with
thickness-mode resonance frequencies of the piezoelectric film such as 240 MHz and 480
MHz was used to drive the actuator, and it was operated without any significant raise in
temperature and is compatible for temperature sensitive fluids. Mao et al. [44] demon-
strated a temperature gradient across the parallel channels to examine temperature depen-
dence of fluorescent dyes. This technique may possibly be used for micromixing as tem-
perature highly affects the diffusion coefficient [28].

2.1.2.2 Passive micromixers

2.1.2.2.1 Parallel and serial lamination micromixers. A basic T-mixer is dependent on
molecular diffusion phenomenon. So, a long mixing channel is required to achieve com-
plete mixing. Chaotic flow and multiple stream lamination result in short mixing lengths
at high Reynolds numbers. However, the supply pressure has to be very high to achieve
high Re that may pose severe problems for bonding and interconnection technologies.
Mixing in basic T-design can be enhanced by throttling the channel entrance and rough-
ening the channel [4, 28].

Mixing path can be reduced by narrowing mixing, realizing parallel lamination

with multiple streams and hydrodynamic focusing [45-47]. In parallel lamination
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technique, multiple streams were laminated parallel to each other to achieve mixing as
depicted in Figure 2.4 (a), and the flow can be driven either by pressure or by electro-
osmosis [48]. The hydrodynamic focusing based micromixer is made up of a long micro-
channel with three inlets, where the middle inlet is the sample and the other two inlets
serve as the sheath flows as depicted in Figure 2.4 (b), and this focusing decreases the

mixing path by reducing sheath width [28, 49].

Sheath flow

Figure 2.4 Parallel lamination micromixers (a) Parallel lamination concept (b) hydraulic
focusing concept [28].

Serial lamination micromixers also increase mixing by splitting and joining the
streams as shown in Figure 2.5 similar to parallel lamination micromixers. The inlet
streams are joined horizontally followed by vertical joining stage; 2™ liquid layers can be
laminated after m splitting and joining stages leading to a 4™ times enhancement in mix-
ing time [50]. Several groups have developed serial laminated micromixers on silicon us-
ing KOH wet etching or deep reactive ion etching (DRIE) technique and using multiple
polymer layers. Both electrokinetic flows and pressure driven flows can use the serial la-

mination concept to enhance mixing [28, 51].
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d

Figure 2.5 Serial lamination techniques [27].

2.1.2.2.2 Injection micromixers. Injection micromixers split the solute flow into many
streams followed by injecting them into solvent flow similar to parallel lamination where
both inlet flows are divided and then joined. In injection micromixers, a number of solute
microplumes are created using an array of nozzles to increase the contact surface area and
thus the mixing efficacy. Miyake et al. demonstrated an injection micromixer fabricated
on silicon using DRIE that has 400 nozzles arranged in a square array placed in the mix-
ing chamber [28].

2.1.2.2.3 Micromixers based on chaotic advection. At low Re, advection plays an im-
portant role in mass transfer besides diffusion and is often parallel to the main flow direc-
tion. In passive micromixers, chaotic advection is achieved by special channel geometries
as shown in Figure 2.6 which split, stretch, fold, and break the flow. Inserting obstacle
structures in the mixing channel is one of the simple techniques to achieve chaotic advec-
tion. Several arrangements of obstacles were studied and it was found that asymmetric

obstacle arrangement alters the flow direction and forces fluids to merge. Lin et al. [52]
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demonstrated 50 pm x 100 um x100 pm mixing chamber fabricated on silicon. Seven
cylinders of diameter 10 pm were located in the narrow channel as depicted in Figure 2.6
(a) to improve the mixing and the mixer showed efficient mixing in between 200-2000
Re. Chaotic advection can also be achieved by periodic steps of zig-zag microchannels to
generate recirculation around the turns at high Re. Megneaud et al.[53] fabricated a zig-
zag micromixer on a poly ethylene terephthalate (PET) substrate using an excimer laser

[28].

Figure 2.6 Chaotic advection based micromixers (a) cylindrical obstacles in the channel
(b) modified Tesla structure (c¢) L-shape microchannel (d) staggered-
herringbone grooves [28].

Hong et al. [54] reported a two-dimensional modified Tesla structure inplane mi-
cromixer as depicted in Figure 2.6 (b). It was fabricated on cyclic olefin copolymer
(COC) using hot embossing and thermal direct bonding. Chaotic advection is generated
by the Coanda effect in the structure and the mixer works well at Re > 5. Vijayendran et
al. [55] demonstrated a three-dimensional serpentine micromixer fabricated on PDMS as

shown in Figure 2.6 (c). The channel consists of a series of L-shaped segments in
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perpendicular planes and has a width of 1 mm and a depth of 300 um and the length of 30
mm. The serpentine mixer was tested at Re of 1, 5 and 20 [28].

Rips or grooves on the microchannel wall as depicted in Figure 2.6 (d) can gener-
ate chaotic advection similar to macroscale mixers. Johnson et al. [56] first reported a mi-
cromixer on polycarbonate sheet (PC) covered with poly ethylene terephthalate glycol
(PETG) using excimer laser ablation technique. The channel has 72 pm width at the top,
28 pm width at the bottom and 31 um depth. The 14 pum wide grooves are ablated on the
bottom wall with a center-to-center separation of 35 um. Stroock et al. [57] studied differ-
ent groove patterns to generate chaotic advection. Staggered herringbone micromixer
works well at Re from 1 to 100 [28].
2.1.2.2.4 Droplet micromixers. The generation and transportation of individual droplets
can be achieved by pressure or capillary effects such as electrowetting and thermocapil-
lary. However, they can also be generated by creating large difference of surface forces in
small channels using multiple immiscible phases such as oil/water or water/gas. The drop-
let movement creates mixing inside the droplet using the internal flow field. Hosokawa et
al.[58] first reported droplet micromixer fabricated in PDMS that uses hydrophobic mi-
crocapillary vent to join the two initial droplets. Paik et al. [59] investigated various mix-
ing schemes in which droplets are split and merged repeatedly and the merged droplets
are transported using electrowetting concept. Flow instabilities between two immiscible
liquids can be used to create droplet micromixer. Droplets of the aqueous samples are
formed using a carrier liquid such as oil. The shear force between the oil and sample acce-

lerates the mixing process in the droplet while going through the channel [28, 60].
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2.2 Passive Micromixers on Silicon

In this work, four types of passive micromixers were reported. The mixing effi-
ciency was measured by analyzing the images collected from the microscope. The simula-
tions of various designs were done using MemCFD module of CoventorWare™ software.

2.2.1 Fluidic Simulations of Micromixers

Fluid dynamic problems can be analyzed using computational fluid dynamic
(CFD) methods. Generally, the fluid domain is discrete into a number of small cells to
form grids, and Navier-Stokes equations are solved for the domains. For laminar flows,
the Navier-Stokes equation is accurate enough, while for turbulent flows, specials turbu-
lence models are used. In addition to solving the fluid flow equations, CFD module also
solves the equations of chemical reactions, heat transfer, and radiation heat transfer. Ad-
vanced and complex simulation tools also solve the complex cases for those involving
non-Newtonian fluids or multi-phase fluid flows [61]. Finite element and finite volume
methods are widely used numerical methods for solving the equations.

Finite element method (FEM) solves the partial differential equations in two or
three-dimensional space with fixed boundary conditions either in steady state or transient
systems. In FEM, the system is divided into a number of finite elements (small geome-
tries) and edges of these small elements comprise the mesh nodes. The partial differential
equations (PDE) are solved at each node and are expressed into a matrix form (nxn matrix
for n nodes). The final formulations are solved with appropriated algorithms.

In finite volume method (FVM), “finite volume” corresponds to the small volume
surrounding each node point. Therefore, the unstructured meshes can be formulated easi-
ly. The volume integrals in PDE are converted into surface integrals using divergence

theorem and are evaluated as fluxes at each finite volume surfaces [62]. Fluid flow
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equations in a control volume can be obtained by applying fundamental physical principle
to that control volume in the form of integration, and these governing equations in the
integral form are manipulated to get PDEs.

Following are the basic steps used in solving the fluid dynamics problems using
any method:

a). Defining the physical boundaries (geometry).

b). Dividing the geometry occupied by the fluid into a number of discrete cells
(meshing).

¢). Defining the boundary conditions which involve assigning the fluid properties
and behavior at boundaries.

d). Solving the equations using the specified method.

). Analyzing or visualizing the solution.

2.2.1.1 Introduction to simulation tool

CoventorWare™ is a microelectromechanical systems (MEMS) software package
developed by Coventor Inc. [63]. It allows users to design, specify, model and visualize
MEMS structures. MemCFD model of this software was used to simulate the micromix-
ers presented in this research. It offers a wide variety of boundary conditions and can pro-
vide the solutions for both static and transient compressible and incompressible flows.
The fluid flow through the control volume is governed by Navier-Stokes equation and the
flow is subjected to conversation of momentum. The equation of the momentum is given

by Eq. 2.1:
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where V' and P are the velocity vector and pressure, respectively, V-V is the fluid flow

flux, 0 I_/> is the tensor, and ;’ is the vector of body force per unit mass acting on the flu-
id element.

A wide range of useful measurements such as fluid velocity, viscosity, vorticity,
diffusion coefficient, enzyme reaction kinetics and chemical binding coefficients at a giv-
en location can be obtained from a simulated microfluidic device.

2.2.1.2 Fluid flow simulation in micromixers

2.2.1.2.1 Simulated designs. The fluid flow, flow velocity, vorticity, and mixing pheno-
menon were observed in various microchannels using MemCFD module. Figure 2.7 de-
picts the simulated micromixer designs. Each design has two inlets for fluid injection and
one outlet for product collection. Designs 1 (a) and 1 (b) are similar except some of the
omega channels in 1 (b) are oriented in different directions. Designs 2 (a) and 2 (b); 3 (a)
and 3 (b); 4 (a) and 4 (b) are similar but one of the inlet section of the designs 2 (b), 3 (b),
and 4 (b) is divided into two equal channels and these channels are connected to a reactor

as depicted in Figure 2.7.
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1 (a) (b)

2 (a) 2 (b)

3 (a) 3(b)

4(a) 4 (b)

Figure 2.7 Simulated micromixer designs.

Figure 2.8 shows the dimensions of simulated designs. Designs 1 (a) and 1 (b) are
equal in dimension. The dimensions of the designs 2 (a), 3 (a) and 4 (a) are equal, but
each of them different channels. Similarly designs 2 (b), 3 (b) and 4 (b) are equal. In de-
signs 1 (a) and 1 (b), the widths of the larger, medium and smaller omega channels are
250 um, 150 um and 100 um, respectively. The widths and heights of the omega and L-
shaped channels in designs 3 and 4 are 20 um and 150 pm respectively. In designs 2 (a)
and 2 (b), the width and height of larger rectangle channels are 80 um and 150 pm, re-
spectively; the width and height of inclined small rectangle channels are 40 um and 150

um, respectively; the channel depths of all designs were assumed to be 100 pm.
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Figure 2.8 Dimensions of the simulated designs.

2.2.1.2.2 Simulation results. The boundary conditions were kept constant for all the si-
mulated designs. Constant flow rate was applied at both the inlet section, while keeping
the outlet at atmospheric pressure and assigning no slip flow (zero velocity) condition at
channel walls. Water and ethanol are considered as injecting fluids for at the two inlet

sections with a flow rate of 0.5 uL/min. The physical parameters of these fluids are pre-

sented in Table 2.1.
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Table 2.1 Properties of water and ethanol at 20 °C

Fluids Viscosity (kg pm” s) | Diffusivity (um”s”) | Density (kg pm™)

Water 9.0e-10 1.2e3 9.998e-16

Ethanol | 1.2e-9 1.2€3 7.89¢-16

Figure 2.9 depicts the 2-D velocity contour in the middle of design 1 (a). From the
figure, it is evident that the flow velocity is reaching its maximum whenever the flow
converge and the flow velocity is decreasing rapidly after the split due to the backflow
generated by the omega channel. It is also observed that the flow velocity is higher in the
middle of the channel and is lower at the top and bottom extremes. Figure 2.10 shows the
stream line traces of the zero mass particles in design 1 (a). From the figure, it is evident
that the particles are trying to stay in the middle section of the reactor and some
recirculation of the flow was observed in between bigger and medium sized omega

channels, and this recirculation increases the probability of mixing two fluids.
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Figure 2.9 Fluid flow in omega channels.

Figure 2.10 Stream line traces in omega channel micromixer.

Figure 2.11 (a and b) represents the vorticity contours of the designs 1 (a) and 1
(b), respectively. Vorticity is the curl of the fluid velocity and indicates how much swirl
or shear is there in the flow and is a measure of the mixing in between the fluids. From

the figure it can be observed that the vorticity is not constant through the channel length

31
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and is fluctuating. The omega channels and the variation in the channel dimensions might
be the reasons behind fluctuating vorticity. According to Figure 2.11, the vorticity of the
two designs is nearly equal concluding that the variation in the channel orientation does

not improve the mixing between two fluids.
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Figure 2.11 Vorticity contours of designs 1 (a) and (b).

Figure 2.12 depicts the flow velocity magnitude in design 2 (b), the red color indi-

cates the maximum velocity, and the blue color indicates the minimum fluid velocity.
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Figure 2.12 Velocity magnitude of the fluid flow in design 2 (b); (a) At the intersection of
the two fluids (b) in the middle of the channel.

According to Figure 2.12, the inlet fluid streams are squeezed at the first two rec-

tangular channels and the squeezed streams are released at the inclined channels. Again

those are squeezed and released to achieve uniform mixing at the outlet section. From

Figure 2.12, it is evident that the fluid flow is attaining its maximum velocity at the
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narrow channel created by the vertical rectangular baffle and the inclined baffles are sepa-
rating the squeezed fluids. This squeezing and separation helps in achieving mixing be-
tween the injected fluids.

Figure 2.13 depicts the mixing of two fluids in designs 2 (a) and 2 (b). The red
color indicates fluid 1 and is injected through one inlet and the blue color indicates fluid 2
and is injected through the second inlet. The two colors (fluids) are interacting at the inlet
junctions and the progression of the color variation from inlet to outlet indicates the pro-
gressive mixing of the fluids while moving along the channel. At the outlet section, the
color is uniform concluding that the two fluids are mixing uniformly. From Figure 2.13 it

is observed that the designs 2 (a) and 2 (b) are exhibiting similar mixing ability.
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(v) [

Figure 2.13 Mixing phenomenon observed in designs 2 (a) and 2 (b).

Figures 2.14 and 2.15 show the velocity of magnitude of designs 3 (a) and 4 (a),
respectively. In both figures, the fluid velocity is fluctuating along the channel. This rapid

variation in the flow velocity along the channel assists the fluids to mix uniformly.
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Figure 2.15 Velocity magnitude of design 4 (a).

Figures 2.16 and 2.17 show the mixing action along the channels of designs 3 (a)
and 4 (b), respectively. From the figures, it is observed that the two designs are able to

provide uniform mixing at the outlet section.



37

Figure 2.17 Mixing of two colors (fluids) in design 3 (b).

The progression of the fluid mixing can be clearly observed in fluidic simulation
videos. The simulation videos of designs 2 (a), 2 (b), 3 (b), and 4 (b) can be found in the
attached CD with file names 2 (a), 2 (b), 3 (b), and 4 (b), respectively.

2.2.2 Micromixer Fabrication

Photolithography process was used to fabricate various micromixer designs on sil-

icon wafer. Straight channels with “binomial tree” inlet and outlet section, omega channel
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with “binomial tree” inlet and outlet sections, omega channel with “T” inlet junction and
omega channel with “intermediate stage” were fabricated on Si wafer. Initially, the ap-
propriate mask was designed using L-Edit mask layout software. A <100> Si wafer with 2
um oxide layer was used for the micromixer fabrication. The fabrication process steps are
discussed below.

1) Pre-cleaning: The Si wafer was cleaned with acetone and isopropyl alcohol
(IPA) followed by rinsing with DI water and drying in nitrogen air to remove organic and
inorganic impurities.

2) Baking: The pre-cleaned wafer was baked on a hotplate at 200° C for 10 min to
evaporate the moisture on the wafer.

3) Spin coating Primer: MCC primer 80/20 was spincoated on the front side of the

Si wafer. The coated primer enhances the adhesiveness of the polymer to Si wafer. Spin-

ning parameters are illustrated in Figure 2.18.

500 1/s

500 rpm

100 1t/s

«— 10s > 45 s —»

A

Figure 2.18 Primer spin coating parameters.



39

4) Photoresist coating: Positive photoresist (PR 1813) was spincoated on the front

side of the Si wafer using Cost Effective Equipment (CEE 9601303). The spinning para-

meters are illustrated in Figure 2.19.

500 1/s

500 rpm

100 1/s

«— 10s —pe— 455 e

Figure 2.19 PR 1813 coating parameters.

5) Soft baking: Soft baking was done to evaporate the solvent in the coated photo-
resist and increase the photosensitivity of the resist layer. PR 1813 coated Si wafer was

baked on a hotplate at 120° C for 30 s.

6) Backside coating: Steps 3-5 were repeated on the backside of the wafer.

7) Mask alignment and UV exposing: A Mask was loaded onto the mask aligner

followed by loading Photoresist coated wafer (Polished side for microchannels). UV light
of intensity 7.2 was exposed through the mask on to the Si wafer for 5.7 s. Contact print-
ing technique was used while exposing the UV light, in which both mask and the wafer
are in contact with each other.

8) Developing photoresist: MF 319 was used to develop the exposed PR 1813 res-

ist. The exposed wafer was kept in the MF 319 solution for 30 s. After developing, the

wafer was cleaned with DI water and dried in nitrogen.
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9) Hard baking: The developed wafer was baked on a hot plate at 120° C for 2 min.

10) Backside patterning: Steps 7-9 were repeated on the back side of the wafer to

get patterned PR 1813. During mask alignment, alignment markers on the front and back
side must be aligned.

11) SiO, etching: 2 um SiO; layer on both sides was etched using J.T. Baker’s
Buffer oxide etchant (BOE). The wafer was placed in BOE solution for 20 min followed
by rinsing with DI water and drying in nitrogen air.

12) Baking: The SiO, patterned wafer was baked on a hotplate at 120° C for 2 min
to evaporate the water on the wafer.

13) Si etching: ALCATEL A 601E Inductive Coupled Plasma (ICP) etching reac-
tor was used to etch the SiO, patterned Si wafer. The SiO, layer on the wafer acts as a
mask to ICP etching. Initially, the front side of the wafer was etched to 100 um depth fol-
lowed by etching the wafer on the backside to make via holes for inlets and outlet sec-
tions.

The BOSCH Big 50 process was used to achieve vertical side walls. It uses alter-
nating etch and polymer deposition cycles. Sulfer hexafluoride (SF¢) was used for Si etch-
ing and Octafluorocyclybutane (C4Fg) polymer was deposited to prevent the side wall

etching. Table 2.2 provides the used parameters for ICP etching.



Table 2.2 ICP etching parameters.

Parameter Value
SF¢ Flow 300 sccm
C4Fg Flow 50 sccm
He regulation 3.6 sccm
Pressure 38 mtorr
Pressure 7.5 mTorr
Source, RF1 1800 W
RF2 30 W
Temperature 20 C
Pressure regulation 20 Torr
Deposition & Etch cycles 5-12's
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An etch rate of 6.5 pm/min was observed for etching the front side of the wafer.
After etching the front side, via holes at the inlet and outlet, sections were made by etch-

ing the SiO, wafer from the backside as depicted in Figure 2.20.
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Etch Si on front
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back side

Etch PR 1813 resist

Etch SiO; on both
sides

Bond glass on top

Bond connectors
on bottom

Figure 2.20 Schematic illustrations of micromixer fabrication process steps.

14) Etch PR 1813 and SiQ,: After etching Si wafer selectively, PR 1813 and SiO,

layers were etched using acetone and BOE solutions, respectively.

15) Glass bonding and dicing: A glass wafer was bonded to the top side of the pat-

terned Si wafer using anodic bonder. The glass and patterned Si wafers were cleaned with

RCA1 and RCAZ2 cleaning agents thoroughly followed by rinsing in DI water and drying
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in nitrogen air before bonding. After7 bonding the glass to the Si wafer, the wafer was
diced into pieces using dicing instrument.

16) Bond connectors: Connectors obtained from Cole Palmer were attached on the

backside at the inlet and outlet sections using epoxy. Figure 2.21 depicts the fabricated

micromixers with attached connectors.

Figure 2.21 Fabricated micromixers (a) straight channels with “binomial tree” inlet and
outlet section (b) omega channel with “binomial tree” inlet and outlet sections
(c) omega channel with “T” inlet junction (d) omega channel with “interme-
diate stage”.

2.2.3 Test Setup

Figure 2.22 shows the test setup of the fabricated micromixers. The two fluids
were injected to the micromixer under test, using a Kd Scientific syringe pump with a de-
fined flow rate and the effluent was collected in a small glass beaker. The fluid flow and

mixing phenomenon in the microchannels were observed using the microscope. The
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digital camera attached to the microscope enable in viewing the fluid flow on a computer.
The images and videos of the fluid flow were observed and stored on the computer for the

image analysis.

\ Microscope
with digital
camera

Micromixer under test

Figure 2.22 Test setup of micromixer.

2.2.4 Results and Discussion

The testing of mixing phenomenon in the micromixers was measured by, injecting
two test fluids of different colors (red and blue) and collecting images using the micro-
scope. Figure 2.23 depicts the fluid flow in straight channel micromixer. It was noticed

that the flow was laminar and no mixing was observed at the outlet section.
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Figure 2.23 Straight channel micromixer testing results.

Figure 2.24 depicts the microscopic image of the fluid distribution in the omega
channel micromixer with “binomial tree” inlet and outlet sections. It was noticed that the
follow was not completely laminar and the omega channels created some rotational flow.
The mixing action of the two different colored fluids was higher compared to that ob-

served in straight channel devices.
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Concentration area'of blue fluid Concentration area of red fluid
Concentration area of mixture of two fluids

Figure 2.24 Fluid distribution in omega channel micromixer with “binomial tree” inlet
section.
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From Figure 2.25, it is noticeable that both the dyes still have separate domination
in most part of the device, and it is due to the straight inlet channel design (Binomial tree
inlet) of the micromixer as shown in the figure. The two fluids are taking different path
flows in a laminar fashion into the channels to cause the domination of these fluids in

separate regions of the device.

Red color

Blue color

Figure 2.25 Fluid distribution in the binomial tree inlet section.

The binomial tree inlet section was modified to T-inlet section and also some
omega channels were added to achieve initial mixing as shown in Figure 2.26. In the pre-
vious design, the flow is laminar until the fluids reached omega channel and mixing was
observed only in middle region of the channel. In the current design, omega channels are
closer to the inlet T-junction to create rotational flow and little mixing was observed even

in the region that is near to the inlet section.
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Initial Mixing

Figure 2.26 Micro-mixer with T-inlet section (left) and inlet design with more omega
channel for initial mixing of the two fluids (right).

Figure 2.27 shows the fluid distribution in the omega channels. It was noticed that
the mixing action of two fluids was higher in the region nearer to inlets and in the middle
of the device and the fluid flow was laminar at the two extremities (edges) of the device.
The laminar flow at the extremities might be due to the laminar flow of the fluids at the
inlet (T-junction), which resulted in the domination of red color in the upper portion of

the device and domination of blue color in the lower portion of the device.

L&
»

Concentration area of mixture of two fluids Concentration area of blue fluid
Concentration area of red fluid

Figure 2.27 Fluid distribution in T-inlet omega channel micromixer.
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The inlet section was modified as shown in Figure 2.28 to avoid the laminar flow
at the inlet section and an additional intermediate stage was added to achieve initial mix-

ing before the fluids reach the reactor.

.

Figure 2.28 Modified inlet section (left) and initial mixing observed at the inlet section
(right).

From Figure 2.29, a circular flow can be observed at the intermediate stage. The
bigger omega channels are creating the circular flow to increase the mixing phenomenon.
The initial mixed fluids are further mixed in the reactor to get uniform mixing at the out-

let section.
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Figure 2.29 Circular flow at the intermediate stage (left) and mixing at the junction
(right).

The fluid flow and fluid distribution in the microchannels can be clearly observed
in the videos taken while testing the micromixer. The testing result videos of the micro-
mixer were made into a single movie file and can be found in the attached CD with file
name “Movie”.

2.2.5 Quantification of Mixing Efficiency

After collecting the images from the microscope, Image Pro Analysis software
version 7.0 was used to calculate the mixing efficacy of the fabricated devices by measur-
ing the standard deviation of red, green and blue (RGB) values at the inlet and outlet sec-
tions.

Each image constitutes an array of pixels and each pixel is associated with its own
RGB values. The standard deviation represents the color uniformity. Therefore, if the
color is uniform at a certain location and all the pixels at the location have the same RGB
values, it represents the uniform mixing zone (as the testing fluids are two food coloring
dyes). From the inlet to outlet section along the channel, the standard deviation of R or G

or B decrease gradually and reaches a minimum value at the outlet section [64].
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Using Image Pro Analysis software, the standard deviations of RGB were ob-
tained at certain locations on both inlet and outlet sections as depicted in Figure 2.30. The
standard deviations of R, G, and B were averaged at both inlet and outlet sections to get
the measure of color gradient at the corresponding section. The mixing percentage (Q)

was calculated using Eq. 2.2:

(o)

¢ =| 1-—outlet 1,100, (2-2)
()
inlet

where o6, is the averaged standard deviation at inlet section and 6,,., is the averaged

standard deviation at the outlet section or the chosen section of the device.

Figure 2.30 Measuring RGB values at inlet (left) and outlet (right) section.

The mixing percentages of straight channel, omega channel with binomial tree in-
let and outlet sections, omega channel with T-inlet section, omega channel with interme-
diate stage micromixers with were observed to be 2%, 10%, 28.6% and 65.09% respec-

tively at the outlet section.
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2.3 Flexible Polymer Micromixer

A passive flexible polymer disposable micromixer was fabricated on polyester
sheet using xurography (razor writing) technique. This involves a computer controlled
cutting plotter to cut the films according to the specified design. The device is comprised
of five consecutively alternative layers out of which three comprise the middle one, there-
by defining the channel height of 350 um. Figure 2.31 depicts the solid works model of
the polymer micromixer. The micromixer body without the Polydimethylsiloxane
(PDMS) ports was fabricated from scratch within 15 min, making the cutting pattern de-

sign much less labor intensive than the standard clean room processing techniques.

(b)

Figure 2.31 (a) Solid works model of the polymer micromixer (Top view) (b) Three
layered polymer patterns constitute microchannel of the micromixer (Top
view).
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2.3.1 Fabrication of Polymer Micromixer

Initially, the mask was designed using Adobe Illustrator CS3 vector graphics edi-
tor and the mixer fabrication steps were depicted in Figure 2.32. A 125 pm thick polyester
sheet was used as the substrate material and it was cleaned with DI water and dried in ni-
trogen air to remove the impurities on the substrate. Two double-sided polyimide tapes
with silicone adhesives were attached on both sides of the substrate to achieve a 350 pm
thick polymer sheet. A computer controlled cutting plotter was used to cut the polymer
sheet according to the specified mask design and the unwanted portion of the sheet was
peeled off using tweezers to leave the patterned sheet with microchannels. Later, a po-
lyester sheet was attached on the bottom side of the patterned sheet, and it was drilled at
defined locations to make holes for inlet and outlet connectors. A polyester sheet was at-
tached on the top side of the polymer sheet to enclose the channel region and this fabri-
cated polymer mixer was heated on a hot plate at 150° C for 5 min to improve the bond
strength. Polydimethylsiloxane (PDMS) prepolymer was mixed with curing agent in a
10:1 ratio and cast on the Petri dish to make the PDMS sheet for the inlet and outlet ports.
Later, 1.5 mm diameter holes were made through these PDMS ports and Loctite super

glue was used to fasten these ports on the inlet and outlet holes of the device.



Pretreat polyester sheet

Fasten polyimide tape

Cut the polymer sheet

Strip patterned region

Fasten polyester sheet

Drill inlet and outlet holes

Fasten polyester sheet

Fasten PDMS ports
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Figure 2.32 The process steps involved in polymer micromixer fabrication.

The polyimide tape silicon adhesive, present on both sides guarantees the structur-

al integrity of the design by bonding the layers and creating a unique composite structure,

yet maintaining the device’s flexibility. Figure 2.33 shows the fabricated flexible polymer

micromixer with inlet and outlet ports. The long inlet channels are designed facilitating

device evaluation in the initial design stages and are obsolete in a final minimized design
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reducing total volume and material cost. The width of the channel at the intersection of
the two inlet sections is 1.2 mm. The mixing channel is comprised of twelve rectangular
baffles of width 0.72 mm and height 0.84 mm separated by a distance of 0.72 mm. The
total mixing channel length is 18 mm and the perfect cutting of the substrates has an ideal
mixing channel volume of 5.33 uL. The total thickness of the micromixer excluding the

inlet and outlet ports is 0.6 mm

Figure 2.33 Fabricated flexible polymer micromixers.

Figure 2 34 shows the rectangular baffles at the inlet and outlet sections. After
cutting the polymer with a cutting plotter, some of the baffles are found to be in exact rec-
tangular shape while some of them have rounded corners. This deviation in the baffle
shape is slightly altering the channel dimensions. However, it is not affecting the mixing

performance considerably.
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Figure 2.34 The inlet (left) and outlet (right) sections of the polymer micromixer.

2.3.2 Characterization and Mixing Analysis

The bond strength of the adhesive was measured after fabricating the device using
Sebastian five tensile strength and the average bond strength was found to be 1.46 MPa,
which is close to the minimum bond strength of the two PDMS layers bonded using oxy-
gen plasma technique [65].

The mixing efficiency of the polymer micromixers were evaluated experimentally
using color absorbance method and image analysis methods. Kd Scientific syringe pump
was used to inject the red and blue food coloring dyes to the micromixer.

In the image analysis method, the fluid flow images at inlet and outlet sections
were taken using the microscope and the mixing efficiency was analyzed according to
Section 2.2.5. Two outlets were made on the device instead of one outlet to use the color
absorbance method. The absorbances of the red and blue colored dyes were measured us-
ing 2000C spectrophotometer instrument (Thermo Scientific) before injecting them into
the mixing chamber. Later, the absorbance of the two effluents collected at the two cor-

responding outlets. The mixing index (M.1) was calculated using the Eq. 2.3:
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where I; and [; are absorbance of the inlet colors and O; and O, are the absorbances of the
outlet color products. For a uniform and complete mixing, the absorbance of the outlet
color products should be equal and a M.1. of 1 indicates 100% mixing and M. of 0 indi-
cates no mixing.

2.3.3 Results and Discussion

NaOH and Phenolphthalein chemical reaction was used to observe the mixing
ability of the polymer micromixer in one set of experiments. 0.5 M NaOH and 0.3 M
Phenolphthalein solutions were injected through the inlets with a flow rate of 40.5
pL/min. Both the liquids are colorless, separates and forms pink color upon mixing. Fig-
ure 2.35 depicts the formation of pink color product along the channel from the inlet to

the outlet section.

Figure 2.35 Formation of pink color product at (a) inlet T- junction (b) near inlet junction
(c) middle of the channel (d) near outlet section.
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The mixing performance of the fabricated polymer micromixer for different flow
rates was measured by successively injecting the fluids into a micromixer channel with
flow rates 4.05 uL/min, 40.5 uL/min, 405 pL/min, 805 pL/min, 1.215 mL/min, 1.620
mL/min, 2.025 mL/min, and 4.05 mL/min. (the corresponding calculated Re at the inlet
T-junction are 0.1, 1, 10, 20, 30, 40, 50, and 100, respectively). Figure 2.36 depicts the
mixing efficiency of the fabricated micromixer over a wide range of Re (i.e. for a wide
range of flow rates). The mixing efficacy was greater than 90% from Re = 0.1 to Re = 30

and it is decreasing with higher flow rates and it was 69.7% for Re =100.

100

Mixing Index (%)}

60 1 1 A [l L 1 " ] a
20 40 60 80 100

Reynolds number (Re)

Figure 2.36 Mixing index vs Reynolds number (Re). The Re mentioned here is the Re cal-
culated at the inlet T-junction.

To evaluate the reproducibility of the polymer micromixers, five mixers were

tested at Re = 1 by measuring the absorbance of the color products and calculating the
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mixing index using Eq 2.3. Figure 2.37 depicts the M.L. of five mixers and each of the
mixer was tested five times for the repeatability assessment in each device. All the tested
micromixers showed M.I. greater than 90% as shown in Figure 2.37 and the average M.I.

was found to be 94.935 £+ 2.76%.
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Figure 2.37 Testing results obtained from repeatability test.

Figure 2.38 depicts the M.I. of the micromixer for three bending angles and from
the figure it is evident that the ML.IL. for the measured angles is greater than 90%. The po-
lymer micromixer was leaking for bending angles above 60°, thus imposing a limitation

on flexibility during the flow.
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Figure 2.38 Mixing Index vs bending angle.

Biological samples such as proteins are sensitive to harsh environments. To eva-
luate the biocompatibility of the device, 9.52 pg/ml glucose oxidase (GOx) and 1 M glu-
cose were injected through the two inlets of the mixer and the reaction product formed
according to Eq. 2.4 at the outlet of the micromixer was collected. A 200 pg/ml horsera-
dish peroxidase (HRP) and 160 pg/ml O-dianisidine were added to the collected reaction
product at the outlet to result in a color product according to Eq. 2.5 and the absorbance
of the color product was measured with a spectrophotometer. All the solutions used in

this test were prepared in 1x phosphate buffer saline (PBS), pH 7.2.

B—D-Glucose + 0, + Hy0—22% 5 D — gluconicacid + H, 0, 2.4)
H,0, + O — dianisidine(reduced) — > O - dianisidine(oxidised) + HyO 2.5)

Figure 2.39 presents the enzyme activity measurements for glucose oxidase en-
zyme that was passed through the channel along with the glucose at various flow rates. A

control experiment was done using a pipette for measuring the absorbance of the product
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formed. From Figure 2.39, it is evident that the enzyme is active for a wide range for Re
and also the absorbance of the color product formed due to micromixer mixing and is
higher than the absorbance of the product formed due to pipette mixing. This indicates
that the reaction between GOx and glucose in micromixer was better than in that of pi-
pette mixing. In Figure 2.39, the absorbances of the color products were decreasing from
Re = 0.1 to Re = 100 indicating that the reaction mechanism between GOx and glucose
was decreasing at higher flow rates due to the lower probability of mixing and this result

is in agreement with the results obtained from Figure 2.36, where the M.I. was decreasing

at higher flow rates.
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Figure 2.39 GOx activity measured in microchannels.



CHAPTER 3

PEDOT:PSS BASED ELECTROCHEMICAL
TRANSISTOR

During the past two decades, a myriad of solid state electronic devices such as
light-emitting diodes [66], photo diodes [67], solar cells [68], rectifiers [69], electrochem-
ical devices, and thin film transistors [16, 17] have been explored using organic semicon-
ducting materials such as conducting polymers by utilizing electrical, mechanical and opt-

ical properties of these materials.

3.1 Conjugated Polymers

Polymer is a material made up of repeated monomers. DNA, proteins and cellu-
lose are examples of natural polymers. In the year 1977, Alan Heeger, Alan MacDiarmid,
and Hideki Shirakawa discovered that the available plastics or insulating polymers could
be made electronically conductive [15]. Twenty-three years later, they were awarded with
the Nobel prize in chemistry for “the discovery and development of electrically conducive
polymers” [70]. This has attracted considerable interest in the development of semicon-
ducting and conducting materials. The physical or chemical properties of the polymers
can be tailor made according to the applications as they show various electrical, optical
and mechanical properties [71]. Some polymers are sensitive to high-energy radiation and
lose their solubility when exposed to ultraviolet light and this principle is widely used in

photolithography [72]. In addition, most polymers can be processed as liquids, thanks to

62
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the property that makes them dissolve in water or organic solvents. This has led to the
creation of polymer structures using simple manufacturing techniques such as casting,
spin coating, screen printing, and moulding [73].

3.1.1 Conducting Mechanism of Conjugated Polymers

The electrical conductivity of conducting polymers is about 10™'® S/m, while that
of doped conducting polymer can reach about 10’ S/m [74]. The differences in the elec-
trical conductivity of the polymers arise due to the difference in number of atoms that the
carbon has to be bind. In polyethylene, (a common material in regular plastic bag), each
carbon atom binds to two hydrogen atoms and two other carbon atoms as depicted in Fig-
ure 3.1 (a), while in polyacetylene, each carbon atom binds to two adjacent carbon atoms

and a hydrogen atom as shown in Figure 3.1 (b).
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a) b)

Figure 3.1 Chemical structures of (a) polyethylene (b) polyacetylene [75].

The insulating property of polyethylene can be attributed to the localization of
each carbon valance electron in the bonding molecular orbital, whereas in polyacetylene,
each carbon atom has an electron left in non-hybridized P, orbital and these P, orbitals

forms a molecular & (pi)-bond [75]. This result in electron delocalization along the



64

backbone of the polymer to yield conjugated polymer structure with alternating single and
double bonds between the carbon atoms. The electrical conductivity of these conductive
polymers can be attributed to the conjugated bond (alternative single and double bond)
[76].

In conducting polymers, a series of energy bands: w bond and ¢ bond occur due to
the overlapping of molecular orbitals of repeated units in space. Delocalized electrons
from their parent atoms form two molecular orbital of different energies: highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). HOMO
defines the high energy edge of the valence band and LUMO defines the bottom of the
conduction band. Therefore, energy gap (Egsp) is the difference in energy between HOMO
and LUMO.

A planar ¢ bond structure occurs, when hybrid orbitals are formed from one 2s
and two 2p orbitals. The third 2p orbital on the carbon atom, i.e., 2p, overlaps with a 2p,
orbital of neighboring carbon atom to yield two pairs of n-orbitals and the resulting
bond is parallel to underlying ¢ bond as shown in Figure 3.2. The electrons in the © bond

can be removed easily as these are weakly bonded in 7 bond than in ¢ bond [77].

Figure 3.2 Formation of ¢ and n bonds due to the overlapping of 2sp” and 2p, orbitals
[77].
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Conducting polymers are divided into two groups: degenerate ground state and
non-degenerate ground state polymers depending on their geometry. Single and double
bonds can be interchanged in degenerate ground state without changing the ground state
energy, while the interchange of these bonds leads to formation of two energy levels in
non-degenerate ground state [15]. For example, polyacetylene is divided into degenerate
ground state trans-polyacetyele and non-degenerate ground state cis-polyacetylene as de-

picted in Figure 3.3.

/\/\/\/ W Aromatic
W Quinoid

(@) (b)

Figure 3.3 (a) Trans-polyacetylene, (b) Cis-polyacetylene [15].

The conductivity of conducting polymers in their intrinsic state is in the range be-
tween insulators and semiconductors (107'° to 10 S cm™) indicating that the conjugated
double bonds are not enough to make them electrically conductive. The process of mak-
ing them electrically conductive by adding impurities or disrupting the bonds by oxida-
tion (removing electron) or by reduction (adding electron) is called doping. The conduc-
tivity level of the polymer can be adjusted by varying the doping. The conductivity can be
modulated in the range of (1 to 10* S cm™) by altering the temperature, pressure, and by
using secondary dopants such as water molecules, protons and oxidizing/reducing ga-
seous molecules [78]. Figure 3.4 depicts the conductivities of different organic and inor-

ganic materials.
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Figure 3.4 Conductivities of few organic and inorganic materials [75].

Semiconductors such as silicon and germanium need only a small fraction of do-

nor and acceptor dopants for significant conductivity, while in conducting polymers, do-

pants must be occurred in high fraction to increase the conductivity. Chemical and elec-

trochemical doping approaches are widely used among the available chemical, electro-

chemical, photo, and charge injection doping techniques [79]. Conductive polymers can

be either positively or negatively doped. P-doping can be achieved by polymer oxidation

with the injection of holes to depopulate the HOMO bonding orbital [80]. It can also be

done by removing electrons from the 7 bond of the polymer backbone and this results in

the formation of polymeric cation from neutral polymeric chain according to the Eq. 3.1:
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P+yd” > P74 +ye, G.D)
where P denotes polymer chain, y is the number of counter ions, 4 denotes the charge-
compensating counter ion, and e’ is the electron.

N-doping process involves the injection of electrons (excess donors) in the LUMO
orbital. The addition of electrons to the n-system of polymer chain forms polymeric anion
as described in Eq. 3.2 [81]:

P+ye +y4" = P 4. 3.2)

The addition or removal of electrons to the polymer structure through oxidative or
reductive doping generates quasi-particles such as solitons, polarons, and bipolarons [82].
In degenerate systems, such as trans-polyacetylene, the combination of two conjugated
polymer chain segments of different bond order creates neutral soliton, a defect in the
form of unpaired electron and this unpaired electron forms a new energy level inside the
band gap. Neutral solitons possess no charge and a spin of %2 and they can be detected
experimentally because of their spin [82-86]. The addition and removal of electrons to the
polymer chain through doping creates a negative and a positive solitons without a spin

respectively as depicted in Figure 3.5.
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Figure 3.5 Solitons in degenerate conjugated polymers [84].

The doping of non-degenerate conjugated polymers induces a state of higher
energy. The distortion in the bond order associated with the introduced charge is called a
polaron. These polarons overcome energy activation barrier while moving along the po-
lymer chain to participate in the electronic conductivity. Polarons formation in a non-
degenerate conjugated polymer poly (3,4 ethylenedioxythiophene) (PEDOT) is depicted
in Figure 3.6. Doping of this conjugated polymer yields a geometrically distorted quinoid
form from aromatic form upon creating a polaron. Sometimes further doping forms doub-
ly charged, spinless bipolarons, rather than two separate polarons [86]. The bipolarons
will be localized over a few rings, because two charges in bipolarons repel each other due

to Coulomb forces and the requirement of the elastic energy to separate two polarons.
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Further oxidation of the polymer generates bipolaron energy bands in the band gap [87,

88].
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Figure 3.6 Positive polaron and bipolaron formation and energy levels of the neutral po-
lymer, a polaron, a bipolaron, and bipolar energy bands in PEDOT [88].

The doping enhances the conductivity in conjugated polymers considerably. The
conductivity o is defined according to Eq. 3.3:

C =ney, 3.3)



70

where »n denotes number of charge carriers, e is the charge of an electron, and ¢ denotes
charge carrier mobility. The enhanced conductivity in conjugated polymers can be attri-
buted to two reasons: availability of more charge carriers and an increase in the mobility
of charge carriers due to the formation of new electronic bands [89]. However, the con-
ductivity starts to cease if the number of charge carriers reaches beyond certain a number
due to the charge carrier interactions. Measurements on conjugated polymers polytho-
phenes, polpyrroles, and polyaniline revealed that high conductivity is achievable only for
a finite potential window. In polyaniline, the conductivity reaches maximum when it is
oxidized to a level of 0.5 electrons per repeat unit and starts decreasing beyond this level
[90].

3.1.2 Electrochromism in Conducting Polymers

Conducting polymers absorb light in the visible region (wavelength, A=400-800
nm). Doping can also alter the optical properties of the conjugated polymers along with
the electrical properties, as the absorption corresponds to difference in energy states. In-
troduction of new energy state through doping forces the absorption to shift towards low-
er energies as shown in Figure 3.7. So, the color transition can be observed visually upon
doping. Several conducting polymers can be electrochemically doped in order to change
both electrical conductivity and color. The phenomenon of altering color upon electro-
chemical switching is called electrochromism [91, 92]. Polythiophenes and its derivates
are examples of common electrochromic polymers. The color of the polymer material can
be modified by adding chains to the conjugated polymer or by altering the effective con-
jugation length. Therefore, a polymer with required color absorption can be designed to

some extent by modifying the energy level configuration [93]. Electrochemical
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displays [94] and autodimming windows [95] are some of the fine examples for organic

electrochromic materials.
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Figure 3.7 Schematic representation of optical transmission with the increasing doping
level from left to right [84].

3.1.3 Ionic Conduction in Conjugated Polymers

Conjugated polymers conduct not only electrons but also ions. This makes them
potential materials for applications such as ion-to-electron transducers, organic neutral
electrodes, artificial muscles, sensors and drug release devices [96-101]. Ion conductivi-
ties in polymer-polyelectrolyte systems are equal or more than equal to those found in
aqueous solutions [102, 103]. The polymer film swells with the arrival of ions from the
aqueous solutions, therefore increasing the ion conductivity. The ion transportation me-

chanism can be either diffusion or electromigration, depending on applied electric field
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and ion gradient [104]. Conducting polymer poly(3,4-ethylenedioxythiophene) poly(4-
styrenesulfonate) (PEDOT:PSS) is a fine example of porous, phase separated material,
with electronically conducting PEDOT islands separated by insulating PSS grains.
Therefore, ion conduction occurs through hygroscopic PSS grains and is independent of
PEDOT oxidation state [105].

3.1.4 Conducting Polymer-PEDOT:PSS

Poly(3,4ethylenedioxythiophene) (PEDOT) was developed by Bayer AG in the
late 1980s and is one of the widely used, studied and characterized p-doped polythio-
phene derivative [106]. Figure 3.8 displays the numerous applications of PEDOT [16, 94,

107-120].

Figure 3.8 Various applications for PEDOT.

Excellent electrochemical stability in oxidized states, moderate band-gap with

good stability in doped states, optical transparency in visible region and promising



73

conductivity due to the planar structure that allows effective n electron delocalization
attributes to the abundant applications of PEDOT [121, 122]. It is made up of ehtylenedi-
oxythiphene (EDOT) monomers and insoluble in many common solvents and is unstable
in its neutral state due to its rapid oxidizing property in air. The insoluble PEDOT is
mixed with a charge balancing polyelectrolyte counter ion poly(styrenesulfonate) (PSS")
to form a water soluble Poly(3,4ethylenedioxythiophene) poly(4-styrenesulfonate) (PE-
DOT:PSS). Ionic interactions link PEDOT and PSS chains strongly to form ionic polymer
complex. As depicted in Figure 3.9, each monomer styrene ring has one acidic SO;H
group. PEDOT carries the positive charge and part of the sulfonate groups carry the nega-

tive charge [123].
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Figure 3.9 Chemical structure of PEDOT:PSS [124].

The PEDOT:PSS film morphology is a phase segregated conductive PEDOT:PSS
grains bounded by insulating PSS boundary of 40 A thickness. The PEDOT:PSS grains
show electrical conductivity similar to metals, but they are surrounded by PSS ion con-
ductors as illustrated in Figure 3.9, i.e. the charge transporters freely move along the

grains; however, they are obstructed by grain boundaries [105].
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Aqueous PEDOT:PSS forms films with a conductivity in the range of 10 S/cm.
However, it can be improved up to several orders of magnitude upon doping. Addition of
ethylene glycol (EG) to aqueous solution of PEDOT:PSS yield a conductivity enhance-
ment by two orders of magnitude. This high conductivity enables this polymer to use as
electrode material and J. Oouyang et al. reported that devices made of EG-PEDOT:PSS
anodes showed similar performance to those of indium tin oxide (ITO) anodes [125]. The
conductivities of untreated PEDOT:PSS, ethylene (E) treated PEDOT:PSS, ethylene gly-

col treated PEDOT:PSS and ITO films were illustrated in Table 3.1.

Table 3.1 Conductivities of ITO, PEDOT:PSS, and treated PEDOT:PSS films [125].

Materials Conductivity (S/cm)
PEDOT:PSS 0.4
EG-PEDOT:PSS 160
E-PEDOT:PSS 155
ITO 155

PEDOT:PSS is dark blue in its neutral semiconductor state and is transparent in
oxidized dope state. The high conductivity, good electrochromic properties along with
excellent chemical and mechanical stability make it an ideal candidate in developing all-
organic electrochemical devices. The applications of PEDOT:PSS extends to light emit-

ting diodes [123, 126, 127], solar cells [128, 129], electrochromic displays [94],
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electrochemical transistors, logics [16, 130], sensors [80, 99, 131], and bio-electrodes

[132, 133].

3.2 Organic Thin Film Transistors

Organic thin film transistors (OTFT) use conjugated polymer films as active ma-
terial, while daily used semiconductor devices such as filed effect transistors (FET) and
light emitting diodes (LED) use silicon as active material. OTFTs can be fabricated on
flexible substrates at low temperatures using simple fabrication techniques such as cast-
ing, spin coating, and printing. OTFTs can be divided into organic field effect transistors
(OFET) and organic electrochemical transistors (OECT) and has potential applications in
biosensors, electrochemical displays, logic circuits, ion selective membranes, electro-
chemical circuits [107, 108, 134].

3.2.1 Organic Field Effect Transistor (OFET)

OFETs are fabricated using thin film technologies and Figure 3.10 illustrates the
schematic architecture of OFET. Source (S), drain (D), and gate (G) electrodes can be
made of either metals or highly conducting polymers such as PEDOT:PSS. Flexible sub-
strates such as polyester, polyethylene, and polyimide can be used as carrying substrates
and thin films of polyimide or polymethacrylate serve as dielectric layer between gate and

the polymer channel [135, 136].
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Figure 3.10 Typical architecture of organic field effect transistor (OFET) [22].

The basic principle of FET involves the modulation of charge carrier density
through the capacitive coupling between gate and transistor channel. The application of
gate voltage (V) accumulates charge carriers at the insulator-semiconductor interface.
The relationship between drain voltage (V) and drain current (5) is linear at lower Vy
and the thickness of the conducting channel ceases to zero at one end of the polymer as V,
reaches saturation voltage (Vzqs). This is denoted as the pinch off and beyond this pinch
off voltage 1, essentially saturates and the transistor acts as an amplifier. The drain current
(1) can be controlled by varying Vg by altering the density of accumulated charges at the

insulator-semiconductor interface as illustrated in Figure 3.11.
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Figure 3.11 (a) FET operation with the application of gate and drain voltages (b) Tran-
sistor characteristics of FET [22].

3.2.2 Organic Electrochemical Transistor (OECT)

Wrighton et al. [137] reported first organic electrochemical transistor (OECT) in
1984 using polypyrrole as active material. Recently, these devices have gained a signifi-
cant attention due to their simplified structure, low operating voltages and aqueous envi-
ronment compatibility [73]. Many conjugated polymers such as polythiophene and polya-

niline derivatives have been explored for OECTs besides polypyrrole [23, 138, 139].
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Polymer based OECTs can be fabricated using standard photolithography, screen print-
ing, soft embossing, microcontact printing and inkjet printing techniques [8-14].

A typical OECT consists of source (S), drain (D), and gate (G) electrodes; a thin
film of semiconducting/conducting polymer in its doped state and an electrolyte medium
in contact with gate and channel as depicted in Figure 3.12. If the polymer is highly con-
ductive, all the electrodes and the channel can be made using the same polymer without
using any metals for electrodes resulting in all polymer electrochemical transistor. De-

pending on the application, the electrolyte can be a liquid, a solid or a gel [80, 140-142].

24 Conducting Polymer
Il Drain and source electrodes
1 Gate electrode

D Vs

Electrolyte solution|

LR
o

Vs

Figure 3.12 Schematic illustration of typical OECT [73].

In OECTs, the application of gate voltage (V) through the electrolyte medium
modulates the conductivity of polymer film due to the migration of ions between electro-
lyte and semiconducting polymer film. More specifically, ions from the electrolyte jump
into the polymer film with the application of gate voltage and migrate back into the elec-
trolyte upon the removal of applied gate voltage altering the doping level of the active
area. This doping and dedoping effects the channel current (/) that can be measured by

simple current measurement setup [143].
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3.3 PEDOT:PSS based OECT

High conductivity, stability in a wide pH range and commercial availability of the
conducting polymer PEDOT:PSS are the driving forces behind developing a complete
PEDOT:PSS based OECT. The device was fabricated using a simple, inexpensive and
rapid fabrication process that involves xurography technique to make physical tape
masks.

3.3.1 Fabrication Process

The fabrication process uses a Kapton tape as a physical mask material to pattern
the polymer on the substrate. A computer controlled cutting plotter was used to cut the
tape according to the desired window dimensions followed by removing the tape in the
region of interest. The fundamental fabrication process involves the following steps and is

depicted in Figure 3.13.

d) e) f)

Figure 3.13 Schematic illustration of OECT fabrication (a) Pretreat substrate (b) fasten
patterned polyimide tape (c) strip patterned region (d) spin coat PEDOT:PSS
(e) peel unwanted tape (f) fasten polymer well (g) final device with electro-
lyte solution.
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3.3.1.1 Substrate cleaning

Fisher Scientific plain microscope glass slides of dimensions 76.2 mm x 25.4 mm
x 1 mm and 3M Ink Jet transparency polyester sheet of approximate thickness 100 pm
were used as two substrate materials for OECT. The substrate was cleaned using an alco-
nox detergent solution (10 g/L) followed by treating it with acetone, isopropyl alcohol
(IPA) to remove organic and inorganic impurities. Later, it was rinsed off with deionized
water and dried in nitrogen air and the excess moisture on the surface was removed by
drying it on a hotplate at 150° C for 2 min.

3.3.1.2 Mask preparation

A computer controlled cutting plotter was used to cut the physical tape mask ac-
cording to the specified design. This tape was attached onto the substrate followed by re-
moving the tape in the regions of interest using tweezers. This leaves a polyimide tape on
the substrate with certain openings as depicted in Figure 3.13 (c). Later, it was heated on
a hotplate at 150° C for 2 min to improve the bond strength of the tape with the substrate.

3.3.1.3 Oxygen plasma treatment

The substrate was subjected to oxygen plasma treatment for 1 min to hydrophilize
the surface using Technics Micro-RIE Series 800 with the parameters illustrated in Table

3.2

Table 3.2 Micro-RIE parameters for oxygen plasma treatment.

Gas Flow rate Power (W) Pressure Time (min)

(sccm) (mTorr)

Oxygen 30 300 300 1
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3.3.1.4 Polymer deposition
A 4 mL of PEDOT:PSS (Clevios™ P from H.C. Stark Inc.) was mixed with 1 mL

of ethylene glycol (anhydrous 99.8%) (Sigma-Aldrich) and 10 pL of linear alkylbenzene-
sulfonic acid (97%) (Alfa Aesar) to enhance the conductivity and film formation, respec-
tively [144]. The dispersed PEDOT:PSS solution was spin coated on the oxygen plasma
treated substrate using Specality Coating Systesms G3P-8 Spin coat. Figure 3.14 depicts

the spin coating parameters for polymer solution.

1000 rpm

500 /s

500 rpm

100 1/s

45 s EE—

A

«—— 10s >

Figure 3.14 Parameters for polymer coating.

3.3.1.5 Polymer annealing and stripping

After spin coating the polymer solution, the substrate was annealed in air at 150°
C for 30 min. The annealing was carried out under a hood, as the polymer solution releas-
es mild toxic fumes during the heating process. These toxic fumes were due to the pres-
ence of DBSA in the dispersed polymer solution. The subsequent stripping of excess tape
left two patterned PEDOT:PSS stripes on the substrate as depicted in Figure 3.13 (e).
The film thickness was measured to be 200 nm using a KLA Tencor surface profiler. Fig-

ure 3.15 depicts the surface roughness profile of the film measured using atomic force
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microscopy (AFM). The film is relatively smooth and some PEDOT:PSS nanoclusters

were found on the surface.

194_§§Snm

|

Figure 3.15 PEDOT:PSS film surface profile.

3.3.1.6 Preparing polymer wells

A polyester sheet of approximate thickness 120 um was attached to an 80 pm
double sided tape resulting in a 0.2 mm thick polymer sheet. It was cut by a computer
controlled cutting plotter according to the mask design, followed by stripping of the un-
wanted regions to make polymer wells. Figure 3.16 depicts the polymer well preparation.
Three of these wells were stacked together and attached onto the PEDOT:PSS stripes.
The stack of these polymer wells accommodates electrolyte, enzyme, and analyte solu-

tions and thus is the home to enzymatic reactions. Care has to be taken while stacking the
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polymer wells on the polymer stripes, as misalignment in the stacking may cause solution

leakage through the gaps, thus affecting the device characteristics.

d)

Figure 3.16 Polymer well preparation (a) attach double sided tape to polyester sheet (b)
pattern the polymer sheet (c) remove unwanted region (d) strip the well from
polymer sheet.

3.3.2 OECT Device Description and Dimensions

The patterned PEDOT:PSS stripes along with confined electrolyte solution consti-
tutes organic electrochemical transistor (OECT). Figure 3.17 depicts the OECTs fabri-

cated on both glass and flexible polyester sheets.
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Figure 3.17 Fabricated organic electrochemical transistor on glass slide (left) and polyest-
er sheet (right). The overall dimensions of the device are 9 x 11 mm.

Three dimensional schematic of the final device after loading electrolyte solution
was shown in Figure 3.18. The overlap of the electrolyte with the area of the PEDOT:PSS
film in between source and drain electrode defines the transistor channel. The channel and
gate areas are 0.8 x 0.8 mm?and 8 x 6 mm’ respectively and the distance between the gate
and channel stripe is 2 mm. The active surface area of the device after attaching the well
is 4.8 x 4 mm?. The number of available oxidation sites of the gate electrode must be
equal to or exceed the number of available reduction sites in the channel to achieve max-
imum reduction of the channel which was achieved by making the gate area larger than
the channel area. The dimensions of the gate and transistor channel and the distance be-
tween them greatly determine the device properties including the extent of gating, tran-
sient response time, On/Off ratio, switching speed and sensitivity [145, 146]. Highest

On/Off ratio was achieved with a square shaped transistor channel.
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Figure 3.18 Three-dimensional schematic of final device.

3.3.3 Polymer Well Effect on Film Conductivity

The effect of polymer well on the film conductivity was measured by measuring
the drain current for various drain potentials at a constant gate potential of 0.2 V before
and after attaching the polymer well to PEDOT:PSS film stripes. The deviation in the
drain current was very small in the presence of the polymer well as shown in Figure 3.19.

Therefore polymer wells were used to confine the electrolyte solution.
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Figure 3.19 Deviation in drain current for various Vysat Ve, =0.2 V.

3.3.4 OECT Characteristics

The device characteristics were measured using two Keithley 236 Source meters
controlled by Interactive Characterization Software (ICS). The three Tungsten probes de-
picted in Figure 3.20 were used to apply the potentials and measure the currents. Drain
and gate potentials (Vg & Vgs) were applied through two probes on the left side and
source was connected to ground terminal using the probe on the right side as depicted in

the inset of Figure 3.20.
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Figure 3.20 Micromanipulator electrical probe station and OECT measurement setup (in-
set).

Phosphate buffered saline with calcium chloride and magnesium chloride (PBS)
(Sigma—Aldrich) and Tris-Hcl (Tris) were used as liquid electrolyte solutions for OECT
under consideration; 15 pL of electrolyte solution was loaded into the transistor well and
was allowed to sit for 2 min to allow the electrolyte ions to cross link with PEDOT:PSS
film. Voltages were applied to the drain and gate terminals by keeping the source terminal
at ground potential. The device response was measured by determining the drain current
(Iz) that flowed between drain-source terminals and gate current (Ig) current that flowed
between gate-source terminals.

Mobile holes in PEDOT:PSS film are compensated by the negatively charged sul-
fonate groups. The PEDOT:PSS transistor is in the “on” state at zero gate voltage, at
which the channel current is high. Application of positive gate voltage turns “off” the
transistor as cations from the electrolyte solution were driven into the polymer channel.
The migrated ions cause electrochemical de-doping of the PEDOT, thus decreasing the

drain current. PEDOT reduction from its highly conductive oxidized state to less conduc-
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tive neutral state is reversible and is described according to the electrochemical reaction

described in Eq. 3.4: [147].
PEDOT" :PSS™ +M" +¢” <> PEDOT® + M* : PSS, (3.4)

where PEDOT? is in its highly conductive oxidized state, PEDOT" is in its less conduc-
tive neutral state, M is a cation in the electrolyte medium, and ¢ is the electron from the
source electrode. Application of the positive gate potential causes the migration of M"
ions in the channel, thus reducing the PEDOT:PSS film. These migrated ions diffuse back
into the electrolyte medium upon the removal of the gate potential, thus retaining the
original conductivity of the channel. The PEDOT:PSS channel can be switched between
its oxidized and neutral states with the application of only a few volts.

Figure 3.21 depicts the transfer characteristics of the OECT with 1x tris electro-
lyte solution. Drain current was measured by sweeping gate voltage from 0 V to 0.8 V
with a step size of 0.2 V and a delay of 10 s after each measurement at a drain potential of
-0.4 V. The drain current has been decreasing with higher gate voltage, which indicates
the gating action of the transistor and can be attributed to the migration of H" ions from

tris solution into the PEDOT:PSS channel.
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Figure 3.21 Transfer characteristics (L -Vygs, Vas = -0.4 V) of OECT measured in 1 X tris
electrolyte solution.

Figure 3.22 represents the I-V characteristics of the OECT. Drain voltage was
swept from -1 V to 1 V with a step size of 0.25 V and a delay of 10 s for each measure-
ment, while varying gate voltage from 0 V to 0.8 V with a step of 0.2 V and a delay of 10
s for each measurement. Drain and gate currents were measured simultaneously with the

application of both gate and drain potentials.
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Figure 3.22 Output characteristics of OECT measured at various gate potentials.

From Figure 3.22, it can be observed that there is a linear relation between I and
Vs for all the gate voltages at lower drain potential in both quadrants. In the first quadrant
(upper right), over-oxidation of PEDOT:PSS active area occurs with the application of
higher positive V4 which is an irreversible state. In the third quadrant (lower left), the
drain current starts to remain constant and eventually saturates. In the third quadrant, the
application of Vg = 0.2 V resulted in about 50% reduction in the drain current compared
to Vg = 0V, although the exact percentage depends on the drain voltage, which is in
agreement with the earlier reports [148]. The device characteristics are similar to p-type

MOSFET, as PEDOT:PSS is a p-type conducting polymer.
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3.3.5 Device Stability Test

The OECT characteristics were measured over 30 days to observe the stability of
the device characteristics. Drain current was measured by sweeping drain voltage from 0-
1 V with a step 0of 0.2 V, by keeping gate potential at 0.4 V. The device was enclosed in a
glass box and kept at room temperature after each measurement. As shown in Figure
3.23, the drain current has been decreased by half in the second day. Later, the reduction
in the drain current is small and after 30 days the drain current was decreased by 10-fold.

The reduction in the drain current is due to the effect of humidity and environment on

PEDOT:PSS film.

'd [ (PA)

Vgs (V)

Figure 3.23 OECT drain current as a function of drain potential over several days.
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3.3.6 Effect of pH on OECT Characteristics

The effect of pH on the OECT response was monitored using different buffer so-
lutions with different pH values ranging from pH 4 to pH 9. Buffer solutions with differ-
ent pH values were successively added to the polymer well and the drain currents (I4s)
were measured after the addition of each solution by sweeping gate voltage (V) from 0.2
and 0.8 V with a step of 0.2 V at a drain voltage (V) of -0.4 V. The drain current was
decreasing with higher gate voltages, which confirmed the transistor behavior of the de-
vice and the change in pH value did not affect the drain current curve considerably as de-
picted in Figure 3.24. This stable device responses over a wide pH range can be attributed

to the stability of PEDOT:PSS polymer over a wide pH range [149].
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Figure 3.24 Transistor response vs pH. The pH sensitivity of the drain current curve (y-
axis) at different gate potentials (V) , is shown for three different pH values.



CHAPTER 4

OECTS FOR BIOSENSOR APPLICATIONS

The aim of this project is to develop biosensors using organic electrochemical
transistor technology. A glucose sensor and a glutamate sensor were developed using the
fabricated OECTs described in Chapter 3. The developed glucose sensor is able to detect
glucose concentrations from 1 pM-10 mM and is able to detect glucose levels in the range
of those found in human saliva. The developed glutamate sensor showed a linear response
from 1-100 pM glutamate concentrations. The glutamate released from astrocytes and
glioma cells after stimulating with ATP, KCl and cystine was detected using the devel-
oped sensor and the results were compared with standard fluorescent spectrophotometer
results. The developed biosensors are simple, inexpensive, and disposable, require very
small amounts (5 pL) of enzyme and analyte, does not require enzyme immobilization

techniques, and showed a stable response in a wide pH ranging from pH 4 to pH 9.

4.1 Introduction to Biosensors

Biosensors have several applications in biological, chemical, health care, envi-
ronmental monitoring, and food industries [150]. The modern concept of biosensor dates
back to 1962 when the enzyme was immobilized on the electrochemical detectors to
sense specific analytes [151]. A biosensor is comprised of interconnected biological sens-
ing element and transducer, as shown in Figure 4.1, to generate electric signal that is pro-
portional to the concentration of a specific or set of analytes. The added analyte diffuses
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through the biological sensing element and reaches the reaction site. The transducer picks
up the signal generated from the biochemical reactions and translates it mostly to electric-

al domain [152].

Analyte to be detected

HHHH

;% f;%w%@@ “éf%"*‘*‘ @%f&

Signal

Figure 4.1 Schematic diagram of biosensor.

4.1.1 Classification of Biosensors

Biosensors are classified into three generations depending on the level of integra-
tion. The first generation biosensors entrap the biocatalyst in a membrane that is attached
on the transducer surface. In the second generation biosensors, biological active compo-
nent is covalently adsorbed on the surface of transducer and does not require semi-
permeable membrane. In the third generation biosensors, biocatalyst is directly bound to
an electronic device for the detection and amplification of the signal [152].

Biosensors can be classified based on the biosensitive element and transduction
phenomenon. The biosensor may use different biosensitive elements such as an enzyme,
protein, antibody, cell, tissue, receptor, and whole organ to detect specific analytes. Ac-
cording to the transduction phenomenon, they are divided into calorimetric, optical, pie-

zoelectric, and electrochemical biosensors {153].



95

4.1.1.1 Calorimetric biosensors

Calorimetric biosensors measure the analyte concentration by measuring the
amount of heat generated from the enzymatic reactions. Generally, the enzyme was di-
rectly immobilized on the thermistor and the generated heat is directly measured using the
thermistor. The sensitivity of the calorimetric biosensors was observed to be low as the
majority of the generated heat is lost to its surrounding solution before reaching the ther-
mistor. Calorimetric biosensors are difficult to handle and cannot be employed to measure
very little heat changes [154].

4.1.1.2 Optical and piezoelectric biosensors

Optical biosensors measure the absorbed or emitted light as a result of biochemi-
cal reaction. Optical fibers are used to guide the light waves to suitable detectors. Al-
though these optical biosensors are very sensitive, they cannot be employed in turbid me-
dia [155]. In piezoelectric biosensors, the mechanical stress on the crystal generates elec-
tric dipoles. The added analyte increased the crystal mass and changes the oscillation fre-
quency and these type of biosensors are used to measure ammonia, carbon monoxide, hy-
drogen, nitrous oxide, and some organophosphorus compounds [156].

4.1.1.3 Electrochemical biosensors

Electrochemical biosensors are widely used as they possess comparable instru-
mental sensitivity, can be used in turbid media and are amenable to miniaturization. Bio-
chemical reaction produces or consumes electrons, and this generates an electrochemical
signal that can be detected by electrochemical detector. The electrochemical biosensors
are further classified into conductometric, potentiometric, and amperometric biosensors

[151].
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4.1.1.3.1 Conductometric and potentiometric biosensors. The change in the conduc-
tance between two metal electrodes in the presence of analyte was measured in conduc-
tometric biosensors while potentiometric biosensors measure the working electrode po-
tentials with respect to reference electrode and measure the charge accumulation at zero
current generated by the biological binding [152, 157].

4.1.1.3.2 Amperometric biosensors. In amperometric biosensors, the change in the cur-
rent at the working electrode that is generated from the enzymatic reactions is measured.
Biochemical redox reactions produce O, and H,0O; and these were used for amperometric
estimation [158]. Amperometric biosensors generally produce a linear dependence in be-
tween the analyte concentration and measured change in the current. These electrochemi-
cal biosensors may or may not use electron mediators for electron transfer and the sche-

matic of the electron transfer is depicted in Figure 4.2 [159].

(a)
Electrode
(b) -
Analyte
Electrode
Product

Figure 4.2 Schematic of electron transfer in electrochemical biosensors (a) non-mediated
(b) mediated electron transfer [151].
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4.2 Glucose Sensor

4.2.1 Literature Review

In the year 2007, an estimated 23.6 million people in the U.S.A. suffered from di-
abetes mellitus, a group of metabolic disease characterized by defects in insulin produc-
tion, insulin action, or both [160]. A recent analysis projects that one in three American
adults may have diabetes by the year 2050, increasing financial toll to the US economy in
the subsequent years [161]. Current commercially available glucose sensors determine
glucose levels in blood stream. The linear dependence between blood and saliva glucose
levels opened doors to develop non invasive glucose monitoring schemes thus avoiding
painful finger sticks assays [162]. Typical human saliva glucose level is between 8 uM
and 210 uM [162] and the current available sensors in the market cannot detect such
small concentrations.

During the past two decades, various types of glucose sensors have been devel-
oped to detect human glucose levels. First generation glucose sensors utilized electro-
chemical detection to detect glucose. In these types of sensors, glucose oxidase (GOx)
was coated onto the electrode and upon the addition of glucose; hydrogen peroxide is re-
leased from the enzymatic reactions [163]. The amount of hydrogen peroxide generated is
measured by the electrode, which reflects glucose concentrations. However, this method
of detection requires higher oxidation potentials and also the glucose analysis at higher
concentration is difficult. To overcome these issues, electron mediators were employed in
the second generation glucose sensors to shuttle the electrons between enzyme and elec-
trode. Ferrocene and quinine derivatives have been used as common electron mediators
for the conventional glucose sensors [164]. Cass et al. showed that 1,1°-dimethyl ferro-

cene showed good response among all the ferrocene derivatives they have tested [165].
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Recently, D. J. Macaya et al. [166] developed a glucose sensor using OECT tech-
nology that utilizes PEDOT:PSS source (S) and drain (D) electrodes and platinum (pt)
wire as a gate (G) electrode to detect glucose in micromolar range. In their method H,O,
generated from the enzymatic reactions was oxidized and later catalyzed by the working
platinum electrode. However, the incorporation of Pt electrode complicated the device
fabrication and increased the cost.

Although N. Y. Shim et al. [167] developed a glucose sensor based on OECT
technology. They have employed tedious clean room processes such as chemical vapor
deposition and photolithography techniques to fabricate the devices and also ferrocene
(bis (n° -cyclopentadienyl) iron) (Fc)/ferricenium ion couple was used as an electron me-
diator to achieve a decent response for micromolar glucose levels [167].

4.2.2 Micromolar Glucose Sensor

The OECT described in Chapter 3 was used to detect the glucose concentrations
ranging from 1 uM to 10 mM that include the glucose levels found in human saliva. After
fabricating the OECT, glucose oxidase (GOx) and glucose were loaded in to the polymer
well successively to undergo electrochemical reactions as depicted in Figure 4.3. GOx
catalyzes D-glucose oxidation into D-gluconol, 5-lactone and generates hydrogen perox-
ide (H>0,) according to Eq. 4.1:

B—D-Glucose+0y +Hy0—32% 3D —gluconicacid + HyO,.  (4.1)
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Figure 4.3 Schematic of OECT based glucose sensor (top view).

4.2.2.1 Materials and methods

A 4 mL of PEDOT:PSS (Clevios™ P from H.C. Stark Inc.) was mixed with 1 mL
of ethylene glycol (anhydrous 99.8%) and 10 uL of linear alkylbenzenesulfonic acid
(97%) to fabricate PEDOT:PSS based OECT. GOx solution was prepared by dissolving
5.0 mg of GOx in 1 ml of 1X phosphate buffer (PB), pH 7.2, and glucose solutions rang-
ing from 1 uM to 10 mM concentrations were prepared in PB for evaluating the sensor.
Table 4.1 shows the concentrations and volume of each of the chemicals used in the glu-
cose sensor (same concentrations and volume were used in all the experiments unless

otherwise specified).
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Table 4.1 Chemicals used in OECT based glucose sensor.

Material Concentration Volume Purpose
PBS ,pH 7.0 1X 15 uL Electrolyte for OECT
PB,pH 7.2 1X - Solvent for GOx & glucose
GOx 5 mg/ml 5uL Enzyme
Glucose I uM-10 mM 5uL Analyte

Phosphate buffered saline with calcium chloride and magnesium chloride (PBS)
obtained from Sigma-Aldrich was used as an electrolyte for the OECT and 15 pL of it
was loaded into the transistor well and was allowed to sit for a minimum of 2 min before
adding GOx to allow the electrolyte ions to cross link with the PEDOT:PSS film. For glu-
cose sensing experiments, 5 pL. of GOx was loaded into the well followed by adding 5 pL.
of glucose solution with concentrations from 1 uM to 10 mM. The sensor characteristics
were measured using two Keithley 236 Source meters controlled by Interactive Characte-
rization Software (ICS).

4.2.2.2 Glucose sensor working principle

The addition of glucose to the GOx containing well reduces the enzyme and gene-
rates H,O,. The oxidation of H,O, is catalyzed at the PEDOT:PSS gate electrode further
reducing the PEDOT:PSS channel and this reduction is proportional to the glucose con-

centration as shown by the reaction cycle in Figure 4.4.
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Figure 4.4 Reaction cycle of PEDOT:PSS based glucose sensor.

4.2.2.3 Results and discussion

Figure 4.5 depicts the OECT response for various gate potentials as a function of
time at constant drain potential. The polymer well was preloaded with PBS and GOx so-
lutions into which 5 pL of 10 mM glucose was added. V;; was kept at -0.4 V and V, was
increased from 0 V to 0.4 V with a step of 0.1 V and later it was forced to 0 V instantly.
In Figure 4.5, x-axis represents time in seconds, left side y-axis represents applied gate
potential, and right side y-axis represents the measured drain current. With the application
of higher gate voltage, the reduction in the drain current was higher. When the gate poten-
tial was decreased from 0.4 V to 0 V instantly, the drain current tried to regain its original
value. This indicates that the device is working as a transistor even in the presence of
GOx and glucose. The drain current is reaching 90% of its value within 5 s, when there is
a shift in the gate potential. So, it is conclusive that the response time of the glucose sen-
sor is 5 s. The reversible reduction in the drain current is due to the application of the
higher gate voltage and the magnitude of reduction is associated with the glucose concen-
tration present in the well, i.e. higher the glucose concentration, the more will be the drain

current reduction.
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Figure 4.5 Application of gate bias (solid line) resulted in reversible modulation in drain
current (/) (dotted line).

The relative response of the transistor under various drain voltages in the presence
of 0 uM (phosphate buffer), 5 uM, 500 uM, and 5 mM glucose is shown in Figure 4.6.
Initially, GOx was loaded into the PBS contained well. Drain current (/z5) was measured
by sweeping the drain voltage from 0 V to -1 V with a step of -0.2 V, by keeping the gate
voltage at 0.4 V after loading glucose solutions (increasing concentrations) successively
to the same well. Initially, 0 pM glucose was added into the GOx contained well followed
by adding 5 pM, 500 uM, and 5 mM glucose solutions successively, and the drain current
was measured after the addition of each concentration. Upon the addition of higher glu-
cose concentration, the drain current was decreasing as the amount of H,O, generated
from the enzymatic reactions is higher in higher glucose concentrations, which further

generates a higher number of electrons. The movement of electrons to the PEDOT:PSS
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film reduces the channel current, as PEDOT:PSS is a p-type semiconductor [147]. From
Figure 4.6, a downward shift in the drain current can be clearly observed as the glucose
concentration is increased from 0 uM to 5 mM, and also the amount of shift is higher at
higher drain potentials. According to Figure 4.6, the drain current is getting saturated at a
drain voltage of -0.4 V and a gate voltage of 0.4 V. Therefore, the drain current was

measured at these potentials for glucose sensing experiments.

-25 T T ;
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Figure 4.6 Relative response of I as a function of ¥ under different glucose concentra-
tions.

The drain current was measured in the presence of glutamate in order to test the
selectivity of the sensor. Initially, GOx was added to the PBS contained well, followed by
adding 1 mM glutamate and 1 mM glucose and measurements were taken after the addi-
tion of each solution. The drain current was measured by sweeping the drain voltage from

0 Vto-1V ata gate voltage of 0.4 V. After adding 1 mM glutamate to the GOx
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contained well, the drain current was increased and it was decreased after the addition of

1 mM glucose to the same well as depicted in Figure 4.7.

—&— After GOx
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Figure 4.7 Selectivity test to observe the drain current deviation in the presence of glu-
cose and glutamate.

The increase in the drain current with the addition of glutamate can be attributed
to the availability of higher electrolyte (PBS + Tris-HCI) solution, as glutamate is dis-
solved in Tris-HCI buffer solution, while the decrease in the drain current in the presence
of glucose is due to the reaction cycle depicted in Figure 4.4. This indicates that the added
glutamate is not interfering with the sensor response, as the downward shift in the drain
current is only possible, if there is an enzymatic reaction that produces H,0Ox.

Figure 4.8 depicts the sensor normalized response (NR) to various glucose con-
centrations ranging from 1uM-10 mM at gate and drain potentials of 0.4 V and -0.4 V

respectively. A new device has been used for each measurement and in a typical batch
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fabrication, the mean drain current (/ 4) of 15 devices after loading GOx (before adding
glucose to the well) into the wells was found to be -2.12 + 0.26 pA. So, normalization
was done relative to the device base current to facilitate the comparison between different
devices in accordance with Eq. 4.2. This normalized response (NVR) provides a response

from zero to one with various glucose concentrations.

NR = (_IOT—IQ_Z , 4.2)

where Iy is the drain current before adding glucose to the GOx contained well and I is
the drain current after adding glucose (concentration of interest) to the same well.
Figure 4.8 depicts repeatable sensor response to various glucose concentrations
with a coefficient of determination (R%) of 0.9642. NR starts at 0.112 for 1 uM glucose
and increases to 0.414 for 1 mM solution and reaches 0.581 for 10 mM solution. From
Figure 4.8 it can be observed that the NR’s of 5 mM, 10 mM are close and NR’s of 10
mM and 20 mM are almost equal. This illustrates that the sensor response is saturating
after 10 mM glucose concentration. The sensitivity of the sensor was found to be 0.01 NR
per 1 uM glucose concentration and it showed adequate change in 1-200 uM glucose
concentration range, which is relevant for glucose detection in human saliva. The results
are in agreement with the reaction cycle shown in Figure 4.4 according to which oxida-

tion of H,O; catalyzed at the PEDOT:PSS gate electrode occurs.
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Figure 4.8 Normalized response (NR) of the device for various glucose concentrations.
NR is getting saturated after 10 mM glucose concentrations.

4.3 Glutamate Sensor

4.3.1 Literature Review

L-Glutamate is one among 20 standard amino acids and is considered as a source
of energy and nitrogen in eukaryotic and mammalian cells [168, 169]. It was recognized
as the primary excitatory neurotransmitter in the mammalian central nervous system in
the late 1970s, although its excitatory action in the mammalian brain and spinal cord has
been known since the 1950s [170-172]. Glutamate works as the primary neurotransmitter
for approximately 60% of the neurons in the brain and its reuptake and recycling mechan-
ism is related to up to 2/3 of brain energy metabolism [173, 174]. Neurologists show par-

ticular interest to glutamate because of its involvement in neuronal differentiation,
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migration, and survival in the developing brain [175]. It also plays a vital role in synaptic
plasticity, neuronal development, degeneration, long term potentiation, and long term de-
pression [176, 177].

The defects in cellular reuptake and/or excess production and secretion results in
elevated glutamate concentrations. The glutamate concentration in extracellular space is
in between 4-350 uM [178]. An overwhelming and uncontrolled extracellular level of
glutamate is strongly implicated to retinal dysfunction, neuronal and non-neuronal cells
death leading to pathophysiological syndromes and diseases such as multiple sclerosis,
Parkinson’s disease, Alzheimer’s disease, Huntington’s disease, cerebral ischemia, epi-
lepsy, and stroke [179-182]. Moreover, L-glutamate is a common food ingredient in Chi-
nese food in the form of L-monosodium glutamate. The excessive intake of the glutamate
flavor enhancer results in headache and stomach pain and is linked to Chinese Restaurant
Syndrome (CRS) [183, 184]. Hence, glutamate measurement is important for biological
and food industries.

Several analytical methods have been developed for glutamate sensing including
mass spectroscopy, liquid chromatography, capillary electrophoresis, microdialysis, elec-
trochemiluminescent, and optical methods [185, 186]. However, most of them require
time for derivatization and separation. Recently, electrochemical methods have been used
widely for glutamate measurement through enzymatic reactions which require smaller
sample volume, provide rapid response, show accurate readings, and are easy to handle
[169, 185].

Various electrochemical glutamate schemes have been designed over the last
decade by L-glutamate oxidase immobilization on electrodes, and entrapment in polymer

or carbon paste [178, 187-192]. These different sensors were categorized into first and
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second generation glutamate sensors depending on the redox reactions and electron trans-
fer mechanisms at the electrodes. In the first generation glutamate sensors, an enzyme is
immobilized on the electrode and the addition of glutamate reduces the glutamate oxidase
enzyme and produces o-ketoglutarate and hydrogen peroxide (H,O;). At certain poten-
tials, the electrode gains the electron from H,0, and converts it into HO and O, [193].
The second generation glutamate sensors use a secondary redox enzyme and the reduc-
tion/oxidation reaction of this redox mediator detects the analyte [194].

First generation glutamate sensors are simple in structure and faster in glutamate
detection. However, they require high glutamate oxidase concentrations ranging from
100-200 U/ml and a high potential is needed for the redox reactions to occur, whereas the
second generation glutamate sensors can be operated at lower potentials and use lower
concentration of enzyme (~ 1 U/ml). They suffer from difficulty in reproducing the fabri-
cation process and in less precise detection of glutamate [195].

Recently, several glutamate sensors have been developed based on different tech-
niques such as smart-biochips, floating gate transistors, flow injection analysis, electro-
chemical sensor array and carbon fiber electrode. However, most of these sensors need
tedious clean room processing techniques for the fabrication, require high enzyme con-
centrations, enzyme immobilization techniques, and importantly, pH of the solutions af-
fect the sensor performance [190, 196-201]. Therefore, there is a need for developing a
simple, efficient, and low cost glutamate sensor that requires small sample volumes, uses
lower glutamate oxidase concentrations, can be operated at lower potentials, and is stable

for a wide pH range.
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4.3.2 Micromolar Glutamate Sensor

The glutamate sensor depicted in Figure 4.9 was developed using the fabricated
OECT to detect glutamate concentrations ranging from 1 uM to 100 uM. The sensor
showed a linear response from 1 uM to 100 uM glutamate with a R? 0f 0.9817 and a sen-
sitivity of 0.003 NR/uM. Astrocytes and glioma cells were treated with stimulating agents
such as Adenosine-5'-triphosphate (ATP), potassium chloride (KCl), and cystine. Gluta-
mate released from these stimulations was measured with the biosensor under considera-
tion and the results were compared to a fluorescent assay for glutamate. The sensor re-
sponse followed the fluorescent assay response and demonstrated differential glutamate

release from astrocytes and glioma cells in culture.

Figure 4.9 OECT based glutamate sensor (top view).

4.3.2.1 Materials and methods
4.3.2.1.1 Reagent preparation. PEDOT:PSS polymer solution was prepared to fabricate
OECT. L-glutamate oxidase (GluOx) solution was prepared by dissolving 0.5 units of

GluOx in 1 ml of 1X tris(hydroxymethyl)aminomethane-HCI (tris-HCI) buffer (pH 7.5)
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and was used as an enzymatic solution for all the glutamate sensing experiments. A stock
solution of 0.5 U/mL GluOx was prepared in 1X Tris-HCI buffer (pH 7.5) and was used
as an enzymatic solution for all the experiments presented here. Glutamate concentra-
tions ranging from 1-100 uM were prepared in the same buffer solution for sensor evalua-
tion.
4.3.2.1.2 Cell culture. Astrocytes were obtained from a newborn rat’s brain and were
cultured in 25 cm? flasks at 90% humidity and 5% CO, according to G. Wang et al. [202].
Astrocytes were maintained in Ham’s F-12K containing horse serum, 5% fetal bovine
serum, and 5% penicillin and streptomycin. The brain tumor cell line CRL 2303 was
purchased from ATCC (Manassas, VA) and was maintained according to vendor specifi-
cations in Dulbecco’s Modified Eagle’s medium containing 5% fetal bovine serum and
5% penicillin and streptomycin and 0.5 ml of cell cultures were plated in 24 wells culture
plate and incubated for 24 hours. For both astrocytes and brain tumor cells, the cells were
plated at a density of 30,000 cells/ml, and after the 24 hours of culture, the plates were
washed with 0.5 ml of Locke’s solution before the cells were treated with stimulating
chemicals (100 uM ATP, 50 uM KCI, or 200 uM cystine). The samples were collected
from the cell media after 5 min of treatment.

Table 4.2 shows the concentrations and volume of each of the chemicals used in
glutamate sensor experiments (same concentrations and volume were used in all the expe-

riments unless otherwise specified).



Table 4.2 Chemicals used in OECT based glutamate sensor.
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Material Concentration Volume Purpose
TrissHCLpH 7.5 [1X 15 puL Electrolyte for OECT and sol-
vent for GluOx and glutamate

GluOx S mg/ml 5uL Enzyme

Glutamate 1 uM-100 uM 5uL Analyte

ATP 100 uM - Stimulating agent

KClI 50 uM - Stimulating agent

Cystine 200 uM - Stimulating agent

Astrocytes 30,000 cells/ml (be- | - To measure glutamate release
fore incubation)

Glioma Cells 30,000 cells/ml - To measure glutamate release
(before incubation)

4.3.2.1.3 Methods. Initially, the sensor was evaluated using various glutamate concentra-
tions. Later, it was used to measure the glutamate released from astrocytes and glioma
cells after treating with stimulating agents. For glutamate sensing experiments, the OECT
well was preloaded with 5 L. GluOx solution, followed by adding 5 pL of L-Glutamic
acid solution (concentration of interest).

According to previous reports, astrocytes and glioma cells release glutamic acid
with cystine stimulation [203, 204]. The glutamate that is released from stimulations re-
ported here was measured using both a spectrofluorometer assay and the developed glu-
tamate sensor. For fluorometric measurements, 50 pl of the sample was collected from

the corresponding plate (after stimulation), and it was warmed up with 50 pL of
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fluorometric working solution for 30 min according to the methods specified by the Invi-
trogen Amplex Red Glutamic Acid/Glutamate Oxidase Assay kit. The fluorescence was
measured with a BioTek FLx800 fluorescence microplate reader with excitation and
emission wavelengths of 540 nm and 600 nm, respectively. For OECT based glutamate
sensor measurements, SuL of the sample was collected from the plate (after stimulation)
and was added to the GluOx contained well and the electrical characteristics of the sensor
were measured using two Keithley 236 Source meters controlled by (ICS).

4.3.2.2 Glutamate sensor working mechanism

With the addition of L-Glutamic acid to GluOx containing well, GluOx catalyzes
the oxidation of L-glutamate in the presence of oxygen and produces a-ketoglutarate,
NH," and H,0, [205]. The potential applied to PEDOT:PSS gate electrode catalyzes the
H,0; oxidation and produces H,O, O; and electrons according to Eqgs. 4.3 and 4.4: These
oxidation current (generated electrons) is directly proportional to the glutamate concentra-
tion in the solution. The transistor channel gains the electrons from these enzymatic reac-
tions, and the overall conductivity of the channel is decreased as the channel is made up
of p-type conductive polymer. The higher the glutamate concentration, the more the num-

ber of electrons generated and the higher is the decrease in the channel current.

GluOx

L — glutamate + O, —>~ a — ketogluatarate + H,O, + NH} 4.3)
H,0, _PEDOT | 1/20, +H,0 +2¢” (4.4)

4.3.2.3 Results and discussion

The transistor response was measured by pulsing Vg, in between 0 V to 0.4 V with
a step of 0.1 V at a drain voltage of -0.4 V after adding 5 pL of 100 uM L-glutamate to

the GluOx contained OECT well. In Figure 4.10, the x-axis represents the time in
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seconds, left side y-axis represents the applied gate voltage, and right side y-axis
represents the measured drain current, the solid line depicts the applied gate voltage, and
the dotted line reflects the measured drain current (/). Figure 4.10 depicts the transistor
response with the application of four continuous cycles. The first half of the cycle in-
volves increasing the gate voltage from 0 V to higher voltage (0.1 V,0.2V,0.3V,0.4V),
and the second half of the cycle involves reducing the gate potential from higher value to
0 V. The drain current is decreasing in the first half of all four cycles due to the migration
of H' ions from the electrolyte, which dedope the PEDOT:PSS channel and the charge
transfer reactions at the gate electrode determines the exact amount of dedoping [206].
The drain current is gaining its initial value only in the second half of the first cycle due
to the complete migration of diffused H" ions from the PEDOT:PSS channel to electro-
lyte, while the drain current is gaining a small threshold value, instead of reaching its ini-
tial value in second half of the remaining cycles due to the partial migration of diffused
H" ions from the PEDOT:PSS channel to electrolyte. From Figure 4.10, it is evident that
the application of a positive gate voltage is causing a reversible decrease in the channel
current (I;). The magnitude of which depends on the glutamate concentration present in
the well, i.e. the higher the glutamate concentration, the higher is the decrease in the drain

current.
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Figure 4.10 Applied gate bias (solid line) causes reversible modulation in drain current
(dotted line).

4.3.2.3.1 Control tests. The transistor response in the absence of enzyme indicated that
the drain current does not decrease in the absence of the enzyme. The transfer characteris-
tics of the device were depicted in Figure 4.11. The drain current was measured by
sweeping the gate potential from 0.2 to 0.8 V with a step of 0.2 V by keeping the drain
voltage at -0.4 V. Tris-HCI buffer solution, 100 pM glutamate and GluOx were added
successively to the same well and the drain current was measured after each measure-
ment. There is no considerable downward shift in the drain current curve with the addi-
tion of glutamate to the polymer well containing tris-HCI and there is a considerable
downward shift in the drain current curve with the addition of GluOx to the well as shown

in Figure 4.11. From the following Figure 4.11, it is evident that the decrease in the drain
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current is only possible in the presence of both GluOx and glutamate, i.e. the drain current

is reducing only due to the enzymatic reactions described in Section 4.3.2.2.

"1 .5 1 1 T i
—&— Before Adding glutamate
—O—  After adding glutamate
—v— After adding GluOx
-1.0 |- .
3
)
o
05+ .
0.0
00 1.0

Vgs (V)

Figure 4.11 The shift in the drain current curve with the addition of GluOx to the gluta-
mate containing well at various gate potentials.

In another set of experiments, the drain current was measured as a function of
time by keeping drain potential at -0.4 V and gate potential at 0.4 V. The device response
was measured by adding tris-HCl, 100 pM glutamate and GluOx successively at certain
intervals successively to the same well. Tris-HCI was added at 0 s, 100 puM glutamate was
added at 30 s that contained tris-HCI buffer solution, and GluOx at 80 s. From Figure
4.12, it can be observed that there is little or no change in the drain current with the addi-
tion of glutamate to tris-HCI containing well and the addition of GluOx resulted in a sig-

nificant reduction in the drain current, and this can be attributed to enzymatic reactions,
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i.e. the drain current decreases (at constant gate and drain potentials) only in the occur-

rence of enzymatic reactions.

-8.0e-1 T T T T T T T T
| | |
II tirs-HCl 'lAdd Glutamate :Add GluOx
6.0e-1 - f {
|
E- -4.0e-1 A
8
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0.0 1 1 1 [l 1 i 1 H
0 20 40 60 80 100 120 140 160 180
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Figure 4.12 The deviation in the drain current with the successive addition of glutamate
and GluOx as function of time.

The output characteristics of the OECT for various glutamate concentrations were
measured at a gate potential of 0.4 V by varying drain potential from 0 V to -1 V with a
step of -0.2 V. The drain current was measured before loading GluOx to the well, after
loading GluOx to the well, and after loading 0 uM (tris-HCl buffer), 10 uM, 50 uM, and
100 uM glutamate concentrations successively to the same well. Figure 4.13 illustrates
the shift in the drain current curve with the addition of different glutamate concentrations
to the polymer well. The addition of GluOx to the polymer well did not affect the drain
current, while with the addition of 0 uM glutamate (buffer) there is a minute deviation in

the drain current. With the addition of 10 uM glutamate solution, the reduction in drain
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current is clearly evident from the Figure 4.13 and the drain current curve has been shift-
ing downwards with the addition of higher glutamate concentrations. This is due to the
generation of H,O; from enzymatic reactions, which is higher in higher glutamate concen-
trations. According to Figure 4.13, the drain current is getting saturated at a drain voltage
of -0.4 V and a gate voltage of 0.4 V. So, the drain current was measured at these poten-

tials for glutamate sensing experiments.

—e— Before Iadding GluOx (e'nzyme)
—O— After adding GluOx (enzyme)

—v— After 0 uM glutamate

—— After 10 uM glutamate

-3.0 | —#— After 50 uM glutamate

—{— Vds vs After 100uM glutamate

lds (}‘A)

Vas V)

Figure 4.13 Downward shift in the drain curve with the successive addition of higher glu-
tamate concentrations to the same device as a function of drain voltage.

4.3.2.3.2 Glutamate sensing. L-glutamic acid (concentration of interest) was added to
the GluOx contained well and a new device was used for each new measurement to eva-
luate the sensor response for various glutamate concentrations. The drain current was
measured before adding glutamate to the GluOx contained well and was measured again

after adding glutamate to the same well. Normalization of the drain current was done
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according to Eq. 4.5 to minimize the effects associated with the device base currents thus

facilitating comparison between different devices.

NR = (IBI‘_IA) (4.5)

where MR is the normalized response of the drain current, Ip is the drain current before
adding glutamate to the GluOx contained well, and I is the drain current after adding
glutamate (concentration of interest) to the same well.

Figure 4.14 depicts the plot of normalized response (NR) as a function of L-
Glutamic acid concentration. NR starts at 0.0587 for 1 uM glutamate, increases to
0.2018 for 50 uM glutamate, reaches 0.3643 for 100 uM glutamate concentration and
the linear response yielded a coefficient of determination (R%) of 0.98 and a sensitivity of
0.003 NR/uM. The results are consistent with the reaction cycle as shown in Egs. 4.3
and 4.4, according to which the H,O, oxidation is catalyzed by the PEDOT:PSS gate

electrode.
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Figure 4.14 Normalized response of the sensor as function of glutamate concentration.

4.3.2.3.3 Glutamate release from brain cell stimulation. Glutamate release from gli-
oma cells and astrocytes were measured using the sensor under consideration and the re-
sults were compared with fluorescent spectrophotometer response as explained in Section
4.3.2.1.3. Samples were collected after 5 min of the stimulation treatment to measure the
glutamate released from both glioma cells and astrocytes.

Control experiments were done on different devices to measure the response of
the sensor with the addition of KCIl, ATP and cystine into the GluOx contained transistor
well. Drain current was measured by keeping gate potential at 0.4 V and sweeping the
drain potential from 0 V to -1.4 V with a step of -0.2 V before adding the solutions and

measured again after the addition of solutions to the same well. From Figure 4.15 (a), (b)
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and (c) it is evident that the sensor is not showing or showing little response in the pres-
ence of ATP, KCI and cystine, respectively, i.e., the stimulating agents are not affecting
the sensor response significantly. Therefore, if the sensor shows any response after stimu-
lation, that should be only due to the enzymatic reactions between released glutamate and

GluOx that was present in the well.

@ -4 . - - 1 1 '

—e— Before ATP
—O— After ATP

lgg (nA)

Vs (V)



121

—1 5 T T T T T T
(b)
—a— Before KCI
—O— After KCI
-10
"
=
-5
0d
0o -02 -04 -06 -08 -10 -12 -14
Vas (V)
'3 L L) L) 1 L L]
(©)
2L
—a— Before Cystine
i —0— After Cystine
i
=

i 1 i 1 1

0d

oo 02 -04 -06 -08 -10 -12 -14
Vs (V)

Figure 4.15 Effect of stimulating agents on drain current. Minimal downward shift in the
drain current in the presence of (a) ATP, (b) KCl and (¢) cystine.
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Figure 4.16 depicts the normalized response (NR) of the device under the influ-
ence of 100 uM glutamate, ATP, KCl, and cystine. The average responses shown for

ATP, KCl, and cystine are all at least 5-fold less than the response to 100 uM glutamate.
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Figure 4.16 The minimal OECT response for stimulating chemicals (negative controls).

Figures 4.17 and 4.18 depict the OECT response and fluorescent spectrophotome-
ter response of the collected samples after treating glioma cells and astrocytes with stimu-
lating agents, respectively. Control tests were done to measure the glutamate from the
cells without stimulation. The left side axis represents the normalized response of the glu-
tamate sensor under consideration and the right side axis represents the response meas-
ured from the fluorescent glutamate assay. It is evident that the OECT glutamate sensor
response trend is following that of fluorescent spectrophotometer response for various

stimulating agents.
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Figure 4.18 Detected glutamate release from astrocytes.
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The OECT sensor showed a normalized response of 0.13 without stimulation as
shown in Figure 4.17, which implies that the glioma cells themselves have some gluta-
mate available before stimulation. The sensor showed NR’s of 0.26, 0.32, and 0.56 for
ATP, KCl, and cystine stimulations respectively which can be attributed to the availabili-
ty of higher glutamate concentrations in the collected samples. Cystine releases the glu-
tamate from glioma cells through a X'; exchanger system and KCl releases glutamate
through reverse operation of glutamate transporters and swelling/anion channels [207].

A NR of 0.05 was observed for no stimulation depicted in Figure 4.18, indicating
that the astrocytes release low levels of glutamate before stimulation compared to glioma
cells (Figure 4.17). Normalized responses of 0.07, 0.11, and 0.08 were observed for ATP,
KCl, and cystine stimulations. The high glutamate concentration for KCI stimulation is
due to the reverse operation of glutamate transporters and depolarization, and astrocytes
poorly express cystine system which resulted in low response for cystine stimulation
compared to glioma cells [208].

Figures 4.17 and 4.18 show that the OECT biosensor is more sensitive than the
fluorescent spectrophotometer assay in measuring glutamate release from brain cells after
stimulation and also that the proposed biosensor requires only 5 pL of the sample, while
the spectrophotometer requires 50 pL of the sample in addition to fluorescent and other
chemicals. The NRs of astrocytes were much lower than the glioma cells, most likely due
to fact that astrocytes reuptake the glutamate that is being released from stimulation after
a certain time, while the poor reuptake by glioma cells is due to lack of some essential
glutamate transporters such as EAAT and GLAST, and their X'¢ system is not sufficient

to reuptake the glutamate [203, 204]. In fact, glutamate has been suggested as an
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autocrine factor for glioma cells, released into their surroundings in brain tumors as a

possible mechanism for enhancing cell growth [200, 204].



CHAPTER 5

CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

Several designs of passive micromixers were simulated using MemCFD module
of CoventorWare software. The visual inspection of the fluid flow along the microchan-
nels and the obtained fluid velocities along the channel demonstrated that the designs
with rectangular baffles and omega channels will provide good mixing. Several designs
of passive micromixers were fabricated on Si using photolithography and ICP etching (to
get vertical side walls) in class 100 clean room. The fabricated mixers were tested by in-
jecting red and blue colored food dyes through the channels using a syringe pump. Fluid
flow images and videos were collected from the digital camera attached to the micro-
scope. The mixing efficacy was quantified by measuring the standard deviation of RGB
values of pixel at inlet and outlet sections. A mixing efficacy of 65.09% was observed in
“omega channel with intermediate stage” micromixer design.

A flexible polymer passive micromixer was fabricated on polyester sheet using a
simple, inexpensive and rapid xurography technique. The whole transistor was fabricated
in less than 15 min and comprises a total thickness of 0.6 mm without the inlet and outlet
ports. The flexible micromixer was tested by injecting two food coloring dyes and also by
injecting NaOH and Phenolphthalein using a syringe pump. The mixing efficiency was

characterized by measuring the absorbance of the color product formed at two outlets.
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The mixing efficacy of the micromixer at various Re ranging from 0.1-100 was measured
by varying the flow rates, and mixing efficiencies greater than 90% were observed for Re
0.1, 1, 10, 20, and 30. The biocompatibility of the device was characterized by testing the
GOx enzyme activity, which was injected through the microchannels at various flow
rates. The GOx enzyme retained its activity for all the measured flow rates.

A complete polymer based transistor was fabricated on both glass and flexible
substrates. Xurography technique was used to cut the masks and wells for the transistor.
A conducting polymer, PEDOT:PSS was spin coated on the glass to get patterned PE-
DOT:PSS strips. A stack of three wells was attached onto the patterned PEDOT:PSS
strips. PBS and Tris-HCI were used as electrolyte materials. The PEDOT:PSS strips along
with the electrolyte solutions constitutes organic electrochemical transistor (OECT). The
transistor characteristics are similar to those of p-type MOSFET, as PEDOT:PSS is a p-
type semiconductor. The device characteristics demonstrated that the device is losing its
current by half in the first two days and no significant reduction is observed for the next
20 days. The device showed a stable response for a wide pH ranging from pH 4 to pH 9.

The fabricated OECT was used to develop glucose and glutamate sensors. The
developed glucose sensor is able to detect glucose levels ranging from 1 uM-10 mM and
showed a decent response for the glucose levels similar to those found in human saliva.
The developed glutamate sensor is able to detect glutamate concentrations ranging from 1
uM-100 uM. The glutamate released from astrocytes and glioma cells after stimulating
with ATP, KCl, and cystine was measured using the developed sensor and the results

were compared with standard fluorescence spectrophotometer results.
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5.2 Future Work

For the simulated micromixer designs, those that showed good mixing perfor-
mance will be fabricated on PDMS using the soft lithography technique. The developed
flexible polymer micromixer will be used to mix antibody and antibody-analyte conjugate
for future immunosensor applications. Later, the flexible micromixer could be integrated
with the developed biosensor to develop an immunosensor that can detect lower molecu-
lar weight molecules.

In an effort to develop an immunosensor to detect lower molecular weight mole-
cules, the cofactor flavin adenine dinucleotide (FAD) was separated from GOx leaving
Apo-GOx (This was done by Dr. Blake group at Tulane University and was brought to
Louisiana Tech University to make the proposed immunosensor). The reactivation of apo-
Gox by adding different concentrations of FAD was done using Thermo Scientific Nano-
drop spectrophotometer. Figure 5.1 depicts the reactivation of apo-GOx with various
FAD concentrations and a native GOx with full activity. Future experiments could in-
clude reactivating the apo-GOx using the developed organic electrochemical transistor to

develop the immunosensor.
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APPENDIX A

CELL PREPARATION AND CELLULAR MEDIAS
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A.1 Cellular Medias

A.1.1 Preparation of CR1.-2303 (glioma cells) Media

1.

2.

Add 125 ml of DMEM to the sterile filtration unit

Add 25 ml of (5%) Fetal Bovine Serum to the sterile filtration unit

. Add 1.25 ml of (5%) penicillin/streptomycin to the sterile filtration unit

Add 111.25 ml of DMEM to the sterile filtration unit

Turn on the vacuum till entire the liquid run down to the container
Turn off the vacuum, then remove the filtration unit from the container
Place and close the cap on the container

Label the media container by CRL-2303, date, maker’s name

Store the container in the refrigerator

A.1.2 Preparation of Astrocytes Media

1.

2.

8.

9.

Add 125 ml of Ham’s F-12K to the sterile filtration unit

Add 25 ml of Horse Serum to the sterile filtration unit

. Add 25 ml of (5%) Fetal Bovine Serum to the sterile filtration unit

Add 1.25 ml of (5%) penicillin/streptomycin to the sterile filtration unit
Add 123.75 ml of Ham’s F-12K to the sterile filtration unit

Turn on the vacuum till the entire liquid run down to the container
Turn off the vacuum, then remove the filtration unit from the container
Place and close the cap on the container

Label the media container by astrocytes, date, maker’s name

10. Store the container in the refrigerator
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10.

11.

12.

13.

14.

15.

16.

17.

18.
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A.2 Preparation of 24 Well Cell Plate

Remove the media from 25 cm® flask
Wash flask with 3 ml of PBS ( phosphate buffer saline)
Remove three ml of PBS from the flask

Add 3 ml of trypsin into the flask to detach cells from the surface

. Neutralize trypsin with 7 ml of fresh media

Transfer 10 ml of trypsin and media into the centrifuge tube

Add 7 ml of fresh media into the flask

Centrifuge the tube at 160 rcf for 7 min

Remove supernatant from the tube

Shake the precipitation till it is mixable

Add 3 ml of fresh media into the tube

Softly mix the tube on the mixer

Count the cells via hemocytometer to find the wanted density of cells
Add the concentrated volume into the flask to have the wanted density
Incubate the flask at 37 °C, 5% CO,, 90% humidity

Prepare a new tube for 24-wells plate with wanted density from the 3 ml tube
Add 0.5 ml of cell solution into each well (12 ml )

Incubate the plate at 37 °C, 5% CO;, 90% humidity for 24 hrs
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