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Abstract

Microfluidic Impedance Cytometry (MIC) is a powerdehsingtechnique for singleell
electrical analysis and discrimination. It involves applying AC voltage tortmore pairsof
electrodes to measure thehange inmpedanceassingle particles padsy. This method has
been used to analyse various miesoganisms, blood cells, and animal and human cell lines.
The development of MIC holgsomisesfor the integration of flow cytometry with wearable
hardware and mobile processing, paving the way for a-frsendly system for continuous
and remotediagnosis.

In this work the traditional @planar electrode configuratioms used, and the eletrode
material is changed from metal electrodes ¢arborbasedsuch as graphene arfélyrolytic
carbon Results are presented for gold, graphene, &yiolytic carborelectrodes as part of
a complete microfluidic detection system.

a) Experimental investigations on the MIC device vgtid coplanar electrodes provide
valuable insights into particle detection and behaviour. Controlled experiments with
varying channel heights and electrode separations demonstrate the crucial balance
between sensitivity and fluid dynamioaith 3n > Yu electrodeseparationemerges
as the optimal choiceboasting the highest sensitivity o8o x p 1 . Subsequently,
Fylrfearda 2F mn>Y | YR H sthethalahgbsbndBhc&ssasA E G dzN
in distinguishing particle sizes.

b) Anovelapproach to fabrication of the pattern graphene electrodes and a method for
integration with a microfluidic channel is presented.cémprehensivestudy then
addresseghe challengesin preserving the integrity of graphene electrodedIC
measurements with graphene electrodes presents unique challesigghasizinghe
need for precise optimization in surfateatments and protective coatings.

c) Microstructured Pyrolytic carbonare integrated with arequivalent MIC devicéo
optimization, Study shows that using a modified electrode separation bf &leads
to a promisingsensingresult OptimizedPyrolytic carborelectrodes are shown to
provide asensitivity ofc& w p 1 under testing

In closely related work, twghoton subtractive manufacturing is explored for use in
microfluidic channel fabricatiowhere featuredefinitionof 50 & 50 awas demonstrated

for common polymeric materials PMDS, PMMA, PS and PC. Feature fabrication at depths
below 1mm were discovere@nd theability for versatile subgrface patterning opens up a
host of exciting future work.
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1. Introduction

1.1. Background

Microfluidic Impedance Cytometry (MIC) is an extensively used technique for aljle
electricalanalysis and discriminati¢h]. When AC voltage is applied to two pairs of electrodes

the impedance of single particles is measured via differential currenta@asses between

them. A voltage is supplied at several different frequencies and the change in current is
analysed to determine the cell dielectric propertiddIC has been used to analyse miero
organism§2], erythrocyte$3], leukocyteft], plateletg5], and animal and human cell liffés

7]. Low frequency (e.g., 500 kHz) impedance is used to size particles because at these
frequencies (and in high conductivity buffer) the particle volume is related to the real part of
the complex impedance signal, in a similar manner to a Coulter volumeumsrasnt. At

higher frequencies, the electrical impedance is influenced by the cell membrane and the
cytoplasmic properties. For the widely used parallel electrode geometry, the measured
impedance signal also depends on the position of the particle betweerelectrodes, i.e.,

the trajectory of the particle as it flows through the channel. This is because the electric field
in the channel is not uniform, and the particle can influence the current in the reference arm
of the sensor. This manifests itselflas/ SNNEBNJ Ay (GKS YSI ada2NBER a@2
off-centre particles (i.e., close to the top or bottom electrodes).

Flow cytometry, a biomedical procedure which has typically been restricted to the confines
of a lab, has the potential to be integrated with wearable hardware and mobile processing to
introduce a novel, usedriendly system for continuous and remote diagim Flow cytometry,

the gold standard technique for cell counting, is primarily based on optical detection of
fluorescently labelled biological cells and particles suspended in a stream of fluid. To date, it
requires bulky and costly optical instrumentatiand also difficult fluorescent tagging of cells.
Impedance cytometr], which is based on electrical detection, is advantageous over optical
readout because of the potential for developing instrumentation much smaller in size.

The ability to detect single cells and particles at micron scale generally requires a highly
sensitive system that can detect at least a 0.1% change in baseline impedance. This typically
requires both higkend analogudo-digital conversion hardwareand channel sizes
comparable to the particle being detected. Small channel sizes generally result in device
failure due to clogging of the microfluidic channels, and fregolution analogue to digital
converters usually requiracustomized integrated circuil.o be able to detect single particles
without clogging channels requires a sensor cigsstional area five to ten times larger than

the largest particle that will be detecté8l], which is difficult to achieve with lowesolution
off-the-shelf analogudo-digital converters.

One of the major challenges of electrical impedance detection is detecting low-signaise

ratio (SNR) output signals provided by low voltage, low power sensors, which can be an order
of magnitude smaller than electrical noise and interference sigimala the environment.

One of the most common techniques for detecting very small AC signals down tonariew

volts is lockn-amplification (LIA), which makes use of the synchronous phase sensitive
detection (PSD) technique.



Usingthe principles of MIGhe aimof thisresearchisto introduce innovations in the coplanar
electrode configuration by utilizing carbdrased electrodes instead of the conventional gold
electrodeswith carbonbased materials, specifically Graphene d@htolytic carbonPyC)

This research aims to address several key challenges associated with MIC, specifically the
channel dimension and electrode gap optimizattonavoid clogging anthe need for high
sensitivity in detecting microscale particles.By utilizing carbo#based electrodes,
particularly Graphene anByC we aim to overcome limitations inherent in gold electrodes,
offering improved performance in terms of reliability and precision.

Furthermore, the overarching aim of this research is to apply the-givaton ablation
technique for negative 3D printing in carbon materials. Specifically, the focus is on utilizing
this technique to create microfluidic channels for MIC devices

1.2. Twophoton Ablation (TPA)

Two-photon ablation is a process that utilizes the focused enengyh ultra-short pulse with

low photon energy,of a femtosecond laser to selectively remove material through the
nonlinear absorption of two photons. While it is not as widely recognized as some other laser
processing techniques, research has demonstrated the potential ofptvaton ablation for
highly selective modifications in various materials, including biological saf@plesd
microfabrication process§¢t0]. Femtosecnod laser with wavelength of 520nm is being used
for TPA, which is noa typical wavelength. Few studies have mentioned the usage of
wavelength around 780nm to 800nm. The materials being explored in combination with TPA
are PDMS, PMMA, Polystyrene and Polycarborfaiterature review can be found section

3.2.2 whereas the fabrication and results can be foundantion 4.2

1.3. Carbonbased Materialor MIC

1.3.1. Graphene

Graphenebased electrochemical impedance sensors have recently gained attention around
the world due to its outstanding sensing capability and economic practicabiMith its
conductive properties and as a tool for electrochemical impedance spectroscopy (EIS), it has
been gaining attention with the detection of microplastics [11], endocrine disruptors[12],
biomolecular events[13], and supercapacitors[18faphenebased bioelectrical electrodes

have significant merits including excellent mechanical progeyr flexibility, exceptional and
stable electrochemical properties, low contact resistance, and high SNR. These electrodes are
being discovered in different applications; one such example is as graphene electronic tattoos
(GET). Whichrebeing used to obtain ECG, EEG and EMG. The graphsed bioelectrodes

are F G ONROdzGSR (2 GUKS dzyAljdzS OKIFNFYOGSNRAGAOAE
biocompatibility15] and electrochemical stabilify6].

The use of graphene in microfluidic devices offers advantages such as high surface area,
excellent electrical conductivity, and mechanical compatibility, making it suitable for diverse
applications in health monitoring and biomedical analjlsi§ Therefore, graphene holds
promise for the advancement of microfluidic technology in biomedical and analytical
applications.



1.3.2. Pyrolytic carboriPyC)

PyC produced through the pyrolysis of hydrocarbohslds somesimilaities with graphite
structure with distinct differene. In PyC there is a mix of sp2 and sp3 hybridized carbon
atoms, introducing somecovalent bonding within the layers. This covalent bonding
contributes to the material's anisotropic properties, meaning it exiibifferent physical
properties. It hasbeen explored for specifically in the area safpercapacitorfd 5] and in
electrochemical sensok8]. In case of supercapacitqr®yCis considered agpromising
electrode material due to its exceptional electrical conductivity dandeability{19]. The
tunability of PyCstems from its flexible synthesis process, allowing for the adjustment of key
properties such as electrical conductivity, anisotropic characteristics, and chemical stability.
The unique structure enables supercapacitors withirolytic carborelectrodes to deliver high
power density and rapid charge/discharge ratang with itchemicalstability contributing

to the longevity of supercapacitor cycldsurthermore, due tats chemical inertnessand
biocompatibility, it is a preferred choice for electrotibrication in electrochemical sensors.

The material's exceptional electrical conductivity, combined with its chemical stability, makes
it an excellent choice for fabricating electrodes in microfluidic impedance seriEbese
sensors are sensitive to variations in impedance resulting from interactions between the
medium and the electrode surfaf20]. PyCs biocompatibility is particularly advantageous for
applications involving biological samples, where it minimizes interferanitebio materials

and ensures reliable impedance measurem@i$ Therefore, the unique combination of
properties exhibited byryCmakes it a desirable material for the fabrication of microfluidic
devices

1.4. Thesis Summary

In this thesis we explorethe MIC devices with optimized electrode configurations for
enhanced particle detectiorExploredwo aspects of MIC devices: Patterning of microfluidic
structure, for potential parallel electrode configuration and coplanar electrode configuration
Chapter4 reports experiments and findings for thmeicrofluidic structure with conventional
laser and twephoton ablation.Chapter 5reportsthe experiments and findings of quoanar
electrode configuration in MIC devige

The first aspect of MIC devices explored was based on the idea of parallel electrode
configuration. Rrallel electrode configuratiomas higher sensitivitybut its complexity in
fabrication has & challenges The conceptual approach involved the creation of a laser
printed microfluidic channel on a flexible and transparent material, positioned between two
glass substrates, each featuring a single electrdadially, conventional laser cutting
techniques were explored using €4nhd Fiber lasers, but chafiges such as materialelting,

and insufficient depth hindered the desired results. The project then introduced a novel
approach involving twgphoton ablation on transparent carbemasedmaterials including
PDMS, PMMA, polystyrene, and Polycarbonate. The selection of these materials was based
on their advantageous properties, such as optical clarity to visible lightcanductivity, and
non-toxicity. Chapter4 is dedicated to showcasing the potential of tpboton ablation for
intricate 3D patterning ath precision material processing. This section wiktsent the
experimentation process, focusing on the optimization of ablation parameters and addressing
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challenges encountered in fluid flow testing. Despite facing issues during experimentation,
the results demonstrated the considerable potential of tpeoton ablation in the creation
of intricate structures within microfluidic impedance cytometry devices.

Subsequently, in Chapter 5, an exploration of the coplanar electrode configuration of the MIC
deviceswere performed The chapter holds important information about the fabrication
process of the complete MIC deviemcompassing crucial steps in the fabrication procedure.

It coversnovelaspect of sealing of PMDS and glass substrate.

The coplanar electrode configuration was pursued to enhance sensing capabilities by
replacing conventional metal electrodedhe investigation considered three distinct
materials: gold as a metal, graphene, aRgCas carborbased materialsThe fabrication
process for MIC devices includedperimenting with differenelectrode gaps and channel
heights where @lId electrodes were fabricated using UV lithographyand thermal
evaporation graphene pattering was done with combination of dry and wet etchinglewhi
PyQwere fabricated by collaborators atniversitat der Bundeswehr, Minchen

The studyproceedsinto experimental investigations on tee MIC devics, incorporating
electrical circuit involving.lAtechnique for particle detectionControlled experiments with
varying channel heights revealed the impact of height on particle detection efficiency, leading
to the selectionof &1 > Y OK | y yTHe modt &facivi éledirode separatitor particle
detection was found to be 30da for gold electrodes The study then focusesn PyC
electrodes,conducting acareful analysis of sensitivity based on electrode separation and
channel heightConclusively, @ n >e¥ectrode separation consistently exhibited the highest
sensitivity, offering detailed information about particle behaviolihis configuration was
identified as the preferred choice fétyCelectrodes in microfluidic sensing devices, offering
valuable insights for device design and optimization.

Further investigation showethe novel approach of graphene patterning and addressed
challenges related to etching of graphene electrodes when exposed to the MIC system.
Furthermore, it explored protective measures taken to hold patterned graphene electrodes,
like using APTES functadization and PMMA coating.



2. Theoetical

2.1. FlowCytometry

Flow cytometry is a teehqueused to analyse the physical and chemical characteristics of cell
suspensionlt provides rapid mukparametric analysis of single celighich isone of the key
advantages of the flow cytometgndit has potential taneasuesproperties such asellsize,

total DNA and fluorescence intensitA flow cytometer is composed of three main systems:
fluidics, optics, and electronifZ?2]. A schematics of flow cytometryiiltustratingin Figure 1
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Figurel: A £hematic ofa Flow Cytometry, showing all the stages of the techr2@le

The method involves the labelling of cells with fluorescent dyes or antibodies that specifically
bind to cellular components of interest, such as proteins or RKJA This allows for the
precise identification and quantification of various characteristics at the sitgjldevel The
process involves suspendiogll suspension andjecting it into a flow cytometethroughthe
vibrating mechanism where it is arrangedbe separated in relativdiameter sizes and form
droplets. The system is adjusted to ensure that each droplet contains only a single patrticle.
As the droplet passes through the lasers, they generate scattered and fluorescef2jght
These signals are then converted into electronic signals and analysed by a computer. Flow
cytometry is widely used in various fields such as immunology, virology, molecular biology,
and cancer biology for tasks like cell analysis, sorting, and idegtifgihtypes of intere§25].

While flow cytometry remains a powerful techniquie is important to notethat the MIC
devicedry to bring the application into poirbf-care, whereminiature version could be used
in more mobile environments.



2.2.  Microfluidics

Microfluidics isafield ofresearch and technology that involves timanipulaion andcontrol
of small amounts of fluids within microscale devickss often referred to as microfluidic
chips or labon-a-chip systems. Thisechnique allows precise handling of microliter or
nanolitre volumes of liquidsnto very small channel of micro ananometre$26]. The
advantagesf sucha reducel sample and reagerdllows lessonsumption, faster reaction
times, and the integration of multiple functions on a single platfolvicrofluidic devices
combinesvarious laboratory processdar fabrication including sample preparation, mixing,
reaction, and detection, onto a compact chip. This approach finds applications in diverse
fields, including analytical chemisf®y], biochemistr{28], medicing29, 30] and materials
sciencg31].

The field of microfluidics is continuously advancing, with ongoing research and development
focusing on nexgeneration systems and their applications in various scientific
discipline§31].

2.2.1. Flow field (Navier Stokes)

The NaviefStokes equationsare namedafter ClaudeLouis Navier and George Gabriel
Stoke$32], who made a significant contribution to the formulation of these equations in early
19" century. These equationsare fundamental in fluid mechanics and play a crucial role in
understanding and predicting thituid flow behaviourThey are used to model a wide range
of phenomenain recent time such asveather patterns, ocean currents, airflow around
objects, and blood flow The NavieiStokes equations primarily consist of three key
components: the Continuity Equation, the Momentum Equations, and the HRgeseuille
Equation[33, 34]

Continuity equation

ng m 1)
n is Nabla operatoof divergenceand v is Velocity vector fielfihe equation essentially states
in simpler termghat the fluid cannot suddenly appear or disappear at a pdime amount of
fluid entering a region must be equal to the amount leayinich expreses the principle of
conservation of mass

Momentum equation
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viscosity, andi? v is the Laplacian of the velocity fielthis equation is essentially Newton's
second law applied to fluid motion. It states that the change in momentum of a fluid element
is equal to the sum of the forces acting onvitherethe left side of the equation represents

the acceleration of the fluid, the right side represents the forces influencing this acceleration.

Hagen-Poiseuilleequation
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Where, Q is volumetric flow raté,is thewidth of the channelhis the height of the channel,

* is the dynamic viscosity of the fluid, L is the length of the pipeXnib the pressure drop
across the pipeThisequation isimportant as it provides insight into how factors such as
width, height, length, viscosity, and pressure drop influence the rate of fluid flow.

0

While these equationgrovidefluid motion accurately, their complexity and computational
demands make thenthallengeto solve for practical casgb, 36] These equations are
nonlinear and solving them analytically is often challengiagd numerical methods are
commonly employed to obtain solutions for specific flow problems.

Laminar flowis key concept in fluid dynamicand is analysed usinthe NavierStokes
equations. When considering laminar flow, these equations provide insights into the
behaviourof the fluid, emphasizing the dominance of viscous forces over inertial {@des

Laminar flow islescribed bysmooth and orderly movement of fluid layers without significant
disruption between adjacent layers. This flow pattern is distinguished by low Reynolds
numbers, typically below 2,300, where viscous forces dominate over inertial [88es
Reynolds numbes dimensionlesguantity used in fluid mechanics tharacteriseshe flow,
indicatingwhether the flow will be laminarturbulent or mixture. Reynolds equation is

" w0

YQ — 4
2 KSNB X ° ,\Wid velBclyyoh flowl, & is characteristic length ang the dynamic
viscosity of the fluid.

In laminar flow, fluid particles follow wetllefined paths, and the streamlines remain parallel,
resulting in a predictable and stable flow. The velocity gradients across the flohigite
indicating gradual changes in velocity between layers with minimal mixing. Examples of
laminar flow include the motion of fluids in smdilameter pipes, blood flow in capillaries,
and certain viscous fluid syste[88, 40]

2.3. Cylic Voltammetry

CyclicVoltammetry (CV)s a powerful toolused in electrochemical techniques to study
electrochemicabehaviour of the electroactive species in the solutitirtypically involves a
sweep of potentiabf workingelectrodeswhile measuring the curreft1]. The setupconsists
of 3 electrodes: a working electrode, reference electrode and counter electredeptin
this work where the reference electrode was not us&étle sweep is performefrward and
reverse imacyclic manner, resulting eacharacteristicwoltammogram This gives information
about the presence of intermediates in oxidatimeduction reactions, reversibility of a
reaction, electron stoichiometry, diffusion coefficient of an analyte, and formal reduction
potential[42]. This technique is welinownfor its rapid qualitative identification of electrode
processes and is employed many research area3he cyclic curvean be used to calculate
the effective capacitancebetween theworking and counter electrode with the presence of
medium. To calculate theapacitance the derivation of the curve is provideitbsequently.



The equatiorfor specificcapacitance iggiven by,
5

aw
Where Q is the charge stored in coulombs, m is the mass of active material in grams, V is the

()

potential and0 is the specific capacitance.

As we know that,

0
O —
0
Or
0 00 (6)
By putting 6) in equation §) we get,
O]
0 7
aw

Dividingnominator and dominator by, t

Or,
v, ’ ?’Q (7)

Fromthe curve CV, theurrent changes during the charging process as thegmbial varies

fromV1to V2.

Therefore, equation®) can be written is its integral form as,
‘C Qo 6 a QQu 8)
If we look carefullyat the equationabove, the integral on théeft-hand siderepresentsthe

area of the C¥urve.Therefore the equation(8) can be written as,
01 Qo 6 & 1QQv 9)



For a specific material, the valie, m and k are castant. Therefore, the integral in the
equation Q) can be solved as,
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When the capacitor is charging, then Area=A1l agdation (L0) can be written as,
op w wbd a 0 (11
Similarly when capacitor idischargingthen the Area = A2 and equatioi@) can be written
as,
6¢ w wd a Q (12
Forthe calculationof the area(A) inside the CV curve, waust subtract equation 12) from
equation (1).
0 Op 0¢g o pbd a Q wp wd a 0
0 o wpd a Q o wpd a Q
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So,it can be rewritten foro |
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Whered isthe specific capacitance in F/g, A is the area inside YheuBse having units AV,
m is the mass of active material, ksanrate of CV in v/s ah(V2V1) is the potential window
of CV (total voltage range).

Usingcapacitance formula,

0 0 « (19
m is mass in gJsingEquation 14, the capacitancevaluecan be calculated from the CV curve

2.4. Impedance
One of the most basic concepts @fkctrical circuits is resistance, known as the ability of a
circuit to resist the flow of electrical current. The ratio between voltage and current defines
NBaArAaldlyOS 3IAPSY o6& hKYQa fl g

Y % (15)
Where V is voltage, | is current, and R is the resistance.
C2ft26Ay3 hKYQa tF ¢ Ay A RS ctohcepDHoyeRer,iiealdyds NB & A
experimentation displays behaviour much more complét. this stage, impedance is
introduced as a general parameter. While resistance is a simple opposition to current flow,
independent of frequency, impedance accounts for both resistance and reactance, making it
more applicable to realorld circuits where requencydependent effects play a roldt is
RSNAGSR FTNRBY &AAYLIXS hKYQa ¢ YR A& faz2 RS
element type i.e. resistor, inductor, and capacjt3].
2.4.1. Component derivation
Impedance Z) of a circuittcomponentin an electrical circuit is a complex quantity that
combines the element of resistance (Rhich arises from the collisions of currezdrrying
particles, and reactancéX) which is the additional opposition to the movement of electric
chargg44]. The impedancean be expressed as a complex number in fofraquation

® Y Qb (16)
Herej is the imaginary unit{=-1).
Developing-V equations for the passive components with reference to irfoutation 15

For a esistor where,

0 Q a7
Substitutingl into equation 15,

® YQ (18)
Taking V/ratio to get Z

6 2A
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Resulting in
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Foran Inductor, we know,
5 AE
" AO
Using equation 8 where | iscomplex exponential current which we are forcing through our inductor
Q
Ty
6 B, A
Taking V/I ratio to gex.
w BiQ
0 Q
Resulsin, '
W
w0 " 20
® B0 (20)

This means the impedance acrasductor is dependent on value of inductor and directly
proportional to frequency.

For a capacitor, we know,

Qu
oy 2 21
0 854 (21)
Where Voltage is
0 3
Substituting V in equation 16
O 0O ’Q‘Q
© Q0
0 BOQ
Taking V/I ratio to get Z
() Q
0O BQ
Resulting in
. WP
= 5= 22
@ ‘O Bo (22)

This means the impedance across capacitor is dependent to value of capacitance and
inversely proportional tdrequency.
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2.4.2. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (El8)versatileexperimental technique, which
helps study the properties of electrochemical system at the electr@ldetrolyte interface.
The principle involves applying asmall AC potential across two electrodest various
frequenciesand measuring the currentespons¢45]. The data is then analysed using
equivalent circuit models, which help extract insights into the electrochemical processes.

The impedances frequencydependent and igypically represented by Nyquist and Bode
plots. Nyquist plots display the real and imaginapmponentsof the impedancewhere
important information about resistance, capacitance, charge transférequency
dependenciesand validity of equivalent circuit modeln be extracte@6]. Nyquist plots,
presents a semicircle plotted real part of the impedance vs the imaginary part of the
impedance. The diameter of the semicircle depicts the sum of resistance of solution
resistance (B and charge transfer resistancecfRwhile the radius represents the double
layercapacitance (&). On the otherhand,abode plotsshowcaseshe magnitude and phase
angle of theimpedance and cabe used to access frequency resporsel stabilityof the
systenj47].

Equivalentcircuit analysis, exemplified by thRandlesequivalent circuit in the context of
electrochemical systems, serves to bevaluable method for simplifying the complex
electrical systems. This techniqgalowsresearchers tstudy of electrochemicalehaviours
with simplified circuitgpresentation.Furthermore,equivalent circuit models, offer a tool for
experimental validation. By adjusting circuit parameters to match experimental data,
researchers can refine their models, ensuring a more accurafgesentation of the
electrochemical systa.

The technique has found applications in fundamental research as well as practical
developments, making it an invaluable tool in electrochemistry.

2.4.3. Conductivity

Electrical onductivity is aproperty which helps characterize the ability of the material to
facilitate the flow ofelectric current. It is a measure to how easilysabstanceallows the
movement of charged particlas responseo the electriccurreng48]. In metalsconductivity
shows the mobility ofhe freeelectrong49], whereas in electrolyte, it expresses the migration
of the iong50]. Materials that exhibit conductivity are known as conductive materials, while
materials that do not exhibit conductivity are called insulators. Semiconductor materials
occupy an intermediate position, as their conductivity lies between conductors and
insulaors. The electrical conductivitis denoted ag , measured in Siemens per meter (S/m)
andcan bewritten as

, £ Q" (23)
Wheren is the number of charge carrigper unitvolume e is the elementary charge arnd
is the mobility of the charge carrieNotably there are two factorghat can influence the
conductivity of the materialgemperature,and concentration of charge carriers.

For Impedancecytometry, electrical conductivitys an important factor to consider The
conductivity of the electrode material plays significant role in determiningithgedance
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response and sensitivity for the sens®he choice of electrode materials, such as RyG

and graphene, can significantly influence the performance of the impedance cytometry
systemdue to their respective conductvproperties The electrical conductivity for Au is
approximatelyt® p 1 S/m[51], where grapheneexceedsp 1 S/m[52] and PyCis in
betweenp mtto p TS/M53].

2.5. Impedance cytometry

Measurable Sensor o
hysical | Excitation
P
quantity = Electrode

Z Pt
[
| IA/
AN o)
>
Electrode
t Readout

Figure2: Schematic of an impedance sensor with excitation and readout circuit.

A physical quantitpecomes measurable by mean of impedance when a variation of such a
guantity reflects into a variation of the impedandéggure 2epresentshe schematic®f such

a sensorA pair of microelectrodes is fabricated and energized with an AC voltage at a discrete
frequency, generating a neaniform sensing region, known as the impedance senSoe
electrode is used to sense electric current fluctuation caumethe event (single cell passing
through) and the other measures the current passing through the omdiacting as the
counter electrode Then a lockn amplifier can be used to subtract the differential current
from the 2 signals while rejecting noise. The noise is rejected via demodulatiorpbbge

and outphase impedance signal at stimulating frequency from other frequencies. The
readout of this impedance sensing is either in form of Voltage or CurfEms method is
based orthe coulter principle.

2.5.1. Coulter counter

Coulter Counter is a technique based on the Coulter Principle, which is used to count and size
particles, especially cells, in a liquM/hen a particle suspended Bn electrdyte (liquid)
passes through the sensing regiongisplaces thesolumeequal to the size oparticlethus
causing the change ielectricalimpedancé54]. This change is detected via voltaggriation

and helpsin counting and sizing the partic[é8]. The impedance change by the passing
particle can beelatedwith the equation below,
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YO —— (24)
0
Where,Y&is changein impedance’Y is the resistance of the liquidy is the volume of the
particleand Ais the crosssectional area of the channel.

Coulter counter have various application, including biologmedicine microfluidic and
research industryMost importantly the principle is independent of the optical and chemical
properties of the particle and soes not require fluorescence

2.5.2. Impedance properties of the cells

A capacitor is formed when two conduction plates are separated byntireconducting
material known as dielectric. The value of capacitance depends on the size of electrodes,
distance between the electrodes and the properties of dielectric. The relation is given in
equation 25.

(25

Where, - permittivity of the free space (electric constant) which is 8.85 ¥*FIm, - is
dielectric constant (relative electrical permittivity of the medium/material used), A is the
surface of one plate, and d distance between two plaleshle 1contairs some key materials
used in the project along with their respective dielectric constaAtirge difference between
the dielectric constant of water and air can be noticed

Material E,
Air 1
Polystyrene beads 10um 2.4[13]
Polystyrene beads 20um 2.7[13]
DI water 78.5
0.9% concentrated Phosphate Solutiol 79
9.8% concentrated Phosphate Solutiof 79

Tablel: Dielectric constant of important materials explored in fhvigject.

2.5.3. Maxwell mixture theory

Impedance sensors, with their various types, can generally be divided into two main
categories based on their sensing principle: resistive and capa&tggistive based detection

is on principle of geometric changes or the arrangement of the cell (the distance between
electrodes or sizes etc). Wheredbe @pacitance based detection measures the change in
capacitance between two electrodes separated by dielectric material. Such adaptation can be

due to the change in dielectric constant/material or geonyetThe single spherical model

from Figure3 can be used to describe a cell in suspension, where the impedance of the dilute

adza LISy aArzy 2F LI NGAOES F2NJ I dzyAF2N)XY St SO0 N
GKS2NE® al EsSffQa YAEGdINB GKS2NE | Ap#ticled 2 | LI
in a complex electromagnetic medium. Where Complex permitthdtgof the mixture of

particles and suspending medium is given as:
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L m (26)

p BQ
Where

w w

Q .L—Q (27)

-B-bQf) is the complex permittivity,2i= -1,]1 the angular frequency®ais the Clausius
Mossottifactorandus is the volume fraction. This theory helps prove and simulatectiage
observed in Cytometry for different cell sizes even when the material is same.

Cytoplasm

> Single Shell Cell

Membrane

Medium

Figure3: Single electrical model of the spherical éall

2.6. Lockin-amplifier(LIA)

The invention orLIAis from 1930s. Started being commercially used for detection and
recording of small change in AC signals by-20ith century56]. Its effectiveness works all

the way down toa few nanovolts. An accurate measurement will be recorded even if the
noise signal is thousands of times larger than the r@sgjt It uses the phassensitivity
detection method to single out the component of the signahaertain reference frequency.

Any other signal than the reference frequency is then rejected, and measurement does not
get any disruption.

Demodulator

Analogue In Analogue Out
—
Reference
Sm:ce Out Reference
Source

Figure4: The basic block diagram of a LdokAmplifier. Thearious function blocks may be: analogue, digital or a
combination of botf67].

A block diagram is given iRigure 4 for the Lockin amplifier working principlePhase
sensitivity detection depends on the reference frequency. Typically, an experiment is
performed at specific frequency and the detection is performed by the-lodkased on to
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reference frequency. Th&lA magnifies the input with a reference and then applies an
adjustable lowpass filter to the resuj67, 58]

This method isolates the signal of the frequency of the interest from rest of frequency
component$57], lllustrated inFigureb.

Input Signal V_(t) Lock-in
' _ —
Amplifier Amplitude R
Phase ©

Reference Signal V (t)

Figure5: LIAare capable of measuring signal component even if it is entirely buried if56jise

2.7. Noise

MICis a powerful technique, however, it is very susceptible to varsmugcesof noise that

can impact its sensitivity and accurfg9]. The utilization of syringe pumps in microfluidic
impedance devices can introduce various sources of noise, potentially impacting the precision
and reliability of impedance measureme[@6]. One significant concern is the mechanical
vibrations generated during the operation of syringe pumps, which may lead to fluctuations
in the position of electrodes or microfluidic channels, thereby influencing impedance
readings. Additionally, the staltyi of the flow rate, a critical factor for accurate
measurements, can be compromised if the syringe pump exhibits fluctuations or pulsations
in its operatiorj6l]. Pressure fluctuations induced by the syringe pump can also affect the
electrical properties of the fluid and introduce noise in impedance data

Electromagnetic interference (EMI) is another consideration, especially with pumps
containing electronic components, as it may interfere with the sensitive impedance
measurement setufd6]. Regular monitoring and calibration further contribute to ensuring
the accuracy and reliability of impedance measuremeits.address these issues, careful
selection of higkguality pumps, proper calibration, and the implementation of measures to
dampen vibrations and shield against EMI are essential for minimizing the impact of syringe
pump-related noise in microfluidic impeshce experiments.

SNR stands for Sigraknoise ratio, which is the measure of relative strength of a desired
signal compared to the unwanted background noikes very crucial in signal processing for
MIC devices. The formularf8NRn decibels (dBis typically representeds

N 4
YOY pil QUT (28)
Where, S is the amplitude or strength of the signal, and N is the amplitiides noise.

Higher SNR indicates a stronger and more reliable signal in comparison background
noise, making it easier to extrasteaningfulinformation form the dataln context oMIC,it
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is very crucial to have high SNR, otherwise the small varidgtection event will be
overshadowed by the backgroumsise

2.8. Graphene

Carbon (C) is one of the most studied elements in the periodic[@®jleéGraphene is aatom

thick sheet of carbon atoms arranged into a honeycomb Ig@F Each unit cell consists of

two carbon atoms and all atoms are arranged in a hexagonal lattice in a single plane. As shown
in Figure6 below.

Monolayer Graphene
Figure6: illustration of hexagonal Lattice of monolayer graphene which exists on single plan (2D njégrial)
2.8.1. Structure
The structures of graphene can be perceived as two equivalent atoms of triangular lattice,

and the vector displacement to be called a, where a =\[@3] is the distance between
carboncarbon atomsFigure7arepresent the arrangement of carbon atoms.

a)

Figure7: a) Arrangement of carbon atoms in the graphene lattice. Gray and black depicts two carbon atoms A ar
illustration of the first Brillouin zone graphene, with centre, and highe YYS G NE LI Ay GaY az
reciprocal lattice vectors. c) the illustration of band structure (top) and Brillouin zone (bottom) of gregjene
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The vector of unit cell is given as

A N
) c ofVio (29)

A single layer of graphene has a structure where eaato@ is bonded to two others in the
sameplane, forming a hexagonal symmetry. The thickness of each sheet of graphene is 0.35
nm[65]. As the band structure of the graphene is found near Fermi level. Fermi level is the
term used to describe the top of the collection of electron energy levels at absolute zero
temperaturg66]. Near Fermi level the conduction band and the valence band intersect at a
sole point which is known as Dirac point, this intersection is why graphene is-ba=igap
semiconductor. Near the Dirac point, the energy and momentum show a linear dispersion
relationshig65]. This relationship makes the effective mass of electrons equal to trers,
electrons in graphene are called massless Dirac FefbbnThe massless particles then
travel with Femi velocityp p 7 [67] causing an increase to already fast electrons.
Compared to the rest of the 2D materials graphene is reported to be the strongest with
flexibility and unmatched thermal conductivi68].

2.8.2. Growth techniques

There are several different methods of fabricating graphene, which of course have their own
benefits and downsides. This section describes some of the common methods used for
growing graphene.

Adhesiortape exfoliation

Graphite material is made up of stacked layers of graphene which are bonded together with
weak van der Waals forces. Utilizing this weakness, one of the earliest methods to separate
graphene from within graphite was to cleave it using adhesive [68}e Each layer of
graphene is stripped off the graphite until a monolayer of graphene is left behind. However,
this method has many unpredicted outcomes thus making it highly unreliable. Due to its
dzy NSt AF oAt AGe GKAa -sd@n@stectring)it is'slibeiny Ssediwd&R A Yy
to obtain a high quality of graphene. The thickness outcome may vary around{70].

Chemical Vapor Deposition Growth and Transfer

The most profound method of producing graphene on a large scale with high quality is by
chemical vapor deposition (CVD). This method is conducted under the presence of different
gas precursors (depending on the chosen metal) at high temperature and thpasitied on
suitable metallic surfaces. Among many metallic surfaces, Nickdl7@{li)Cobalt (Co)72],
Platinum (Pt]73], Iridium (Ir)[74] and Ruthenium (RUY5], Copper (Cu)/6]are among the
bestsuited for CVD deposition.

Although there are many different temperatures and gas precursors used for graphene CVD,
2yS 2F GKSY A4 6KSNBE DNILKSYS A& RSLIRaAGSR
as precursof76]. Cu in comparison to other metal has very low carbon solubility at high
temperature. This helps bypass any multilayer formation caused by segregation of carbon
during cooldown of the substrate. Thus, a higlality monolayer graphene can be obtained

with no limits to covering area expect the size of the substrate itself.
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The CVD process is a very versatile way of synthesizing graphene which is used in many other
applications as well. With the variation of different material substrates and incorporating
various gas precursors, it can be used in a related structure suchapkegeform [77],
nanoribbong 78] and 2Dalloys[79].

Epitaxial Growth on Silicon Carbide

Silicon Carbide (SiC)assemiconductor consisting of covalent bonds between silicon and
carbon. It forms crystal types of 4651C and 6+5iC, which have high bandgaps revealing a
great potential for graphene production. When treated in high temperature Si sublimes
leaving carbon bieind, thus graphene forms on the surface of [@80J]. This method can be

used for the production of highuality large area graphene-However, temperatures
exceeding 1800°C are necessary for the process, and the lack of precise control at such high
temperatures makes it challenging to consistently produce graphene layers of the same
quality. Additionally, this method requires higjuality SiC, which is expensive and adds to

the overall cost of the procedure

Electrochemical Exfoliation of Graphite

Graphene sheets can be separated from graphite using an electrochemical process. For the
process, graphite is used as an anode whereas suitable conducting metals such as Pt and Ni
can be used as cathodes. When graphite is inserted in the solution of hafislsuch as Cl

Br- and I [81], which are used as an electrolyte, exfoliation starts when a voltage is applied
thus separating graphene layers. These layers are then filtered and dried, resulting in
graphene powder. This powder is mixed with 1 metk3deyrrolidinone (NMP) and inserted

in the demineralized water where top layer consists of floating ethyl acetate. While ethyl
acetate evaporates in the air, a graphene sheet starts to form at the surface of the water
which can then be collected on the substrate and dried iaen.

2.8.3. Conductivity (layer number, doping, crystallinity)

Conductivity of gaphene iglirectlyassociated witlthe number of layers ihas A Singlelayer
graphene in particular, exhibits exceptionalonductivity due to (i K Sbonding structure
inherent in itshexagonal lattice This unique arrangemergllows electrons to move with
minimalresistanceresulting in high carrienobility. However, as additional layers are added,

the conductivitystarts to decreagd2]. It is vital which technique is used to grow graphene

as it impacts the control over thgraphene layerMonolayer graphene can be obtained
through methods such as adhesion tape exfoliation or the chemical vapor deposition (CVD)
processlin contrast, when aiming fdsilayer or multilayer graphene, the CVD progssrves

as the primary technique for achieviegntrolled growth.

Crystallinity is another key factor affecting graphene's conductivity.-Hiugthty, defectfree
graphene with a welbrdered lattice structure exhibits superior electrical properf83.
Techniques like CVD on singlystal metal substrates promote the growth of highality
graphene with fewer defects, enhancing its conductivity. Conversely, polycrystalline
graphene or graphene with imperfections like vacancies and grain boundariescatiar
charge carriers, leading to reduced conductivi@owth methods, such as liquipghase
exfoliation and the reduction of graphene oxide, can also be employed to produce graphene

19



2.8.4. Frequency response

Graphene's frequency response pertains to its characteristics and effectiveness when
exposed to different frequencies of electromagnetic signals. The distinctive electronic
properties of graphene make it @ery interestingmaterial for applicationf frequency
dependent responseslhe frequency response of graphehas been a subject of research
and has shown promising potential for various applicatidf@ instance, graphenrieased
field-effect transistors (GFETS) have emerged as a notable example oésharg this
property[84, 85] Moreover, graphene's remarkable carrier mobility and frequency response
render it appealing for applications in radio frequency [851)

2.8.5. Characterization

Graphene can be characterized using various techniques, including Raman spectroscopy and
atomic force microscopy (AFM). Raman spectroscopy is a useful toahéoacterizing
graphene as it can identify the structure of graphene, the number of layers, and the presence
of functionalization such as nitrogen or hydrogen. The Raman spectrum of graphene shows
distinctive features that can differentiate between singldpuble, and multlayer
grapheng87]. On the other hand, AFM is used to determine the number of layers and the
lateral size of graphene sheets. It can also provide topographic information and is commonly
used to determine the thickness of graphene and relatedviderials.

Raman spectroscopy is a simple and effective tool for characterizing gragheheds light

on the vibrational modes and crystal structure of graphene through distinctive bands such as
G, 2D, and D. The G band signifies the hexagonal lattice, the 2D band reveals layer
information, and the D band indicates the presence of defects.nmglestructive technique

is crucial for determining graphene layer count and assessing its quedity.can provide
information about the structure and functionalizatiaf graphene On the other hand, AFM,
based on the principle of scanning a sharp tip over the sample surface, provides high
resolution 3D topographical maps. AFM is particularly useful for discerning layer thickness,
identifying defects, and offering atomsrale detas of the graphene surfad&s].

2.8.6. PyC

PyCis aunique form of carbon material renowned for its versatile and adjustable mechanical,
electrical,and thermal properties Also is known for its low density, high impermeability to
gases and liquids, excellent chemical stability, and good thermal and electrical conductivities.
Unlike graphite PyCis does not transform into crystalline graphite at any temperatarel
remains hard and isotropid.-he material was first observed in the ri@850s and has since
been the subject of intensive study due to its uniqueperties and various applicatiof29].

Wide range of applicationkas being explored utilizing unique propertiesRfC such as
electrodes in supercapacitors, materials for water desalination device -electrodes,
electrochemical sensors, energy storage devices, tools for preamsmrding and even
medical applications like heart valves and neural imp@®s90]

Production oPyC

The conventional method for producingyC involves the process of chemical vapor
deposition (CVIPI1]. In this process, a precursor gas, typically a hydrocarbon like methane
or acetylene, is introduced into a higamperature reactor chamber. The chamber is heated
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to temperatures ranging from 100Q@o 2000, leading to the pyrolysis of the precursor gas.
During the pyrolysis stagiéhe gas breaks down into carbon atoms, and these carbon atoms
then deposit onto a substrate material through controlled growifhe substrate, often
shaped to the desired form, serves as the foundation forRlg€ayer. The resulting?yilm,
characterized by its structure, finds applications across various féftsnotable application

is its suitability as an electrode for supercapacif®?3, capitalizing on its unique properties
The size of the build volume or working area is a pertinent limitation, particularly for-large
scale fabrication, requiring specialized equipment and potentially elongating production
times. Speed of production is a factor, influencing the feasibilityabfi€ation methods for
applications where high throughput is essential.
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3. Literature review

3.1. Contrast MIC designs

3.1.1. Operating Principle

MIC devices contain two electrically excited electrodes which are embedded into the walls of
a fluid channel, they are typically made using easy to handle and transparent materials such
as PDMS and glass. Interdigitated electrodes are implanted insidmittvefluidic channel
which carry AC voltage driving alternatingfield within the channel. The channel is typically
designed to manipulate small volumes of fluasthe micrometre scale such that electrical
fields can be applied to a small region taaib high levels of sensitivity to dielectric changes.
The fluid flow is controlled by peristaltic or miestepping pumps. Some of the common
electrode configurations are cgplanar, parallel, and constricted channel electrodes as
shown inFigure 8 As analyte fluid which contains particles/cells flows through the channel,
the movingparticlesinteract with the electric field generated by the AC voltage across
electrodes. These interactions can change the electrical properties which are detected as a
charge in the complex impedance of a circuit containing the MIC.

A ] C

AC current lines

Impedance analyzer

*

A
Electrodes / Electrodes \\

PDMS
B

# .
() | Cay e

J,u' AC current lines

Glass substrate

Figure8:A)illustration of coplanar electrodes designd AC field disruptiowhen a cell flows through the detection
region, B) lllustration of parallel electrodes design and AC disrupti@)I8ustration of construction channel design.

Microfluidic impedance devices most commonly use AC signals to determine a change of
impedance in the channel which relates to this displacement of fluid with a high dielectric
constant with a cell or particle with a lower dielectric constant. In generagnitude of the
impedance change is used as a measure of particle size. However, different frequencies of the
AC voltage can be used to reveal distinct cell propertiégure 9 illustrates frequency
dependenciesin particular highlighting how lower fregncies indicate the cell size, while
higher frequencies could be used for cell membrane charactef@88fsThe impedancen

the system can beharacterizedby the parameters such assistance if)) and capacitance

(. Some of theMIC devicesgmplementmulti-electrode arraysproviding spatial information

of the cell distribution ananablingthe study ofheterogeneous cell populatiofhe change

in the parameters of resistance (R) and capacitance (C) allows for extracting information
about the concentration of particle$he raw impedance data is processed andlysedising
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algorithms to extrat meaningful information. This may involve comparing impedance
profiles, amplitude changes phaseshifts.
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Figure9: illustrates that the Impedance response at different frequencies carries different information regarding
cell93]
MIC devices offer adwages like higtsensitivity rapid ana}sis, and theability to perform
labeHree measurements. Theequirement of small volumemakes them suitable for
application in medicine or where the sameailability is limited.

3.1.2. Measurements approaches
Impedance measurement approaches for MIC devices vary depending on the device and its
design. However, some of the more common approachekide:

1 Direct Current (DC) impedancmeasurements:This technique involves applying
constant current to the microfluidic devices and measuring the resulting voltage
across the electrod¢®]® ¢ KS AYLISRIYyOS OFly G4KSy oS Ol
These measurements are relatively simple and straightforward, they can provide
accurate impedance measurements at ldnequencies and are suitable for steady
state impedance values. However, it doex provide detailed information about the
al YLIX SQa-dépdnBeitdehaviowr and does not capture the dynamic change.

1 Alternative Current (AC) impedancemeasurements In this technique, an AC signal
of set frequency is applied across the electrodes and measuring the corresponding
voltage respong®4]. The impedance can be determined by analysing the amplitude
and the phase shift of the voltage response single with comparison to reference input
signal. This technique allows for frequerdspendent analysis of the sample,
providing information about itelectrical properties at different frequencies. Can be
used to analyséhe electrical properties of cedland enables the detection of change
in impedance over time.
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1 Frequency Sweep impedance measuremeiitiis approach involves sweeping the
frequency of applied AC signal over a range of frequency and measuring the
corresponding voltage respon@d]. By analysing the impedance at different
frequencies, Capacitive and resistive properties of the cell can be obtained. This
technique helps identify the characteristic frequencies associated with specific cell
and differentiates between different cellsub to the sweep of range of frequencies,
longermeasurement time is needed, also resulting in complex data for analysis.

1 TimeDomain Impedance measurementThis technique involves analysing the
transient response of the device to a step input signal. By measuring the voltage or
current response over time, the impedance can be calculated uairkpurier
transform59]. These measurements can provide information about the dynamic
behaviour of the sample, such as iitdaxation time, and response to changes in the
applied signal. This method can be used to study the transient phenomena, looking
into the adhesion or migration of cells. Furthermore, it can provide insight to the
kinetics of the cellular processes. Howegveat requires precise timing and
synchronization for the accurate measurements, resulting in sensitivity to noise and
alien artifacts in the timealomain signals. Data analyses is complex and more
challenging compared to the frequenbased approach.

It is very important to keep in mind the advantages and limitations when selecting an

impedance measurement approach for the MIC devices based on the specific requirement
and objectives of the application. Considering the cell size and count application,

measurement approach chosen for this research was AC impedance.

3.1.3. Design types

There are multiple methods of designing the electrodes in a MIC device to create a sensing
region. he most prevalent configurations are now described: coplanar electrodes, parallel
electrodes, and constriction channel. Each design is based on a similar detection principle,
with excitation electrode and sensing electrodes embedded inside microfluidic chémne
establish electrical measurement.

The oplanar electrods configuration was first proposed by Gawad 048] In this design,
coplanar metal electrodes were integratedamicrochannel and nofnomogeneous electric

field was generated. The authors carried out the simulation of cell impedance from equivalent
circuit model and their simulation result showed that different parts of impedance spectra
contain different informationabout cell componens. The design consists of two patterned
electrodes located at the bottom of a microchannel, and it is sensitive to the height of
particles in the microchannel due to electfield norruniformity[96]. The fabrication process

of coplanar electrodes design starts with the patterning of electrode layer on glass
substratd97]. The channeis fabricatedon PDMSsubstrateand is combined withelectrode
substrate to finalizea microfluidic device. The whole process can be easily fabricated since
only a single alignment is needed to guide electrodes to the desirable position inside the
channe]97].
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In a parallel configuration, electrodes are placed tae top and bottom or on opposing
sidewalls of the channel. Similarttoe previous design, twor moreelectrodes were used to
measurethe impedance of cell passing between electrodes and impedance of the medium.
With parallel electrodes, electric field distribution was less divergent, leading to better
sensitivity as compared to coplanar electrode def8h However, this design also suffers
from the measured signal dependence on cell position inside detection voldie.
fabrication process is more complex as compared to coplanar electrode [B3idn the top

and bottom electrode configuration, two alignment steps are required: one for aligning the
channel to the electrode pattern, and another for aligning the two chips with electrodes
together. Accurate alignment is needed to make the measurement reproducible. For the
sidewall electrodes configuration, sidewall electrodes were fabricated by electroplating
followed by SLB/PMDS channel fabrication on top of the electrodé¥]. This can be done
with single alignment. However, there is always a vertical gap between the sidewall
electrodes and microchannel, resulting in an inhomogeneity of the electric field. This can
possibly lead to a slightly poorer performance as comparddpebottom configuration.

The lack of direct contact between electrodes and cell§li@ can lead to current leakage
issues, where the current tends to pass through the iighductivity fluid surrounding the
cel[101]. In order to solve this problem, the constriction channel design was develbp2H

In the constricted channel configuration, electrodes are placed at the top, bottom, or
sidewalls of the microchannel. Similar to the previous design, two or more electrodes are
used to measure the impedance as cells pass through the constricted charmghgddance

data collected during cell transit provide valuable information about the specific membrane
capacitance and cytoplasmic conductivity of individual cells. This configuration allows for
detailed analysis of cellular properties at a sirghdl level. In the constricted channel
configuration, two main electrode configurations have been proposed: the coplanar and the
parallel microelectrodesThefabrication process is more complex as compared to coplanar
electrodes designThis complexity arises from the need for two alignment steps: one for
aligning the channel to the electrode pattern and another for aligning two chips with
electrodes togethdil03]. Accurate alignment is needed to make the measurement
reproducible.Additionally, for the sidewall electrodes configuration, a single alignment step
is needed in the channel fabrication process. However, there is always a vertical gap between
the sidewall electrodes and the microchannel, resulting in an inhomogeneityeoélgttric
field[101]. This can possibly lead to a slightly poorer performance as compared-tmotogm
configuration.
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Table 2 summarisesthe advantages and dislvantages of each of the electrode
configurations.

Design Advantages Disadvantages
Coplanar electrode Simple fabrication Vertical position dependences
High throughput Low sensitivity
Coplanar _ Liquid electrodes Simple fabrication Lateral position dependences
electrodes design High throughout Low sensitivity
Top-Bottom High sensitivity Vertical position dependences
configuration High throughput Complex fabrication
Parallel e.Iectrode Sidewall configuration High sensitivity Lateral position dependences
design High throughput Complex fabrication
Simple fabrication
High sensitivity
Constriction channel Size independent electrical Prone to clogging
parameters Low throughput
Mechanical Property
characteristics

Table2:Comparison between different impedammgometersbasedelectrode configurations.

3.1.3.1. 2-HectrodeDesign

Flowing Buffer Glass
Particle ~ Solution  sypstrate

\ Gﬂf{; —

Acos(wt) Flectrodes

Figurel0: Lateral View) model of particle flow through LIAbagetl 2 8 Sy 82 NE g KSNB w A a
resistance fluctuation due to particle flow, and CD represents the dielectric capacitance between the electrode
buffer solutiorf104].

Talukder et 4lL04], illustrated inFigure 1Qpresents a portable system for personalized blood
cell counting, consisting abplanarelectrode basedICand a portable analogy readout. The
novel design of the analogy readout includeklAfollowed by a higkpass filter stage for
subtraction of drift and DC offset, and a p@sitbtraction high gain stage, enabling the
detection of particles and celsizes ofl’ & 3 d&and 8 din diameter.100nm thick gold
electrodes were use withQlL dwidth and 15 dapart. Oxygenplasmatreatment was used

to create addition between the electrode substrate gmmihted PMDS surfacd&.he frequency

of 500KHz was used with 2V input sigi&leparticle detectiorwasperformedwith individual
particle sizesolutionsbut not as a mixtureThe system is broadly applicable to assaying a
wide range of biomarkers, including proteins, nucleic acids, and various cell types. The
research paper describes the implementation of the anaégadout circuit for a portable

26



battery-poweredMICwith smartphone readout, emphasizing its potential for personal health
monitoring.

Jason et §05] presents a notable advancementth micro milledMICdesigned for enhanced
singlecell analysis. A key feature is the integration of vertical parallel electrodes, achieved
through a negative manufacturing process, to improve sensitivity, accuracy, and throughput
for cell viability analysis. Using a 75 pratplum wire embedded in PMMA, the device creates
vertically uniform electric fields, addressing challenges seen in coplanar electrode
geometries. Jurkat cell45 ain diameter,in a lowconductivity luffer were analysed, and

an optimal excitation frequency of 2 Mkath 1V was identified for discriminating live and
dead cells based on cell membrane disruptions. The study introduces a computational
algorithm correlated with video microscopy to determine cell viability status. While
acknowledging limitations, such as microgtede size and data throughput, the micro milled
MIC presents a promising and accessible platform for diverse stejleanalyses with
potential applications in various biological and diagnostic cont®gspite its successes, the
study acknowledges limitations such as the necessity for microelectrode diameters equal to
or larger than the microchannel diameter to prevent undetected cell passage. Data collection
throughput was noted to be limited
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pins are inserted and sel to both microfluidic electrode chambg@5].

Based on Mei et H05], a microfluidic cell impedance measurement device designed for
point-of-care applications, emphasizing simplicity, compactness, and high sensitivity. The
unique designillustrated inFigure 11utilizes fluidic channels as "liquid electrodes," ensuring
a uniform electric field distribution and contributing to the device's simplicity and enhanced
sensitivity. 30 & electrode gap was used with 800KHz frequency and 5V input voltage.
Notably, the system's co#ffectiveness and compact size are achievedulgtoa sheathless
flow design and a single circuit board for cell impedance detection, eliminating the need for
costly and bulky equipment such as lankamplifiers and additional sheath flow pumps. The
device demonstrates its capability to effectively et and differentiate polystyrene beads
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with diameters of 7.66 um, 10.5 um, and 14.7 um in a mixture, achieving low coefficients of
variation (CVs) of 13.87%, 7.98%, and 3.74%, respectively. Introducing a novel parameter,
impedance ratio, through signal processing enhances the device's ceflific&ton
capabilities. In experiments involving lymphocytes and granulocytes detection from whole
blood, the impedance ratio proves to be an effective tool. A very low concentratipsart€le
mixture was used with only 198eads/ 0

3.1.3.2. Multi-ElectrodeDesign
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Figurel2: lllustrated in the side view of the microfluidic channel is the transit of a sample cell between the measu
and reference electrodes. Below the schematic, the anticipated waveform of the output from thedoaglifier is
depicted. This waveform éxpected to be observed on an oscilloscope as the cell traverses the detection region

the microchanngB3].

Flow =
Profile J solt

Gawad et al[93] demonstrate that he micromachined impedance spectroscopy flow
cytometer is a device used for cell analysis and particle sidllogtrated inFigure 2. It
measures the spectral impedance of individual cells or particles, allowing screening rates over
100 samples per second on a singll basisThe particles detected were 4, 5.14, 6.6 The

device is based on a glagslyimide microfluidic chip with integrated channels and electrodes
microfabricated at thelaminar liquid flow carries the suspended particles through the
measurement area. Each particle's impedance signal is recorded by a differential pair of
microelectrodes using the cell surrounding medialasreference The micromachined chip

and processing electronic circuit allow simultaneous impedance measurements at multiple
frequencies, ranging from 100 kHz to 15 MHz. This technology is capable of discriminating
cells using their electrical parameters as measungthipedance spectroscopy. The devige
intended for various applications such as diagnostic cell counting and separation in
haematology, oncology, or toxicology.
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Figurel3: Device configuration diagrams and schematics of the measurement approach. a) SEM picture of .
microelectrodes and adjacent passive&tlements. b) SEM picture of the filters fabricated i¥8$®&Jprevent sensor
clogging (mostly due to small fibres).A sinusoidal voltage is applied using six simultaneous frequencies (ranging
100 kHz to 27 MHz) to the central microelectrode. The current outputs from the outer microelectrodes are conve

voltage by trangmpedance amplifiers (TA) and theropessed differentially by a loak amplifier. The zoomei detail
reports a sketch of the sensor in the microfluidic chgdmél.

Based orRollo et gl106], Figure Billustratesa unique platform featuringrthree-dimensional
(3D) freestanding microelectrodes integrated into microfluidic channels, allowing for the
singlecell detection of in vitro activated T lymphocytes in flow through an electrical
impedancebased setupSix modulated frequencies were applied simultaneously between
the range of 100KH27MHzto acquire particle flow characteristicShe diameter of 8, 10,
and 15 dparticleswere used with the concentrations of 5@@0 beads/mlThedetection
was done in the order of 1@beads per secondheTri dimensionamicrosensors on chip,
particularly the 3D freestanding microelectrodes and microfabricated channel with vertical
platinum electrodes, demonstrate the innovation in the field. The paper not only provides a
comprehensive overview of the methodology butaEmphasizes the potential applications
and advantages of this labf#ke strategy in the context of adoptive T eblised
immunotherapy.
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Figurel4: A) lllustration of liquid electrode desigB)illustration of combination approach of conventional coplanar
electrode design and liquid electrode de$idgyy, 108]

Based on Valero et al, 20J@07], due to the nonuniform electric field created by the
coplanar electrode configuration, the impedance measurement is significantly influenced by
the vertical position of the cell in the detection region. This design, illustratédgare 14
emphasizes how the positioning of the cell within the electric field affects the impedance
measurement, which in turn impacts the accuracy and sensitivity of the analgsieduce

the effect of vertical position of cell on impedance, another coplanar electrodegrugation
called liquidelectrodes were used109, 110] In this case, the electrodes were placed at
bottom of lateral channels perpendicular to main anm&l. As a result, homogeneous
electrical field over the channel height was generateldaker et §108]used the combination

of conventional and liquid coplanar electraleconfiguration shown inFigure 14B.
Longitudinal measurement and transverse measurement provide different characteristics
that can be exploited to dete¢he shape of particleThe fluid flow was controlled to achieve
100 beadsper secondon the single cell basis. The frequency used was between 100KHz to
15MHz simultaneously to achieve robust information of the sample. For the cell sorting
purposes low frequencies ranging between 50KHz and 150KHz were Hedver, this
design had several drawbacks. Firstly, the sensitivity is poorer than traditional coplanar
electrode design due to the increase in detection volume as the distance between the
electrodes pair needs to be placed far enough in order to gendrateogenous electrical
field acioss main channel. Secondly, the effect of lateral position rises due to fringing effect
at edges of electrodes. In this work, they useeldictrophoresis (DEP) force generated by
liquid electrodes to focus the cell at the centretbé channel.
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Figurel5: a) Geometric model of a microfluidic impedance chip comprising two pairs of facing electrogie? &bl
E3E4 pairs). Dimensions are those of a commercial impedance chitounit 30 m x 28 m crosssection (W x H in
xy-plane), 20 m electrode width and spacing) geometric model of an impedance chip with coplanar electrode
configuration: two pairs of liquid electrodes are generated by two pairs of metal electrodes. Dimensionsrarg 40
21.5 m crosssection (W x H in xglane), 30 m lateral channels width and spacing, 20 electrode recess with respec
to the main channel.

In Caselli et §111], the geometric model of a standard microfluidic impedance chip with two
pairs of facing electrodess shown inFigure 15a. An ACvoltage isapplied to the top
stimulating electrodes (E1 and E3), and the dé#faial current flowing througtihe bottom
measuring electrodes (E2 and E4) is collected. Te®ua differential measuremersicheme
instead of an absolute one increases the sigoahoise ratio andreduces the effect of
electrode polarization20' daand 30 d&electrode gaps are simulated alonghvdetection of
2& 6 aparticle size. The passage of a flowing particle is recorded asingf opposite
pulses with thesame amplitudePulse amplitude measured bitw frequencystimulating AC
voltageis a measure of particle volumidowever, the electric field within the channel is ron
uniform, andtherefore the magnitude of theneasured electrical current depends on particle
trajectory height (i.e.,y-coordinate of the centre of theflowing particle). A further
contribution to pulse amplitude comédsom the cross current betweethe left and right pairs
of electrodes (i.e., current flowing throughnaeasuring electrode, E2 or Egtjginating from
the diagonally opposite stimulating one, respectiviéeB/or E1). As a consequencéhaf cross
current, pulse amplitude is higher when the particle flowseloto the measuring electrodes
thanto the stimulating onesThereforethe system is asymmetric top tmottom.

3.1.3.3. Corstricted Channel

Xie et al[112], describes the design of a shed#ss microfluidic IFC chip with a constriction
structure between the detection electrodes to enhance particle sensing performance. The
device is designed for rapid lakiete cell classification and viability testinbhe excitation
signal of 1IMHz frequency and 0.3V amplitude was applié@. device demonstrates high
throughput for singlecell screening, with ability to analyze up @2 beads pesecondfor
statistical analysis. It also shows good performance in disshigng apoptotic/necrotic cells
from live cells, with consistent results compared to traditional flow cytometry. The paper
highlights the potential application of the system for novel, compact, and easy operative
singlecell analysis systems in the futurdhe device is based on microfluidic electric
impedance flow cytometry (IFC) chips, which have advantages over traditional flow cytometry
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systems due to their selfontained, disposable, and economic nature. However, the
throughput, sensitivity, and simplicity of these chips are inversely related to each other, and
their reported impedancéased cell differentiation capability is generallynited. The
sheathless microfluidic IFC chip described in the paper aims to address these limitations by
enhancing particle sensing performance and increasing throughput for sietilscreening.
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3.2. Channel Fabrication

3.2.1. Stamp lithography

Stamplithography,which isalso known as soft lithography, has gained prominence in recent
years as anostversatile and coseffective patterning method for micro and nastructures.
Thistechnique is inspired by traditional printing processes, whtmeble stamps are used to
transfer patterndrom one sample to theequiredsubstrateqd113, 114]

The research o¥Vhitesides and Sheia 1996[115] did pioneering work in this fieldThey
introduced soft lithography as a new approach to microfabricatwamich opened new
avenues for the coming microfabrication researchdrise method involves the use efastic
stamps, typically made of polydimethylsiloxane (PDMS), which can conform to the surface of
the substrate and replicate patterns with high precision. This flexibility allows the creation of
complex, weldefined structures over large areas.

Stamp lithography includes many different forms, each intended for specific applications.
aAONRO2y Gl Ol LINARYGAY I d&nownt, as it eriablesXBe\tFamsieidof (0 K S
functional inks or molecules to substrates, forming patterns with distimeissranging from
micrometresto nanometres This ability has found utility iresearch area®f biosensing,

where accurate profiling of biomolecules isritical [116-118]. Another variant,
nanolithography (NIL), takes stamp lithography to the nanoscale. NIL involves pressing a hard
stamp with nanoscale properties onto a thermoplastic material onto a substrate, creating
patterns with great precision and uniformity. This teajfue has proven invaluable in
fabricating nanostructured surfaces for optical and electronic applicatldi$s122].

In recent years, researchers have discovered hybrid methods, combining lithography with
other technigues to enhance their capabilities. For example, ititegration of stamp
lithography with inkjet printing has allowed the creation of functional electronic devices with
improved performance and complexjiy3, 124]

However, stamp lithography is not without challenges. Issues suamaater mask (stamp)
wear, defects, and limitechasklife have been the subject of extensive research to improve
the reliability and reproducibility of this technig[i5, 126] Furthermore, advances in
materials science have led to the development of new seahehniqueswith enhanced
durability and performandd.27].

Some of the recent applicatiolf stamp lithography includesmicroelectonic4128],
biomaterials patterninfL26], microfluidics and optical devicefl29].

Asfurther research getsglevelop, stamp lithography holds the promise of revolutionizing the
way micre and nanostructures are fabricated. The literature reflects a dynamic landscape of
innovations and applications, ranging from basic studies illustrating basic principles to
pradical applications in diverse scientific and technological fields. Stamp lithography's
journey into the literature is not just a review of a technology, but rather an account of its
transformative impact on the world of nanofabrication.
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3.2.2. 3D printingg Two photonAblation

Two-photon laser ablation is technique involves using a-ptoton laser to induce highly

focal and precise tissue removal. It has been applied in various research areas, including the
study of morphogenetic biomechanics, brain imaging, and targeted delien. Two-photon

laser ablation works based on the principles of #plwton excitation. This is a nonlinear
process in which the absorption rate depends on the second power of the light intdr3€ity

When two photons of neainfrared light are simultaneously absorbed by a molecule, it can
lead to the excitation of the molecule to a higher energy state, allowing for precise and
localized tissue removalwo-photon laser ablation works at a wavelength typically in the
range between 680 nm and 1300 {8n 131] The technique typically involves using
femtosecond laser pulses, which are extremely short pulses of laser light. This enables precise
targeting and minimizes the heat generation associated with longer puld@s. process
enables the technique to achieve high spatial resolution and minimal damage to surrounding
tissue, making it suitable for various biological and biomedical applications.

While two-photon ablation offers many advantages, it also has limitations. The equipment
can be expensive, and the technique requires specialized expertise. Additionally, the
penetration depth of the laser light is limited, and the effectiveness may vepgmding on

the tissue type.

Marshall et gl132] describes the use of twphoton laser ablation to infer mechanical tension

in cells and tissues, particularly in mouse embryidse wavelength of 680nm is usedth
femtosecond pulse laseilhe study identifies factors that can affect the interpretation of
ablation tests, such as differences in physical properties, viability of cells, and image
acquisition rate. The methods have been applied to ¢hasing portion of the mouse spinal
neural tube, demonstrating lorgange biomechanical coupling of the embryonic structure,
and identifying highly contractile cell populations involved in its closure process

Yamaguchi et fl31]discusses the development of a method for evaluating the focal volume
in living mouse brains to increase the tpboton excitation efficiency. The study
demonstrates the successful focal laser ablation in deeper brain regions, enabling the
dissection of tegeted neural processes in living mouse braifge excitation wavelength used
was 910nm.

Hill et a[133] introduces a technique termed twphoton chemical apoptotic targeted
ablation (2Phatal) that uses focal illumination with a femtosecond pulse laser to cause highly
focal and very brief photobleaching, leading to targeted apoptosis withotandfet effecs.

This method provides a tuneable and reproducible system for st®jlen vivo induction of
apoptosis Twophoton laser wagune to different wavelength for optimaéxcitation of
particular fluorophoresfrom 775nm to 1030nm.

While the literature results provided some information on twghoton absorption TPAIn
general, including its applications in various fields such as laser applications, biological
imaging, and material design, there is a lack of specific literature reviews focusiFgAom

the context of 3D printingFurthermore, TPA at 520nm is not an explored wavelength in
ablation regards. The literature mainly discusses -photon excitation at different
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wavelengths, suclas between the range of680-1300nm, for applications like cancer cell
ablation and fluorescence imaging.

3.3. GraphenePatterning

Graphene, a twalimensional carbon material with remarkable electronic and mechanical
properties, has gained immense attention for its potential applications in various fields. As
researcherstry to harness the full potential of graphene, thaevelopment of precise
patterning techniques has become crucial for tailoring its properfiégre are 3 majaiypes

of methodsused to pattern graphene:

a) Top-down: these approachemvolve thebreakupof large graphene sheets into nano
sized structures with specific shapes using various-pastessing techniques. This
strategy can be categorized into different types based on the processing
characteristics.

b) Bottom-up: Thistechniqueinvolvesassembling graphene from precursor materials or
individual atoms Bottom-up techniques offer a promising approach, and various
methods have been developed to date.

c) Chemical etchingThis method is defined by selectively binding additives to specific
regions of the graphene lattice, not only allows for the adjustment of graphene's
electronic properties but also proves advantageous in tailoring its chemical
characteristics.

3.3.1. Topdownmethod

(1) Graphene
transfer

2 o

(4) Retransfer and
FET characterization

Figurel6: lllustration depicting the substratguided etching process of graphene: 1) Transfer of slagér graphene
grown through chemical vapor deposition (CVD) oritane sapphire. 2) Application of catalyst nanoparticles throu
sputtering. 3) Highempermature metatassisted etching in the presence of hydrogen. 4) Subsequent transfer bac
SiO2/Si and fabrication of fiekffect transistor (FE[)34].

Solis et 4lL34] discusses the fabrication of dense arrays of aligned graphene nanoribbons
(GNRs) through substratmntrolled etching of largarea singldayer graphengshown in
Figure 16 The research demonstrates the production of these GNR arrays oste)
assisted etchingusing nickel (Ni) nanoparticlegraphene monolayer wasut into channels

at a temperature around 1100°C in a H2 atmosph@tgs process is accompanied by rebound
angles of 60° and 12CG°The researcér alsohaveshowed the ability to usenetal other than

Ni, such as F&35], Cq136], Ad137], and C{L38].
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Figurel7: The fabrication process begins wiftmechanically exfoliated bilayer or multilayer graphene as the startil
material. (I) Subsequently, a Poly(methyl methacrylate) (PMMA) resist mask is formed thrbagmdithography(lil)
To introduce artificial defects, oxygetasma etching is employe@V) Finally, anisotropic etching using hydrogen
plasma is conducted, leading to the transformation of circular holes into hexagonal $hapgs

Shi et dl139] presents a topdown approach for controlled tailoring of graphene
nanostructures with zigzag edgeepreented in Figure 17 It consists of two key steps:
artificial defect engineering and sedfigned anisotropic etching he research demonstrates

the potential for creating graphene nanostructures with specific edge configurations, which
is significant for various applications in nanoelectronics aadophotonic PMMA was spin
coated with required patterns, acting as protective layer against plasmangichie process
involves creating artificial defectsllowed by anisotropic etching to produce hexagonal holes
with zigzag edges in the graphene material. This approach holds promise for the development
of future graphenebased devices.
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Figurel8: Soft lithographic patterning and transferring processes for-@\di@n graphene sheets involve several ke

steps. (a) PDMS surface coating with DMSO to enhance the surface energy of PDMS and facilitate the adhesio

grown graphene on the initial satrate. (b) Bringing the PDMS coated with DMSO into contact with the graphene

Patterning the graphene layer on the initial substrate. (d) Applying the PDMS stamp onto a target substrate.
Transferring the graphene from the PDMS stamp to the tasgbstratg140].

Kim et dl140] demonstratethe synthesis and transfer of graphene sheets, particularly for
applications in advanced graphebased flexible devices such as transist8ist lithography

is an economical and straightforward technique for patterning graphene using elastomeric
stamps, primarily made of polydimethylsiloxane (PDM&g such technique is illustrated in
Figure 18 Unlike traditional methods involving photoresists, soft lithography enables direct
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application of predesigned PDMS templates onto graphene surfaces, serving as an etching
mask. This process is followed by am @asma etching step to achieve graphene
patterning141]. In another variation, enhanced adhesion between the template and
graphene enables direct peeling of graphene from the substieteémproveadhesive forces

by using the hydrophilic substance dimethyl sulfoxide (DNIISID). They modified a PDMS
template with micrometre-scale channels by coating it with DMSO through an evaporation
method142]. Upon contact with graphene, the increased interfacial adhesive force allowed
graphene to be peeled off from the substrate. The resulting graphene patterns, aligned with
the template's channel geometry, could be released from the template through addlition
heat treatment at 70 °C. Subsequent research demonstrated the application of these
graphene patterns as chemical sensors with outstanding performance.

Sing ¢ al[143] shows the abilityto focuslaserwriting on the graphene sheewith required
pattern. This method involves inducing a local physical or chemical state transition in
graphene using lasenduced heating. For example, a 1064 nm laser was used to selectively
oxidize epitaxial graphene films, creating patterns of graphene oxide (GO) linggayphane

film. Infrared absorption measurements revealed the semiconducting properties of the
resulting GO patterns, enabling their application as Schottky junctiongoledéctors with
exceptional photoresponsivity. Additionally, irradiating a suspended graphene sheet with a
517 nm laser caused it to shrink continuously until it ruptured, leading to the preparation of
triangular graphene ribbor$44]. Recently, a CO2 laser was utilized to scribe nszed
trenches into graphene deposited on a flexible substrate. Initially, a graphene film was
deposited on a PET film, and after heat treatment, the graphene sample was patterned
directly by irradiationwith the CO2 laser, resulting in ablation of the irradiated ajbés].
However, the rough edges of the resulting graphene patterns from laser ablation posed
challenges.

There are many other techniques that ugess methodto get modified pattern graphene
such as nanoimprintithography{146], Plasma lithographji147], UV lithography{148], and
femtosecond laser writind.49].

The topdown processes, such as lithography and etching, can introduce defects and damage
to the graphene structufd50]. This can affect the electronic and mechanical properties of
graphene, potentially limiting its performanidl1]. While the topdown approach is easier

to scale up and less expensive than the bottom approach achieving higkresolution
features withtop-down techniques can be challengjt§2]. The minimum feature size is
often limited by the wavelength of the employed lithography method, making it difficult to
create extremely fine structures

3.3.2. Bottomtop method

Thetechniqueusedin Yan et dl153] is substrateassisted growth for graphenaa chemical

vapor deposition (CVD) method. In CVD, a gaseous precursor containing carbon, such as
methane, is decomposed on a metal substrate, typic@lj 53], Ni[154], G€155], P{156],
Au[157]or In[158], to grow grapheneThe prep#terned substrate provides a catalytic surface

for the carbon atoms to assemble into graphene layers.
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Some other techniques adenown assurfacemediated coupling, andolution synthesis. In
surfacemediated couplingdevelopment of atomically precise graphene nanoribbons (GNRS)
has been achieved through a surfacediated coupling proceduf@8]. Thismethod involves
surfacemediated radicapolymerization and cyclodehydrogenation of aromatic monomers,
typically sublimated onto a metal surface like Au (111) or Ag (111). The process begins with
the thermal sublimation of aromatic monomers, leading to tkkeavage of halogen
substituents and the formation of surfaetabilized biradical moieties. These biradicals
undergo polymerization on the metal surface, forming linear polymer chains. Subsequent
annealing at higher temperatures initiates intraraoular cyclodehydrogenation, resulting in

the creation of fully aromatic structures, known as GNRs.

Bottomrup methods may face challenges when it comes to scalability for -krge
productionf159]. Achieving uniform and consistent patterns across large areas can be
difficult. Some bottomup methods involve complex chemical processes, which might be
challenging to control and reprodufds0].
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3.3.3. Chemical etching
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Figurel9: Demonstration of 2D substrate patterning leading to structured botsighe fluorination on graphene) A
wafer was coated with a positive photoresist lay@rThe desired pattern was created on the photoresist film throut
exposure UV light via a mask and subsequent development in a diluted solution (bldEpsed silicon oxide was
etched using buffered ammonium fluoride/hydrofluoric acid, followed by cleaning with acetone, resulting in pred
channels on the wafed) An AgF water solution waslectively trapped in these channels using a needle and obse
under a microscope) Monolayer graphene was transferred onto the waf@¢The wafer was heatecdandg) The
PMMA layer was removed using acetfitfl].

Bao et dll61] developed a novel method called "2D substrate patterning" for patterned
functionalization of graphene. The approach involved trapping a mild fluorination agent,
silver fluoride (AgF), ipatternedchannels on the substrate to achieve patterned fluorination

on the bottom side of graphenerecipe presented irFigure 19 The proposed reaction
mechanism involves the thermal decomposition of AgF, generating Ag metal and fluorine
radicals. These fluorine radicals attack graphene, fluorinating the bottom sidgearetating
dangling bonds on the top side. Reactive carbon radicals on the graphene can then undergo
antaratopic reactions with molecules like®or Q to form hydroxylation or hydrogenation
moieties on the top sideThis method offers a facile and efficient way to control the
functionalization of graphene and can be extended to other systems using different reactants.

Wei et aJ162] planned to enhance graphene's functionalization through successful
antaratopic binding of functional entities. The approach involves three main steps: a)
activating graphene with alkali metals; b) adopting a stfe@e antaratopic addition scenario;

and c) struatiring using electron beam lithography (EBL) with a poly(methyl methacrylate)
(PMMA) mask. Initially, a monolayer of graphene is deposited on a Si/SiO2 wafer, acting as a
reactive substrate for stratfree antaratopic backside bonding. A PMMA misklaced on
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the graphene, and EBL creates distinct patterns, selectively exposing specific graphene areas.
These exposed regions are activated by reduction with a Na/K alloy, increasing reactivity
towards electrophiles. After removing the Na/K alloy, binding of thdead is confined to

the uncovered regions via exposure to arylated diazonium salts in degassed/dehydrated
ethanol. The final step involves dissolving the PMMA mask with acetone, yielding 2D
functionalized graphene patterns. Remarkably, pashealing effetively defunctionalizes

the graphene, enabling a writing/erasing cycle for chemical information management. Unlike
one-step chemical patterning, the current challenge involves creating melppktterned
graphene architectures with distinct functionalities systematically arranged on graphene
sheets for advanced higiech applications.

Chemical etching allows for high precision in creating intricate patterns on grasoeiaees,
enabling the fabrication of complex nanostructufE83]. However,it may introduce defects
or damage to the graphene lattifE64], affecting its electronic and mechanical properties
among other limitations such as, low resolution, process compleghigmical waste, and
compatibility issues with substrate65].

3.4. Pyrolytic carbon

PyCis a unique form of carbon that is namaphitizing and exhibits agraphite like
structurg91] but with some covalent bondst is typically producedvith the help of CVD,

with a precursor gas introduced the high-temperature reactor chambeit is characterized

by high thermal stability, high thermal conductivity, low density, low electrical resistance, and
extreme resistance to chemical att4&k6]. Unlike graphite,PyChas a fullereneelated
microstructure, which gives it unique properties and makes it impermeable to gases and
liquids. It is also resistant to crack propagation and has high thermal shock resistance, making
it suitable for various industrial applications hasbeen explored in different fields such as
Electrochemicalsensor§l67, 168] electrochemical device for water treatmertl69],
electrochemicaldevice for energy storadg70], biomedical implanfd71], and as tool for
moulding proces$172, 173] PyCelectrodes are commonly used as substrates for the
fabrication of electrochemical sensors and biosensors due to their high electrical conductivity
and chemical stability.

Zhao et dlL74] have highlighted that unmodified GC electrodes serve as simple and cost
effective options for rapid analytical analy§e88, 175] Additionally, efforts to enhance the
reliability, accuracy, and sensitivity of GC sensors involve the incorporation of modifier
materials onto GC surfadd$7]. Ideal modifier materials should possess excellent electrical
conductivity, chemical and thermal stabilities, strong absorption capacity, good adherence to
electrode surfaces, large specific surface areas, -togit characteristics, good
electrochemical prformance, and outstanding catalytic activityarious approaches have
been employed to produce modified GC electrodes for sensing applications. These include
decorating with carbon nanoparticles such as carbon nanotuy&§andreduced graphene
oxide (rGOL77].

Wang et dl178] conducted research on the reaction kinetics of ceriumRyCwith in situ
electrochemical treatment for ceriurbased flow batteryThe study investigates the impact
of an in situ electrochemical treatment onRyCelectrode, aiming to enhance its activation
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and provide guidance for consistent electrochemical measurements. Activated GC exhibits
reduced charge transfer resistance and increased double layer capacitance compared to a
fresh electrode, attributed to elevated oxygen functional groups. Additionaarbon
oxidation reactions are observed on thare PyCelectrode, emphasizing the importance of
considering these effects on electrochemical study accuracy

Taylor et glL70] systematically explores the impact of oxygen functional groups and carbon
microstructure on the activity of the vanadium (V) reduction reaction oRy&£ model
electrode surface. Various oxygen treatment methods, including thermal, acid, and
electrochemical means, are applied to modify the GC surface. Additionally, mechanical
polishing on an abrasive surface is utilized to create a rough GC electroo@geiblby further
electrochemical oxidation. The electrode activity is assessed through cyclic voltayr(@eiy;
F20dzaAy3d 2y LRGSYGAFf LISEF]1 aSLINIXGA2Y 6n9 LA
impedance spectroscopy (EIS). Surface characterization involkray Khotoelectron
spectroscopy (XPS) to determine oxygen to carbon ratios (O/C) and RamanSpsuyrto
probe structural changeslhe findings suggest that structural changes, induced by defect
introduction and disorder, play a crucial role in improving the catalytic activity of GC for V(V)
reduction. The study also posits a limit to the impactafighness or defect exposure on
activity enhancement.

The versatile applications of GC electrodes in electrochemical sensing have been extensively
explored. The research has not only emphasized the simplicity andeffestiveness of
unmodified GC electrodes but has also demonstrated the efficacy of modityemg with
various materials, both inorganic and biological, to enhance their sensing capabilities for
diverse analytical purposes.
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4. Parallel electrodicrofluidicdevices
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Figure20: a) 3D model of thearallelelectrode configuratio& b) schematic illustrating the particle/blood cells flow
& electric field acrosslectrodes

In this chapter, weanvestigateinto the challenges associated with fabricating MIC devices
featuring a parallel electrode configuration. The primary focus of this researdinesaround

the precision laser machining of channels through various polymer materials. The inspiration
for this extensive exploration stems from the microfluidic device depictdeignre20. The
design offers notable advantages, including heightened measurement sensitivity, an
improved signato-noise ratio, enhanced throughput, dnncreasedesolution.Two primary
methods of fabricatiorwereinvestigated

1 Double sided tape This approach involves the strategic utilization of dotgited
tape to construct microfluidic channels. Detailed methodologies regarding the
application of the tape and the subsequent channel formation will be explained upon
in subsequent sections

1 3D microfluidic (Two photon ablation) deviceén alternative avenue of exploration
involves the use of twiphoton ablation on a Polydimethylsiloxane (PDMS) slab. This
technique employs lasanduced processes to intricately create microchannels within
the PDMS material. Specifics regarding the pimton ablation process and its
application on the PDMS slab will be thoroughkgrpretedin comingsections.

The research analysed and evaluated these two fabrication methods, considering factors such
as precision requirements, material compatibility, and overall device performance. The goal
is to contribute valuable insights to the field &flC advancing the capabilities and
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functionality of the devices in questionsing combination of lasers milling and polymer
materials

4.1. Doublesided tape

When conducting experiments, two types of polyriEsed doublesided tapes were utilized:
Acrylic Foam Tape 4905F with a thickness of $9@&nd 9460PC Adhesive Transfer Tape with

a thickness of 50 m. Two different laser cutting machines, namely the LS6090 PRO laser
cutter (with the wavelength of 10.6 &) and the Fiber Laséwith wavelength of 1.1 @), were
employed in combination with these tapes. The goal was to cut the polymer dcided

tape to form channels, sandwiching it between two glassstaltes, each equipped with one
electrode. The thickness of the doukd&led tape determined the channel height, while laser
cutting helped achieve the desired channel widBnofilometer was usetheasure the surface
profiles.

The LS6090 PRO laser cuttercontinuous wave (CW) angses a gas mixture, typically
composed of carbon dioxide, nitrogen, and other gases, as the laser medhiggas mixture

is contained within a sealed tufie79]. When electrical energy is applied to the gas mixture,

it undergoes a process called excitation. Electrons in then@ecules absorb energy and
move to higher energy statess the excited electrons return to their lower energy states,
they release energy in the form of photda80]. This process results in the emission of laser
light. The specific wavelength of the laser light in @&ers isn the region 0fLl0.6 & falling

within the infrared spectrurfl81]. The focused laser beam is directed onto the material being
processed. When the laser beam interacts with the material's surface, it is absorbed, and the

LS6090 PRO laser cutter Fiber laser cutter

b)

- 1000pm

1000gem

Figure21: Optical images of patterned double sided tapes with a) & d) are optical images b&&4d laser cutter on
acrylic and adhesive tape with lowest power and highest speed, b) & e) are optical imagebag&tiQaser cutter
on acrylic and adhesive tape with highest power and lowest speed, c) & d) are optical images of Fiber laser ¢

acrylic and adhesive tape.
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material heats up rapidly. This localized heating causes the material to melt, vaporize, or
undergo a phase change, depending on the laser power and the characteristics of the
materia[182]. It can cut through wide range of materials including metals, plastics, wood,
fabric, paper, and morelt benefits fromprecision, smooth edges, and naontact cutting.
Some plastics and polymers might exhibit absorption ingbeer range of 20% to 50%, but

this can vary significantly based on the material formulation

This experimentiimsto explore said materialsvith 2 types of laser printing techniques
Experiments were conducted with varying power (15% to 98%) and sp&edn(/s to 400
mm/s). lllustrated infigure 21a) & b) are optical images of acrylic foam tape after laser cut.
At a) illustrates the used lowest power and highest speed, whebbg¢ass with highest power
and lowest speedn botha) andb) the thermal laser processing has melted the acrylic tape.
Accumulation of material was found around the pattern edg#é$en laser cutting polymer
materials, the laser's heat should ideally instantly evaporate the matét@ieverthat was

not the casewith acrylic tape This could be due to low absorption properties of the material
not disclosed by the companffigure21d) & e) shows similar cutsvith lowest power and
highest speedl) and highest power and lowest speelifor Transfer tapelnd) it is clear that
the laserinfluence is not sufficient to cut the material resulting in some local melt or polishing
of the polymer film, while ire), material has been removed resulting in a cut of 10®0n
width.

it was established that the most optimal setting for the waifined cuts were at highest
power of 98% and lowest speed of 15 mm/s on transfer tape. The transfer tape had the
minimum pattern size of 1000n using CO2 laser cutter, illustrated in e). This was the lowest
dimension achieved via these experiments.

The second option for laser cutting for parallel electrode configuration was photon bbeam
based Fiber Lasefhe Fiber Lasas atype of laser thatis CW thauses opticaFibersmade

of a core materialdoped with rareearth materials such asrbium or thulium as the gain
medium. TheFiberlaser is pumped with light from diode lasers or other laser sources. This
optical pumping excites the dopant atoms in thiber, raising them to higher energy states

As the excited dopant atoms return to their lower energy states, they release phdtdmen

a laser beam is directed at a material, the first step is the absorption of laser energy by the
material. The absorbed energy can lead to different outcomes, sushmeelting or
vaporization. In the case of materials like metals, khighnsity laser beams can rapidly heat

the surface, causing localized melting. For some materials, especially those with lower melting
points, direct vaporization may occurhe intense heat generated by the laser can cause the
material to undergo physical changes, leading to its removal. For cutting applications, the
material may be vaporized, melted, or ejected as debris, depending on the laser parameters
and the material'sproperties The benefits ofFber lasers in cutting applications include
precision, speed, versatility, cestfectiveness, and environmental considerations, making
them a preferred choice for many industrial cutting procesdess capable of handling
intensities 100 times higher than CG&me plastics and polymers might have absorption in
the powerrange of 20% to 50%, but this can vary based on the material formulation
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Figurec) & f) illustrates the patterns obtained on both tapedsinga profilometer, depths
were measured76 m on acrylic tapewhich is500‘ m deep whereasfor adhesive tape it
were 12 m which is50' m deep Thelaser power settingef 10% to 40%vas usedas the
setup was still under construction higher power value could not be reachitdough, the
accumulation of the melted material around the edges was avoided, the depths of the
channel were not accomplished.

Conclusion

The exploration of two distinct laser cutting techniques for fabricating Mé®ices using
polymerbased doublesided tapes has provided valuable insights into the intricacies of
material interactions, laser dynamics, and their impact on device performalieechoice
between the C@laser cutter and the Fiber Laser depends on the specific requirements of the
channel fabrication The C®@laser cutter showcased simplicity and accessibility, utilizing
existing materials and technology. However, challenges such as material accumulation and
potential absorption limitations were eviden®n the other hand, the Fiber Laser presented
advanced capabilities but faced challenges in achieving the desired channel depths,
emphasizing the importance of equipment optimization.

4.2. 3D microfluidic (Two photon ablation) devices

TPAIs an intriguing process that occurs when two photons, typically from a laser, are
absorbed simultaneously by a target material, leading to the removal or alteration of that
material.

In traditional laser cutting each individual photon is energetic enough to be absorbed by the
material and its energy is transferred into thermal energy causing ablation, typically via
vaporization This means that the laser beam will be absorbed anywhere that it is incident
upon the material.

Two-photon ablation isdifferent in that the material may be transparent to the incident
irradiation. Only by thesimultaneousabsorption of the twghotonsat once will the material
absorb the photonic energy that causes thaporization Furthermore, TPAis a nonlinear
process the intensity of the light is directly proportional to the amount of material absorbed.
This nonlinear nature allows greater precision in the laser applicat®inse the likelihood of
two-photon absorptionincreases dramaticallwith the intensity, when a beam is focused
down to a point,the process becomes inherently threimensional and localized. This is
advantageous in medical applications where surgeons need to target specific tissues or
structures without affecting the surrounding areddis technique is often used in the field

of laser surgery and micromachinirfgliterature review for TPA can bead insection3.2.2.

This section willreport upon the development 08D microfluidic based omPA.Different
carbonbased materials are used teexperiment the ablation aspect of thetwo-photon
printing. Subsequently gold will be integrated as electrodes asparallel electrode
configuration is being investigated.
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TheFabricationof such a device consists dkey stages.

1 Metallization
1 Two-photon printing

Considering the 2 key stages, a schematic showing the fabrication method can be seen in
figure 22.

a)

Microfluidic
channel - ___

T T
I T hato

" Electrodes

b) Metallization / \ c) Two-photon ablation

Figure22: A stack diagram of the steps required for fabrication parallel electrode configuration MIC device.

Where 22a) presents thediagram of thefinal MIC device, 2 carbon based substrates are
stacked over each other with 1 Au electroda each side.The Au electrodesare faced
towards each other antiavea protective layer in between to create gap which wilthen
lead to capacitance between thelectrodes it is anassemblyschematicafter b) & c) are
combined 22b) presents thesubstrate with 1 gold electrode printed on #2c) presents the
microfluidic channeprinted through the material and Au electrode \tio-photon printing.

Following fabrication devices aobserved using Nikon Optical microscope, SEM and AFM.
For functionality, a fluid flow testis performed

4.2.1. TwoPhoton printing

Fromsection 3.2.2.we know howversatileand critical3D printing have been to research.
TPAIs a lasetinduced process where hightensity laser pulses are focused on a material,
leading to localized vaporization of the materidlhe TPAhas not been exploreth context

of 3D printing. Nevertheless, this section delves intonavel approach exploring the
application of TP£or printing on carborbased materialg-our distinct types of carbebased
materials were selected to investigate TPA behavioufee chosen materials are
characterizedy being carbotbased, optically clear, cosffective, and environmentally nen
toxic. These four materials includeolydimethylsiloxaneRDM$, Polymethyl methacrylate
(PMMA), Polystyreneand Polycarbonate

Investigatiors were performed with different laser powersrepetition rate and xyz stage
speeds to obtain patternson the surface and deep within the materidlhe femto second
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pulse laser is usetb perform 2-photon ablationon the samples.Through the utilization of
the ablation technique, the material undergoes dissociation as the laser is directed onto a

fs laser

interlock

Main chamber —p

Access doors

Microscope ]

with camera xyz stage/sample
holder

Figure23: Schematic diagram of the system used for the TPA cutting.

specific point at the focal length of the lens. This process isinemmal in nature, attributed

to the pulsing beam at exceptionally high energy Ieu&3, 184] The laser is completely
enclosed and at the output it is controlled by interlock. Laser passes througibxhe
microscopdensto focus and print on the sampl@&he Laser instrument used was Spirit One
(Femtosecond laser) by Specfaysics Schematics of the laser assembly is provided in
Figure23.

The pulse frequncy was 100kHz with laser beam wavelength of 5Z0henenergy of the
femto pulse lasers between 4W to 1GWThe power of 15%, 20%hd 30% were invetigated
along withrepetitation rate(rep rate)of 1K, 5K and 15KHz, arglz stage speed &1, 0.17,
0.45 and 0.8 mm/s. As 4 different materials were used tbserve the TPA beflour, the
results are differentspecificallydue to the necesary intensity requiredor the laser beanto
dissociate the materi§l85].

For experimentation, firstly surfacef the materialswere investigatedwith power, rep rate
and, stage speefd85]. Once theyare optimized,deep cut within the materialswere

explored. The process tbn contirues to clearpolish these cuts so theyao be used as
microfluidic channels.

All the parameters mentioned in the previous section were performed on the PDMS to
observe the behaviour of TPA technique on PDNIBe beam was scanned using a
microcontrollerto obtainthe required pattern. Initially, starting with a single line printing at
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different speeds moving towards stitch printing efides. 5line stitching would have multiple

lines next to each other, increasing the size of the trench/channel overall. A smooth surface
is required on microfluidic to avoid fluid turbuler{@é86]. Turbulence can lead to inconsistent
flow patterns, which may interfere with precise measurements and analyses, such as in cell
detection or particle sizing. A smooth channel surface ensures laminar flow, which is crucial
for maintaining stable and predidiée fluid dynamics within the microfluidic system,
enhancing the accuracy of experiments and diagnostics.

Thus, in Hine stitch, it is important to overlap most of the area over each other to avoid rough
surface.Figure24 shows the incorporated method in the stitching technique.

a) b) c)
O 000 @&

Figure24: schematic surface cutting and stitch on the surfagshows the single line cute, also known to be laserfgjot
shows the dine cut with some overlapping but not enough to create smooth channek)ambws the 4ine stitch with
properoverlapping cuts so the channel is smooth.

4.2.1.1. Surface characterization
1. Polydimethylsiloxane (M9

HyC HsC  CHs CHs
b \s| o
O @)

H3C CH3
L dn

Polydimethylsiloxane (PDMS) is a silictiased elastomer renowned for its outstanding
characteristics. It boasts transparency in the visible and-deared spectrum, rendering it
well-suited for optical applications. PDMS serves as an effective inswiéh commendable
electrical insulation properties. Additionally, its flexibility and elasticity enable it to endure
significant deformations without incurring permanent damage, making it an optimal material
for applications demanding crucial attributdéige flexibility and elasticity, such as in soft
robotics and microfluidic devicest is an inexpensive materialith biocompatibilityj187,
188]. The material is being explored much current researchof different fields, such as
bioengineerin{f 88, 189] medicing190, 191] optical, labon-chipg{192] and microfluidics.
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It is optically clear in the visible and neafrared spectrum. It typically allows light to pass
through with minimal absorption or scattering in the wavelength range of approximately
300nm to 1200nm [193] andis nontoxic[194] thus making itvery suitable fofTPAprinting.

This transparency allows th&20nm laser light to penetrate the material with minimal
absorption and scattering, ensuring efficient energy delivery to the targeted padal.

Thechannel widthsizealso increasewvith increase in laser power or rep rate. This means,
higher powersand rep ratedead to largetrench/channel on the surface when scanned over
material. The area of impact increaseBamtheseparametes are increased single line and
5-line stitching can be seen kgure 25.

a) b)

Figure25: These are the optical images taken frenrmicroscopeThelaserpower useds 15%and rep rate 6 1KHz
with the speed 50.8mm/s. a) is the singldine cut on the PDMS surfad®),is the5-line stitchon the PDMS surface.

Starting with the lowest possible effective settings, we observe the cuts on PDMS. The setting
used were 15% power, 1KHz rep rate, abdmm/s speed. The difference in the
trench/channel size is visible on the images. A single line is representing the dot size of the
laser, is 2.2 & Where, the Hine stitched together have given 715 InFigure25a) & b)

we seewhite particlearoundthe channel mostlywhereasdark material i-letectedall over

the surfacePDMS thermal degradation is typically in the range betweers 2606503 [195,

196]. When ablation is happening on the surface of PDMS, the matergdpissed to very

high temperaturesranging from fewhundred to thousand degree Celsiushese high
temperaturesbreak down the polymer into smaller molecular fragmentkeexposedarea

is decomposed,and structure inégrity is compromised, leading to loss of its original
mechanical propertig497, 198] The breakdown composes @iloxanevapor, ethane,
methane, and other gall97] releasesalong with carbonaceous resid(#99]. The dark
material seen on the surfacedarbonaceous residughereashese white chunks of particles

are the unexposed areas of PDMS®taining their original fornj200]. These are
pushed/blasted away via theelease of the gases mentioned aboyean important factorto

note is the presence aixygenwhile materialis being exposed thigh temperatureleading

to suchoutcome of the materigR01].

The resulting outcomes from the variation of the control parametienrs TPA mentioned
earlier are provided ifrigure26. Theseresultsrepresent the change of height and width of
the debris that was found after TRAeasured in distancée (d). As we are to sandwich two
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substrates together to fornfinal MIC device, any debris or residueg &indrance to smooth

interface.
a) b)
- 0,
Power = 15% Power = 20%
40 . : - 1 45 T T T T T T
351 4.0 A
30 a 351 ]
_ . _3.04 " 4 IRep Rate 1K
E 25+ Rep Rate 1K g d - % ¢ =— Width
S - " Wi 225 ] & *
3 Py —m— Width Y ] 4 *— Height
y 2.0 - A . * »— Haight 2204 3 Rep Rate 5K
c - [Rep Rate 5K % J A— Width
E45]%* - A— Width =15
n al v— Height
e v Rep Rate 16K 10 Rep Rate 15K
- @ al .
1.0 ¢ " Wcth ' +— Width
4 ' 5 4 Height 0.5 = + 4 4— Height
054 - : — -] i i L - "
0.0 - : "0 ——]
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Speed (mmy's) Speed (mm/'s)
c) Power = 30%
4.0 T T T T
3.5 P .
S J—
3.04 A T Rep Rate 1K
— P —s— Width
52_5- = o— Height
o i Rep Rate 5K
2201 —a— Width
@ 1. v— Height
als Ny ) Rep Rate 15K
] v ] +— Width
1.0 : - L Height
0.5 - z__ , =1 -
0.0 T v T T
0 0.2 0.4 0.6 0.8 1

Speed (mm/'s)

Figure26: These are the results of different combinations of laser power, rep rate, and stage speed presentin

impact on width and height of the debris after TRPAgraph shows the experiment fixed at 15% laser power with tl

rep rate and speed variatiob) graph shows the experiment fixed at 20% laser power with the rep rate and spe
variation.c)graph shows the experiment fixed at 30% laser power with the rep rate and speed variation.

Each graph presents the fixed laser powers, wHeagrire26a) are results from 15%ower,

b) are results from 20%ower, andc) are result from 30%ower. Froma) for 1KHz rep rate
at the slowest speed d@f.1mm/s, we can see thwidth of the cebrisis 1.80 ¢&on the surface
of the PDMS, whereas the heigbftthat debris is 0.75 & As the stage speed is increased
has impactedn the curve Taking the maximum speed @8mm/s, the width of the debris

has increased to 2.6 dand the height has reduced 4 @ It can be examined, as the stage
speed increases the width bbw far the debris spread hascreasedwhereas the height of
the debris has decreade

If we compare the rep ratetogetherat the lowest speed dd.1mm/sfor a)we can sed KHz
gives width of the debris is 1.80& and height of 0.75 & As for the 15KHz rep rate, the
width and height are 1.7 dand0.6 & respectively. In conclusiohigher rep rate tedsto
generateless debris width and heigim compared to lower rep rates.
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Comparingesults depending ompowers fromFigure26a), b)& c), it can be concludedhat
the increase irpower resuled inincrease oflebris width and height
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Figure27: These are theesultsof different combinations of laser power, rep rate, and stage speesknting the
impacton channel widthafter TPAa) graph shows the experiment fixed at 15% laser power with the rep rate ar
speed variationb) graph shows the experiment fixed at 20% laser power with the rep rate and speed vadption
graph shows the experiment fixed at 30% laser power with the rep rate and speed variation.
FromFigure27, we can examine the impact of control parameters of TPA&hamnel width.
Channel width represents the single line cut on the PDMS surface. Apdled of the stage
increases,we can see the channel width decreas®@hereas, as the power or rep rate

increases the channel width starts to increase.

The optimalchosen parameters for multiple line stitching we38% lasempower, 0.8mm/s
stage speed andKHz rep rate. These parameters were chosen to provesdibris width
and heightadditional tothe largest channel widthLarger channel width means lekses
required to stitchtogether,offeringlarger channeinto lesstime of printing. Distinctly, these
debris needed to be cleaned before we wofilthlizethe MIC device.
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Step cut Top to bottom
vertical cut
c) d) S /r
Bottom to top Bottom to top
vertical cut mesh cut

Figure28: schematics of the techniques used for vertical in depth alitgresents the vertical stepping of the cb)s

presents the idea ditraight vertical to the sample from surface to bottothpresents the idea of vertical cuts startin

from the middle/bottom of the sample to thep (surface of the sample) amt) presents the idea of idepth mesh

cutting.

Once the optimsation of the parameter was donéMultiple in-depth experiments were
performed, lllustrated irFigure28. In a) a step cut was performedhis cut was to observe
the tidiness of the system on every step and the residual behaasitrgoes deeper into the
system b) vertical cuts from surface to idepth, called top to bottom, was performed to
check the ability ofthe deep cut and its performance) bottom to top cuswere performed
to determine the indepth cut. In this the cut was started at the middle of the sample and
then moved to the surface. This will help determine if 8i2 structures caibe obtained at
the focal point regardless of the surface, also it will help determine the theawtality. If any
thermal activity was to occur, 3D cut in the middle of the sample would not be posd)ble.
bottom to top cutagain but this time instead of theerticalmovement, a melswascreated.
This mesh wikmoothenthe sampleand react to anyinexposed debrisf PDMS Asthe cut
is being performed under the surfacthe material dissociationwill be done without the
presence of oxygen

When Step cut fronfigure28a) was employed, it was sedhat all the debris was either
pushed on oneide orleft within the sample. The side the debris was accumulated was about
5.5 daafter a cut of 15 adeep cut as illustrated ifFigure29a). Debris was no& concernas
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Figure29: Optical images to observe the cuts after dgagtern into the material with the method of top to bottom
vertical cuta) implementing step cut resulted in accumulation of material debrisranside of the cub)
implementing top to bottom vertical cut resulteddebris left inside the channelndc) shows the crossectional view
of in-deep cut for verticabop to bottommethod.

cleaning was to be performed once the printing was done or optimiZée. presence of
debris within the channel obstructed deep printing. The debris, randomly sedimented and
forming extensive piles, covered a significant portion of the sample. Consequently, it became
challenging to focus the laser focal point effectiv@lgelaserwas distribued, reflected,and
absorbedby the debris resulting in no deep c{262]. Same thing was observed whiglea

in Figure28b) was implemented. Aftereaching acertain depth of the materiallebris starts

to accumulatewithin the channel resulting in hindeing of the deep cutting within the
materia[203], Figure29b) illustrates the debris on the base of thpatterned channel The
deeper the cut lesgr the chance of the debris texplodeout of the channel, it rathefalls
backinto the channelnd caussobstructionin thefocus of the laser beanThe limit of depth
observed in top to bottonverticalcut was betweerll8 ato 23 & This it obviously ndhe

most viable option, thus vertical cditom bottom to top were performedmethods are
illustrated fromFigure28c) & d).

In bottom to top mesh cut the laser is focused deep within the samatel a continuous cut
is performedas multiline stitching forming @quareshape Afterasingleplane is exposed to
laser a z step iadded on the stage to rais¢he beamfocal pointand then it continueshe
same plane exposure of the bmaThis process lasts until the laser beans thie top surface
of the material. This methodhad worked very well irdeep patterning of PDMSEigure 30
illustrates microscope images.
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Figure30: Microscopic images of bottom to top mesh aitis the top view of the patterned arewhere a lot of white
particlesare coveringhe area in and around the channahdb) is the crossectional view of the channehce is
havingbeen cut in halfThe residual material can be seen in brown colour.

For the purposeof ease,the channel was patterned widgrectangular shape instead of
square)so a crosssectional cut can be performed to observe inside of the chanasl
illustrating in Figure 30a). The channel depth at this point was set to 60§ and was
effectively achieved.

With success inleep cutting,the residual material was to be removed to progress further.
Generally,PDMS is not an i@k material to cleansome of the ommon solutions include
isopropyl alcohol (IPf204], ethanol[205], or a mild detergent solutida06]. PDMS is then
submergeal in the cleaning solution, ensuring that the entire surface is covered. Alpivto

soak for enough time, usually a few minutes to an hour, depending on the level of
contamination.This method is used to clean the surface of the PRM&e some impurities

are expected from the environment. However, whitns in-depth channel cleaning these
methodsfail to be of any effective use.

Another method usedis swelling of PDM$naterial. Svelling PDMSnvolves exposing the
material to a suitable solvent, causing it to absorb the solvent and increase in Ja@ifhe
Once the PDMS is removed from the solution and left to drgnaintains its original size
Expansionand retraction of the PDM8&elps removethe particles that are not chemical
bonded with the surface Some of the ammon solvents for swelling PDMS include hexane,
toluene, xylene, heptane, and chlorofofa®7, 208]

Two methodswere investigatedto remove the residual materiakdm the PDMShannels
after TPA was performed on them.

1 Swelling inChlorofornt
The desired PDMS slab wideep pattern is placed in theChloroform and left for 1 hour.
Ensuring that the PDMS samjp¢éecompletely submerged in the solvent. The beaker is than
placed ona Sonicatorto agitate thereaction.The sonication will help theolvent to reach
deep within the sample and hawebetter surfaceof reaction.However, theswelling under
agitation wasnot enough to remove the residual debris from deep within the sample.

54



1 Polishingwith Sodium hydraide (NaOH:
NaOHsalso known as caustic sodais a strong base, and its interaction with PDMS can lead
to various effects on the materidt may lead to changes in surface roughness, hydrophilicity,
and chemical composition. This modification is often exploited for applications where
enhanced surface properties are desif209]. The treatment with NaOH can make the PDMS
surface more hydrophilic. This is often useful in applications where increased wettability is
required, such as in microfluidic devices or cell culture substj2i€s 211] Using the aspect
of hydrophilicsurface change, a novel approachusing NaOH bath to remove the deep
patterned residual material was performedowever,NaOH is known tcleave siloxane (Si
O-Si) bonds. This can lead to the breakdown of the PDMS polymer chains, causing changes in
the material's structure and mechanical proper{@s2, 213] The extent of siloxane bond
cleavage depends on the concentration and duration of exposure to N&@Meral
concentrationswere tried, amongst themthe optimized recipe was 1Moncentration of
NaOH in sonication for 3 hou#0g of NaOH wadissolvedn 1 litre of DI water to obtain the
1M concentration Figure31lillustrates the microscope images after cleaning of the sample
was donewith the chosen recipe. The samples atean,and no residue is observed.

a) b)

Figure31: Microscopic images of bottom to tapesh cut after cleaning in NaOH solutfon 3 hours under sonication
a) is the top view of the patterned areahere no white particles can be ssavering the aregandb) is the cross
sectional view of the channel once is having been cut in half. The residual matenmial lmaiseerwhich was
previously very visible brown colour

When using bottom to top cypatterning methodthe dissociated materigresidue)was not
exposed to thexygen until the surface was hit by tleserbeam.As the dissociation reaction
lackedthe presence of abundance aixygen, itwill hinder the complete combustion of
carbon, resulting in the formation of amorphous carbon as a residual matdoalever with
TPA on PDM$eing urknown area of research, eesulting reactionforming SiCwas a
possibility which needed to be verified

One of the possible residual materials to the exposure to high energy decomposition of PDMS
without the presence obxygen,could be Silicon Carbide (SiC). Thesasmpound of silicon

and carbon andsiawide bandgap semiconductor material. It is wiatlown for its exceptional
electrical properties, making it suitable to various electrical applications. Alsagpasted

to be nearly impossible to remove as a residue and if it were to be one of the materials found
with PMDS dissociation, MIC deviceAaf parallel configuration would be of no point. The
electric field we employ as a detection systewill be disrupted and outcome would be
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inadequate.One of themethods employed tocheck PDMS for SiC whs use Scanning
Electron Microscopy (SEM).

SEMis a powerful imaging technique that uses electron beams to visualize the surface of
materials at high magnifications amesolutions.lt allows for detailed imaging of the surface
topography of PDMS. This is particularly useful for studying microstructures, surface
roughness, and features at a scale ranging from micrometres to nanom8t&as can be used

to investigate the crossectional structure of PDMS samples. This is valuable for
understanding the layering or internal structures within PDMS devices or compors#its.

can reveal the homogeneity of the material. Differences in composition or structure, if
present, can beobserved. This is important for quality control and ensuring uniform
properties in PDMS samplels.canreveal the presence of contaminants or debris on the
PDMS surface. Thaspectis importantto check for SiC residue

PDMS is not a conductive materad notvery suitable for EM until proper preparation
technique is used like coating it witmnductive thin layematerialsuch as goldWhereasSiC
is a very conduote compound214]. The nonconductive behaviour of PDMS can be
advantageous, as it remains less noticeable, while SiC stands out prominently in imaging.
[215].

a) b)

EHT=10.00 kV
WD = 8.88 mm

Figure32: Crosssectional SEM images BDMS after TPA was performed qra)tshow thetop to bottom cut
techniqueafter cleaning with NaOHandb) showsbottom to top cuttechniqueafter cleaning with NaOH

As llustratingin Figure32, crosssectional EEMimageswere takenafter PDMS was polished
in NaOH for 3 hours under sonicatidgfigure32a) using top to bottom methogit can be seen
the depth of the channel is not very shoand round at the bas@/hile performing TPA

to the debris laserbeam could not focus ancbntinue deep cutting. This is the limitation of
the ideatop to bottom cut Figure32b) presents the bottom to top cut method’he channel
can be seen asmooth,and no debrisvasleft after the cleaning process.

PDMS isx nonconductivematerial, and when exposed to the electron beam in SEM, it can
accumulate charge on its surfg2&6]. This charge can result in distortions, artifacts, or loss
of image quality in the SEM imagd$e low electron conductivity of PDMS can lead to poor
electron signal collection. Thagfectsthe quality and resolution of SEM imagd®address
these challenges, lowdream energywas used. Itan reduce charging effects on the PDMS
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surface. However, this results in lower resolution. Additionally, employing the charge
dissipation technique, such as using a low accelerating voltage, can help minimize charging
effects.

Due to the conductive nature &iC if it were presenin channelsthe SEM imaigg would
have been much easieasSiC material would stand out from the rest of the PDM&vever,
from Figure32, it can be deduced thato SiC compound is present in the channalser TPA
and cleaning was done.

To further confirm the material composition in the TPA printed chantelay photoelectron
spectroscopy (XPS) was performeeisults presented ifrigure 33 XPS is used to determine
the atomic percentage for the Si bond, Si2P bound, aitd [®ind orPDMS

A w4 oA x

-t { RIFGF gl a O2tftSOGSR 4 GKS dddw/t plrdairnzyltodl
using Kratos Axis SUPRA using&lXeé &2 dzNOS 2F Y2y 2O0KNRYF GSR !
1486.7 eV. The measurements were collected with a spot size/analysis af€¥ pin x

100um using Kratos Axis SUPRA. Thel@gblution spectra were collected by passing energy

of 20 eV with step size and sweep time of 0.1 eV and 60s, respeciNietiie data vas

collected at room temperature with a pressure below 5%Ibrr. Cordevel spectra \&re

recorded around the C1s binding energy. Thisrgnavas selected as the Si, Si2P, an@ Si

presence is observable due to the bonding between them.
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Figure33: illustrates the XPS§pectra on PDMS after TPA aridaning were performed

Figure 33displays the Si corkevel spectra collected from tHeRDMSusingCasa XPS Software
used to fit thePDMSXPS spectra for silican-silicon bonding (Si), (Si 2P), and silicon to
carbon bonding (8T) with peaks at 97.95 eV, 99.36 eV, and 96.16 eV, respectively. The atomic
percentage of Sbi for the sample is 81.58 % and for Si2P is 18.42 %, respectiaelglition,
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there is no presence @tCon FDMSfrom Si cordevel spectra which indicate thahe TPA
cutting did not have SiC as a residual element

Considering all the result from this section, PDMS hgghly suitablematerial for TPA and
creating parallel electrodelslIC devices.

2. Polymethyl methacrylatteMMA
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PMMA stands for Polymethyl methacrylate, which is a synthetic polymer of methyl
methacrylate. It is a transparent thermoplastic that is commonly known by the trade names
Plexiglas, Acrylite, Lucite, and Persgeis a transparent thermoplastic that has remarkable
optical clarity. lis often used as a lightweight and shattegsistant alternative to glag217].

Its transparency, UV resistance, and weathering characteristics make it popular in various
application$218, 219]

It is opticaly clear in the visible ligh$pectrum it is transparent to light in the wavelengths
ranging from 380nm to 750nf@20] and is nortoxid221]thus making it very suitable for TPA
experiments At 520nm, PMMA may absorb more energy compared to the -rdeaared
range. This can affect the efficiency of fheAprocess, potentially leading to different results
in terms of material removal and precisiofhe depth of ablation may be affected at 520nm
compared to longer wavelengths. Sindd*Aat 520nm is less common, experimental
validation becomes crucial.

An acrylic slab of 0.5 mm thickness was usegrissing material. Usingmultiple line stitching

with the chosen parameters of 30% laser power, 0.8mm/s stage speed and 1KHz rep rate
same step by step experiments weggecutedon PMMA as we did on PDM&s bottom to

top mesh cutmethod has alreadipeenproven to bemost effective pnly this method is being
executed

The thermal degradation of PMMA occurs at the temperatures above 32@2], which is in

TPA temperature rangeVhen PMMA is exposed to high temperatures, uindergoes a
transformative process known as therngdgradation This degradation involves a series of
chemical reactions, primarily the cleavage of bonds within the polymer [222n223] The
initiation stage is triggered by external factors like heat, providing the necessary activation
energy for the reactions t@ommence As the temperature rises, chain scission occurs,
resulting in the breaking of polymer chains and the formation of smaller molecular fragments.
Concurrently, gaseous byproducdse emitted, such as carbon dioxide and meth§z4,

225], contributing to the overall degradation process. Solid residues, often charred or
carbonized fragments of the original polymer, are also forfa2a].
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Figure34: these are the optical images taken framicroscope. The laser power used is 30% and rep rate of 1K
with the speed H0.8mm/s.a) is the single line cut on theVMA surfaceb) this is a crossectional viewvith in-depth
cut usingbottom to top mesh cut method.
A single line cut on the surface, as seekigure 34aappears cleaner with minimal debris in
or around the channel, in contrast to PDMS printirpwever,the residue is of browrn
colour, which indicatsthe carbonized fragment3.hechannel width idigherthan of PDMS,
which is5.6 & InFigure34b), it illustrates thecrosssectional view of the kulepth patterning
in PMMA.Although a deep cut is feasible, the deeper regions of the pattern do not appear to
be thoroughly dissociated heoutline of the cut can be seen bthie PMMA is intact within
those boundariesAn averagef 1.2mmin-depth patterningwasachievedvia bottom to top
mesh cut method.Since each material reacts differently to tA€°A technique, multiple
factors, known as limiting effects, could be responsible for this occurrence.

1 Absorption and ScatteringPMMA, like many materials, exhibits absorption and
scattering of photong@26]. As the laser penetrates deeper into the material, more
photons are absorbed or scattered, reducing the intensity of the laser [&2#h This
diminishing intensity can lead to a decrease in the probability of-fpvoton
absorption events.

1 Nonlinear Effects SaturatianTwo-photon absorption is a nonlinear process, and it
can saturate with increasing laser intensity. As you go deeper into the material, the
cumulative effects of absorption and scattering can lead to a reduced effective
intensity, potentially reaching a pai where the 2PA process is no longer
efficienf228].

1 Energy DissipationThe energy from absorbed photons may be dissipated as heat or
other forms of energy, particularly in the case of ablation. This dissipation can affect
the energy available for the twphoton absorption process as you move deeper into
the materia[229].

1 Thermal EffectsAt greater depths, heat generated by the laser can accumulate. This
thermal buildup can lead to changes in the material's properties, affecting its response
to the laser beam. In some cases, excessive heat can cause thermal damage or alter
the ablation dymmic$230, 231]
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1 Wavefront Distortion PMMA can exhibit variations in refractive index and other
optical properties. These variations can lead to wavefront distortion of the laser beam,
impacting the precision of the ablation process at d¢p8?2].

Higher Laser power settingasused with decrease in speedd¢ounter the energy dissipation

effect, which resulted in no change. The focal length of3kéens is 14.5mm which is much
higher than the depth of PMMA cuthis ruleout the possibility of focal length being too
short for TPA to take effect.

The desiredlength of channel waminimum of5mm, keepingReynolds numbeunder 2300
for laminar flow,on each side of thenaterial slal(refer tosection 2.2.). As PMMA was only
0.84mm, this is not a@iable option to explore further.

3. Polystyrene
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Polystyrene is a versatile plastic polymer, typically used for a variety of applications. It is clear,
hard, and brittl§233]. It is an inexpensive material with very low melting p[#64]. It's
lightweight and has good thermal insulation properi&34]. Due to its coseffectiveness and
transparent nature it is commonly used in various products like packaging materials,
disposable foam products, and insulation.

It is opticaly clearin the visible and neainfrared regions of the electromagnetic spectrum. It
allows light to pass through wittminimal absorption in the range of approximately 3d@to
2,500hm[233, 235] Polystyrene, like many organic materials, can exhibit TPA, making it
responsive to the nonlinear optical process involvedTiRA The depth to which the
polystyrene is ablated will depend on factors like laser intensity and the specific
characteristics of the material.

A normallab petri dish was used as printing materidsing multiple line stitching with the
chosen parameters of 30% laser power, 0.8mm/s stage speed and 1KHz rep rate, no patterns
were found.30% was too low for it to dissociate, thus higher pow&b0% was usedlhe

same stegby-step experiments conducted on PDMS were also executed on polystyrene,
using the bottomto-top mesh cut method

Polystyrene undergoes thermal degradation when exposed to elevated temperaturgisg
between 358 to 50 [236, 237] Polystyrene is a polymer composed of repeating styrene
units, and dissociation typically involves breaking the chemical bonds between thesg units
giving byproduct onstyrenemonomerscarbon dioxide, carbon monoxi@madcarbonaceous
residug236, 238, 239]
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a) b)
Figure35: These are the optical images taken framicroscope. The laser power use80%b and rep rate of 1KHz

with the speed of 0.8mm/s) is the single line cut on the polystyrene surfégehis is a crossectional view witlin-
depth cut using bottom to top mesh cut method.

A single line cut on the surface can be seen flagure35a), whichhas some white particles
around the surfacand in the channel. The debris seems to be ntbe:n of PMMA but less
than of PDMS printing. However, the residue is of brown in cd®t0], which indicate the
partial ablation If the laser energy is not sufficient to fully remove the polystyrene material
partial ablationmay occurThe presence of additives impuritiesin polystyrene would also
lead to the brown coloration of the residug&hesingle linechannel width is3* & InFigure
35h), it illustrates the crossectional view of the wepth patterningin PMMA. Although,
deep cut is feasible @ppearsthe deeper part of the pattern is not thoroughly dissociated.
The outline of the cut can be seen but thelystyreneis intact within those boundaries. An
average of 840 din-depth patterning was achieved via bottom to top mesh cut method. As
each material reacts differently to TPA techniqties reasons are explained previously with
limiting effects.

A higher laser power setting was used with decrease in speed to counter the energy
dissipation effect, which resulted in no change. With the desired length channel of minimum
5mm on each side of the material sldolystyrends not suitable taVlIC devices. No further
exploration wasresolvedon this material.

4. Polycarbonate
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Polycarbonate is a thermoplastic polymer that's known for d@teceptional strength,
transparency, and heat resistarj2d1]. Itis derived from bisphenol A (BPA) and phosgene,
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resulting in a versatile material with a range of applicatidhss about 200 times stronger
than a regular glass, making it a popular choice for items that need to withstand rough
handling242]. One of its standout features is optical clarity. This makes it ideal for use in
eyewear, optical lenses, and even as a substitute for glass in various applications.
Polycarbonate has a high heat resistance compared to other plastics. It can withstand
temperatures ranging from-40°C to 130°C -40°F to 266°F) without significant
deformation243]. Despite its toughness, polycarbonate is surprisingly lightweight. This
makes it a preferred material in industries where both strength and weight are crucial factors.

It is optically clear in the visible light spectrum and extends into the-imdeared (NIR) range.

It allows light to pass through with minimal absorption in the wavelengths from
approximately 400 m to 2,500 nm[244] andis nontoxic thus making it very suitable for TPA
experiments. The depth of ablation could be affected at 520nm compared to longer
wavelengths.

A normal DVD casing was used as printing material. Using multiple line stitching with the
chosen parameters of 30% laser power, 0.8mm/s stage speed and 1KHz rep rate, no patterns
were found. 30% was too low for it to dissociafest like polystyrengthus higher poweof

50% was used. Same step by step experiments were executed on Polystyvessedane on
previous materialsusing bottom to top mesh cut.

The thermal degradation of polycarbonatecurs typically between 240 to 5008 [245,

246], which is in range of TPA energy transfiére dissociation of polycarbonate often leads

to the release of gaseous byproducts. This can include compounds such as carbon dioxide
(CO2)andcarbon monoxide (CO) during the breakdown of polymer cliz4¥g. Apart from

gases, thereare solid phase byproductssuch ascarbonaceous residues, amdonomeric
fragments of the original polycarbondf8].

a)

Figure36: These are the optical images taken frarmicroscope. The laser power use80% and rep rate of 1KHz
with the speed of 0.8mm/s) is the single line cut on thgolycarbonatesurface b) this is a crossectional view with
in-depth cut using bottom to top mesh cuiethod.
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A single line cut on the surface of polycarbonate can be seenFigore36a), whichR 2 S a y Q
have any white particle, instead have black reside in and around the chafmeblack
residue is of ackin colour, which indicate the carbonized fragments. The single line channel
width is 32° & which is higher than of polystyrenén Figure36b), it illustrates the cross
sectional view of the ktlepth patterningin polycarbonate Although, deep cut is feasible it
appears the deeper part of the pattern is not thoroughly dissociated. The outline of the cut
can be seen but thpolystyreneis intact within those boundaries. An averagelafmm in-

depth patterning was achieved via bottom to top mesh cut method. As each material reacts
differently to TPA technique, the reasofws disruption in deep cut arexplained previously

with limiting affects.

Conclusion

The combinationof photonics and carbobased polymergannot only paves the way for
intricate and tailored structures at the microscale but also holds promise for advancements
in nanotechnology.This fusion of TPA and carborbased polymers stands poised to
revolutionize manufacturing processes and contribute to the development of innovative
technologies across diverse industries.

The study explored the application of TPA for material dissociation in various elastomers and
polymers, namely Polydimethylsiloxane (PDMS), Polymethyl methacrylate (PMMA),
Polystyrene, and Polycarbonate. Each material exhibited unique responses to TRAe and
study investigated the influence of control parameters such as laser power, repetition rate,
and stage speed on the ablation process.

PDMS, a siliconkased elastomer, demonstratddvourablecharacteristics for TPA, including
optical transparency, flexibility, and biocompatibility. Optimizing the TPA parameters for
PDMS allowed for successful deep cuttiige study extended its investigation to PMMA,
where the material's response to TPA was explored. PMMA exhibited limitations in achieving
deep cuts, attributed to factors such as absorption, scattering, nonlinear effects saturation,
energy dissipation, thenal effects, and wavefront disrtion. The study emphasized the
importance of experimental validation due to the less common use of TPA at 520nm.

Polystyrene and Polycarbonate were also subjected to TPA experiments, with varying results.
Polystyrene presented challenges with partial ablation and debris generation, making it
unsuitable for microfabrication of devices. Polycarbonate showed promide sutcessful
ablation, but limitations in achieving deep cuts were observed.

The Initially optimized parameters for TPA were 3¥er, 1IKHzep rateand 0.8mm/sstage
speed which were effective againsPMMA and PDMS, However, materials such as
polystyrene and polycarbonatequired higher laser beam powdor themto dissociate. To
observe a smooth patteran the surface or irdepth, 50%d_aser power was used withst of

the parameters being the same
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Surface cutting was performed on each matetgabbserve the material reaction. 5086wer
was used to makea comparison between afour carbonbased materials used in this
experiment results are illustrated ifigure37.
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Figure37: These are the results for 50% laser power, 1KHz rep rateaaation ofstage speedPresenting the
impacton channel width witfTPAon different materials.

FromFigure37, PDMSand PMMA areat the lower end of the channel widtbomparison
whereaspolystyreneand polycarbonatehave high channel width at the same pow@&he
differences in theTPAcharacteristics, specifically the ablation efficiency and precision,
between polycarbonatolystyrene, and PDMS/PMMA can be attributed to their respective
material propertiespolycarbonate has a linear, thermoplastic structure with aromatic rings.
This structure can facilitate efficient twghoton absorption, allowing for a wider range of
photon enegies to induce ablatianWhere, plystyrene is another thermoplastic polymer
with a simpler structureFurthermore,these materials have lower thermal conductivities
compared to PDMS and PMMA. Lower thermal conductivity can contribute to a wider range
of effective twaephoton absorption leading towider TPA structures under the same
parameters and condition.

However,PDMS, being a silicone elastomer, has a more complex and branched molecular
structure. While it allows for precision, the structural complexity might limit the range of
photon energies for efficientPAPMMA, though structurally simpler than PDMS, has a more
rigid and ordered structure. This may affect the efficiencyBA potentially resulting in a
narrower range compared to polycarbonatemolystyrene.
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In-depth cutting techniques, particularly the botteto-top mesh cut, proved to be the most
effective in avoiding laser beam absorption and refraction due to leftover debris in the
channel. SEM imaging and XPS measurements of the patterned surface ofcBifivtSed

the absence of SiC as a residuapbgduct.

4.2.2. Metallisation

The integration oAuelectrodes on PDMS hascentlygainedsignificant attention in the field

of microfabrication and flexible electronics. PDMS, known for its elastomatige, serves

as anoutstandingsubstrate for various applicationfu on the other hand, iknownfor its
excellent electrical conductivity, corrosion resistance, and biocompatibility, making it a
preferred choice for electrode materialBhe fabrication methods for creating gold electrodes
on PDMS vaes ranging from conventional mholithography to more innovative techniques
such as soft lithography and replica mould24p-251]. Each method offers its advantages
and challenges, influencing the performance and applicability of the resulting devices.
Another simpler and effective wayetallization, which is used for this proje@d,viaThermal
deposition methodThermal deposition of gold on PDMS is a common method used to create
thin and uniform gold films on the flexible PDMS substrate. This process involves theause of
thermal evaporabr, to deposit a layer of gold onto the PDMS surface.

PDMS is prepared by mixidg:1 ofsilicone elastomer base with a curing agefthe mixture
is then left fo degassingn adesiccatoffor 30minutes andfurther left aglove boxXor another
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Figure38: a) is the stencil design used to as a shadow miajsis, a microscope image of Au quality over PDMS afte

thermal deposition, and)is an AFM image of one the cracks sedn).in) is theaverage profile scan of the aig,
marked as red box ig).
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30 hours to be curedBeforedeposition, the PDMS surface needs to be thoroughly cleaned
to ensure proper adhesigrand plasma treatment was used fitiis. The samples are than
placed in vacuum chamber with the specifically desigmetal stencitbasedshadow mask.
The design of themask is illustrated irFigure 38a). Chromium was usetb improve the
adhesion between gold and the PDMS substrdtee gold material is heated at evaporation
temperatures. Thehicknessof the gold film can be controlled by adjusting the deposition
time andrate of deposition. Monitoring the deposition parameters is crucial to achieving the
desired film characteristics.

After the thermal depositionpptical microscope and AFMchniqueswere usedto analyse

the surfaceguality of the Authin film. Figure38b) shows an optical image of the surface after
metal deposition. The reflective gold surface shows a loosely ordered network of crossing
dark lines. Closer inspection of this surface wWAtfiM,shown inFigure38c) reveals that the

dark lines are cracks in the gold film. The depth of the cracks show that the gold film is
discontinuous. A line profile extracted from theMkmnage shown irrigure38d), the depth

to be around 120nnmwhere the Au thin film was around 100niVhena simple test of
continuity, ushg a multimeter was performed, it was found that thesg&u island were
disconnectedfrom each other which lead to very high resistan@erossthe film. This
unwanted resistance cannot integrate to final MIC devidds phenomenon is well knavas

Mud crackingschematic illustrated ifigure39.

Metal

Figure39: A stack diagram, showing the affect known as mud cracking on PDMS surface.

There are multiple reasons that would lead to such outcome, sudckxtesnal stress and
strain, expansion of PDMS in vacuum, and Thermal absorpkioa.explanations for each
effect and the corresponding countermeasures are detailed below.

1 Sress andSrain: PDMS, being highly elastic and flexible materiathich exhibits
stress and strain behaviourwhen external forcesare applied252]. { G NI Ay 065 0 X
measure of deformation, allows PDMS to undergo significant elongation and
compression. In the linear elastic region, strain is directly proportional to stress,
known aHookeanbehaviour. However, at higher strains, PDMS may exhibit nonlinear
behaviour due to changes in its moleculructured ¢ KS t 2Aaa2yda NI
material, which indicates lateraontraction during longitudinal stretching, usually
around0.5, indicatindow lateralcontraction These ela®mer behaviourPDMS leads
to crackingin Au thin film The desired PDMS slab was placed on a glass slide to
minimize external forces during handling. This approach helped avoid any stress and
strain on the PDMS, ensuring its integrity was maintained throughout the process.
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1 Expansion of PDMS in vacuunPDMS demonstrates distinctive behaviour when
subjected to vacuum condition®ne prominent event is degassing, where PDMS
releases trapped gases when exposed to low pressure.dégassing can be crucial
in a vacuum chamber, impacting thgurfaceenvironment and potentially affecting
the performanceof PDMS Additionally, PDM$&cea reversible volume expansion in
response to the removal of atmospheric presq@&3]. In a vacuum, the presence of
air pocketswithin PDMS can lead to their expansion, potentially causing deformations
or structural changeon the surface of the materialCareful consideration of
fabrication processes and material preparatwas requiredo minimize the presence
of such imperfections. The curing and criisking of PDMS may also be influenced
by vacuum conditions, requiring adjustments to optimize the fabrication process.
Despite these considerations, PDMS generally maintains its strudtuegrity in
vacuum environments, especially when subjected to minimal mechanical stiess.
adhesion and bonding properties of PDMS can be influenced by vacuum conditions,
so tailored surface treatments and bonding techniques are required to ensure reliable
performance. While the effect of PDMS expansion cannot be completely avoided, the
material was properly degassed in a desiccator during the preparation of the PDMS
slab to minimize any air bubbles and ensure optimal bonding quality.

1 Thermal absorptionTemperature variations within vacuum environments can impact
PDMS, and understanding its thermal properties, such as the coefficient of thermal
expansion, is crucialOne important consideration is the coefficient of thermal
expansion (CTE) of PDMS. PDMS measonablyhigh CTE, meaningaanexpandor
contract significantlyto the variation intemperature. In a vacuum, where thermal
conduction and convection are limited due to the absence of air, temperature
variations can have a medirect impact on the material. Rapid temperature changes
can induce thermal stressemsn PDMSsurface potentially leading to deformation,
dimensional changes, or even structural dama&gedden cooling after gold deposition
inducesthermal stress in the PDM8&anleadto crackingn the thin Au filnji254]. This
effect was avoided by using arBeam evaporator instead ofthermal evaporator. In
a thermal evaporator, the Au material is heated in a crucible, which can cause the
sample to experience indirect heating from the evaporated material. In contrast, E
beam evaporation uses an electron beam to heat the material, priavgthe sample
from being exposed to high temperatures, thus ensuring more controlled and precise
deposition without the risk of thermal damage.

Research haindicatedthe control of mud cracking usirige duration of plasma cleaning
andthickness of adhesion layj@54, 255] To compare the affect and optimize the thin
film multiple combinations okettings were used?lasma cleaning duration of 1, 5, 10 and
15 minutes were explored againatihesion layer thicknesses of1l), and20' &
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PDMS is a silicormased elastomer known for its flexibility, low surface energy, and non
reactive nature. However, these properties can make it challenging for certain materials like
gold to adhere well directly onto PDMS surfacks counter such affect, an additional layer

of adhesion is used, in this case, Chromium was ch&emmmium acts as an adhesion layer

that enhances the bonding between PDMS and gold. It promotes better adhesion by forming
a strong interface between the PDMS substrate and thiesequent gold layerChromium

also serves as a barrier layer, preventing diffusion of gold atoms into the PDMS substrate. This
is important to avoid any chemical interactions or diffusion that could compromise the
properties of the PDMS

a) 1 minute b) 5 minutes C) 10 minutes
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Figure40: These are the Nikon opticalicroscopemageswhen20 aCrwas used as adhesion layegainst variating
plasma treatment timea) plasma treatment of 1 minute was perfoedon the sampleb) plasma treatment o6
minutes wagerformed on the sample)plasma treatment of 10 minutes waerformedandd) plasma treatment of

15 minutes was performed on the sample

It can be observed froriigure40, the increase in plasma time f@0° &100° adeposition
of Cr/Auleadsto visibleincrease iPAu Islandcount, whereas decrease in island aseBor 1
minute of plasma treatments, Aislands were of average& p 1 & in areawhich
decreased tap® p 1 & for 15 minutes of plasma treatmenone of the samples were
conductive.
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a) 1 minute b) 5 minutes C) 10 minutes

Figure4l: These are the Nikon optical microscope images whéndl®r was used as adhesion layer against variatil
plasma treatment timea) plasma treatment of 1 minute was performed on the samp)plasma treatment of 5
minutes was performed on the samp@plasma treatment of 10 minutes was performed af)ghlasma treatment of
15 minutes was performed on the sample

A similar trend of island formation can be observed wheh $100° d&deposition of Cr/Au
wasimplemented, as illustrated ifrigure41. The increase in plasma timleads to visible
increase in Au Island count, whereas decrease in island areas. For 1 minute of plasma
treatments, Au islands were of average® p 1T & in area which decreased to

v® p ™ a for 15 minutes of plasma treatmenione the samples were conductive

A similar trend of island formation can be observed whend100' ¢&deposition of Cr/Au

was implemented, as illustrated IRigure42. The increase in plasma tinkeads to visible
increase in Au Island count, Wd the island areas decreas&or 1 minute of plasma
treatment, no island formation was observed, and as a result, mud cracking of the PDMS was
not detected However, thee is formation of ripples or duns throughout the Au thin film
layer.One possible cause is the inherent flexibility of PDMS. During the deposition, the stress
generated by the gold layereatesinteract with the flexible nature of PDMS, leading t@th
formation of ripples odunes As the Cr layer is just 1& which is very thin.fle mismatch in
thermal expansion coefficients between gold and PDMS can contribute to the development
of such surface irregularitieurthermore, as PDMS expandsracuum,stressis generated

within the material. Under the nominiform conditions of the shadow mashkpplied directly

on the PDMS surfacesould lead tohigher localized stress rertain areasThe mechanical
interfacebetween the shadow mask and the expanding P48 cause additional forces

take effect such as frictiorand adhesion resulting in uneven stretchingThis couldead to
deformation ofthe surface to look like ripples or dunes.
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a) 1 minute b) 5 minutes c) 10 minutes
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Figure42: These are the Nikon optical microscope images whea@r was used as adhesion layer against variatin
plasma treatment timea) plasma treatment of 1 minute was performed on the samp)plasma treatment of 5
minutes was performed on the samptgplasma treatment of 10 minutes was performed af)ghlasma treatment of
15 minutes was performed on the sample

Although sample with 1 minute of plasma treatment displayed ripples, it had good
conductivity oft& x p 1mS/m and was adhesive to PDMS surface, unlike any of the other
samples.

Conclusion

The optimization of thin film deposition on PDMS surfaces, particularly the Cr/Au
combination, involves a delicate balance between various parameters. The occurrence of
mud cracking in PDMS can be a complex phenomenon influenced by factors such as external
stress, strain, vacuuamduced expansion, and thermal absorption. Our approach focused on
mitigating these issues through meticulous control of the plasma treatment duration and the
thickness of the adhesion layer.

The choice of a glass slide to support the PDMS slab aimed at minimizing external stress and
strain during the deposition process. Additionally, ttiegassingof PDMS in a desiccator
during curing was implemented to eliminate air bubbles, thus preventing degassing issues
during vacuuminduced expansion. The utilization ofbEam during thermal evaporation
allowed for indirect thermal absorption, reducing thekiof mud cracking.

lllustrated inFigure43 are the results from thénvestigation of variation of Cr thickness and
plasma treatmentFromFigure43a), for all the Cr thicknessbservedf the plasma cleaning
is set to zero,the number of islands formet$ either zercor low. However, this leads to no
adhesion of the Cr/Au thin filniNo conductivity wagxtracted either, as the Au would come
off with the slight contact from the pin probSame is the cader plasma cleaning variation
with 0 Cr thicknessTheyellow dotrepresentsthe use ofoptimal values folPlasma cleaning
duration and Cr thickness, which are 1 minute dhdarespectively.
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Figure43: Shows the results experimentf the change in Cr thickness aratiating duration of plasma treatment.
a) shows thempactof the parameteson thelsland counts, antd) shows the impacof the parameters on the island
area.

FromFigure43b), for all the Plasma cleanitigne variationswith O Crthickness, island arsa
have no impact. This means thtaere is no creation of smaller island, and it is in one smooth
surface. However, there was no adhesion and conductivitghe sampleWhen¢ 1 aCr

thickness an@0 minutes of plasma cleaning time is used, multiple islands were created

distribution of area.
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While this optimized recipe led to ripples on the surface, it proved to be effective in achieving
the conductivity and adhesion. The findings underscore the importance of carefully balancing
deposition parameters to tailor thin film characteristics on PB@aces, providing valuable
insights for researchers and engineers working in the field of microfabrication and device
development. Future investigations may delve deeper into the underlying mechanisms and
explore additional parameters to further enhanttee reliability and performance of thin film
depositions on flexible substrates like PDMS
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4.2.3. ParalleMIC devices

Using theoptimized parameters found in metallization anepBoton ablation both were
combined toconstructthe parallel configuration electrode MIC devié@ar MICdevices, its
essential to establish a liquitght system that ensures seamless fluid flow within the
channels without any risk of leaks.

Spin coated PDMS

20 um
a) h\ b)
! _I_ —
PDMS PDMS
* 2-photon patterning
3
PDMS 6mm I PDMS
1
1 L1 M|
1 1 [
2
PDMS PDMS
Stage-1 Stage -2

Figure44: a) A stack diagram o2 stages used to finalize the parallel configuration of MIC deaitg#b) a stack
diagram showing the multistep cut used to obtaisingle channel through the parallel configuration
Thee were two stages at whicRaralleIMICwas finished with, illustrated ifigure44a). In
stage 1two samples ofPDMS slalwith Au electrodesvere secured. One of which was then
spincoatedwith 15:1 PDMSWith the spin speed of 5a@m for 30 seconds30' & thickness
of PDMSwasspin coated The samplesvere then left on the hotplate atp TOJfor 2 hours.
This will let thespin coated PDMS layer to cure dmetomesolid.

The optimized recipe was obtained after sptoating PDMS over simple glass substrate with
variation of spin speed and time andastesting with profilometer. This PDMSotective
layer has twefold effect, it is used as sealing agent between the two PDMS/Au samples and
provide a gap between the electrodes¢ausecapacitance.

Using the optimized -photon patterning recipe,a cut was made through the sample.
However, as the Au electrode aretrmptical clearthe beam would nobe focused through
them to the base of the devicehi meantthe simplemethod ofbottom to top mesh cut was
not possible.Multistage cuts were used to obtain a pattern through this paradigm, as
illustrated inFigure44b).

The initial cut followed a bottorto-top approach on the gold electrode of the upper PDMS
sample. Subsequently, the second cut employed the same technique on a second gold
electrodewhich also patterned the PDMS sealing layer in betwéestly, the third cut was
focusedonthe base, executing a bottoto top cut that extended to the upper surfac@nce

the samples were ready, they were left foleaningin NaOH for 2 hours under half pulse
sonication.
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Figure45: Optical microscope images for parallel configuration MIC device after cleaning in &)kl shows the

50x50um cut on Au with TR&Ing bottom to top mesh cub) shows the second electrode after that, c) shows the

side view of the channel at the base of the devdgshows the side view of the interfabetween 2 PDMS samples,
ande) shows the top view dhe surface of the top PDMS sample.

In Figure45a), a clean cut is evident on the top gold electrode embedded within the PDMS
device. AdditionallyFgure 45b) showcases a successful cut on the second gold electrode
situated on the opposite side of the PDMS protective layer, representing step 2 in the
patterning process. This indicates the successful patterning of the PDMS protective layer and
the two gold eleatodes. The interface is clearly depictedrigure45d). Figure45c) provides

a side view of the device's bottom surface, highlighting the daek gpresenting the fluid
channel. InFigure45e), the top view of the upper PDMS reveals the throwgttthrough
channel, affirming its readiness for fluid flow testing.

These images collectively demonstrate the successful completion of the patterning process.
When the MIC was connected to the fluidic system to observe thefftid no fluidflow was
detected. This meant the channel was clogged at some point, or the patterning/ cleaning
process did not workMultiple methodswere used to overcome this challenge, such as,
flipping the same sample tpattern from the other sidegxtending thechannel pattern to
depict a cone diverging towards the surface on both ends faritler cleaning In NaOH bath
None of the methods tried helped with thiguid flow. The problem seems to lie in PDMS
protective layer patterning, as it in betweenA2i layer Jimiting affects mentionedn section

4.2 1. could be the causéNo altering methods were discovetthus the experiment has stop

at this point. A classmoplanar electrode configuration was pritized from the next chapter.

4.3. Conclusion

In conclusion, tis studyprovides valuable insights into tr@mbination ofTPAand carbon

based polymers opening doors to unparalleled possibilities in microscale and
nanotechnology. This fusion not ordjjows potential tantricate and customized structures

but also positions itself as a catalyst for advancements in manufacturing processes across
diverse industries.
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The exploration of TPA in polymers, in@ddPDMS, PMMA, Polystyrene, and Polycarbonate,
highlighing the unique responses of each material to TPA. PDMS, witlfiavtsurable
characteristics, demonstrated successful deep cutting through optimized TPA parameters.
PMMA, while presenting challenges due to its characteristics, emphasized the importance of
experimental validation, particularly at less commavavelengths. Polystyrene faced
difficulties with partial ablation and debris generation, limiting its ahikity for
microfabrication. Polycarbonate showed promise with successful ablation but encountered
limitations in achieving deep cuts.

For n-depth cut techniquesgespeciallybottom-to-top mesh cut, \as effective in avoiding
absorption and refraction issues during timetial TPAprocess. However, challenges arose
when working with noroptically clear Au electrodes. Multistage cuts were implemented to
overcome this obstacle, successfully patterning the PDMS protective layer and two gold
electrodesfor the final parallel configuration MIC devicdowever, whilethe patterning
process demonstrated success in creating a thraugithrough ctannel in PDMS, challenges
emerged during fluid flow testing. The inability to detect fluid flow suggested potential
channel clogging or issues with the patterning/cleaning prockhstiple attempts were
madeto address this challengelouble sided patterningextending channel patterns, and
additional cleaning in NaOH, did not yield the desired results. The Rdi&tive layer
patterning, situated between two Au layers, emerged as a potential bottleneck, warranting
further investigation

Shifting focus tdhe interplay of deposition parameters for thin film fabrication on flexible
substrates like PDMS. The findings are crucial for researchers and engineers in the
microfabrication and device development fields, emphasizing the need for precision and
balance in e pursuit of tailored thin film characteristics.

This study not only providesomebasicunderstanding of TPA in various materials but also
emphasizes the need for tailored optimization based on material characteristics. The fusion
of TPAand carborbased polymers holds immense potential for transformative technological
advancements, urging further exploration and experimentation in this dynamic field.

The exploration of a classic coplanar electrode configuration in the subsequent chapters
represents a strategic pivot to address the challenges faced in this experiment and advance
the understanding of precision material processing techniques.

4.4. Comparison with literature

The literature extensively discusses the superior resolutidwo-photon absorption but not
much work is founan two-photon absorption TPA. However,some researchs have use
TPAfor various medical basablation processs. In theory of the ablation processcan allow
the fabrication ofintricate microstructures with sudmicron accuracyThe process enables
precisemicro dimensions and smooth feature edges, making it idealstdr surface micro
medical pr@edures The conclusion supports thiby suggeshg a under the surface
microfluidic channel fabrication of polymer materials with  TPA. A microchannel was
successfully achievedith high-precision microstructures necessary for impedahesed
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cytometry. However, it also points out that while the resolution was optimal, material
selection significantly influenced the effectiveness of the printed structures.

Some of the current studiesplores the use of various polymers, including&URDip, and

PDMS, imwophoton prirting (TPB based microfabricatiobut nonehave explored TRAhe

literature acknowledges that materidimitation with TPP, such as optical absorption and

curing efficiency, affect the final microstructure quality. Certain materials exhibited shrinkage

or deformation postfabrication, requiring process optimizatiofthe conclusion builds on
TPAechniquebased orknowledge from TTProcessand outcomesinformation from thery
andtechniques procedureConclusiorshoweddetails specificto materiatrelated challenges
encountered during the study. It highlights that PDMS, despite its flexibility, exhibited issues

in achieving stable structures when subjected té&\BRIly in deg cutsbeyond1000mm. This
FfA3dya 6A0GK GKS fAGSNI dzNEQa O2y OSNya | o2 dzi

Moreover, TPAat 520 nm remains largely unexplored in the context of ablation. Existing
literature primarily focuses on twphoton excitation at wavelengths ranging from 680 to
1300 nm, particularly for applications such as cancer cell ablation and fluorescence imaging

For metallisation the literature discusses various methods for depositing Au electrodes on
PDMS, highlighting challenges such as adhesion issues, mud cracking, and surface defects.
Different fabrication techniques, including photolithography, soft lithography, replica
moulding and thermal deposition, are explored, with thermal deposition being a widely used
method. It emphasizes the importance of plasma treatment in improving adhesion and
suggests that an additional adhesion layer, like chromium (Cr), is necessary to enhance
bonding between Au and PDMS. However, excessive plasma treatment and improper Cr
GKAOlySaa OFly yS3alFdiArAgsSte AYLIFOO GKS GKAYy ¥F
expansion in a vacuum and thermal absorption, are also identified as contributors to film
defects. Using an-Beam evaporator instead of a thermal evaporator is proposed as a
potential solution to minimize thermal stress and cracking.

The conclusion builds on these concepts by presenting experimental findings that confirm and
refine the information discussed in the literature. It identifies the optimal deposition
conditiong specifically,ay A y dzi S LJX I aYl GNBI &Y Sagenr astffeR | m>
best parameters for achieving good adhesion and conductivity. The results show that
excessive plasma treatment increases Au island formation while reducing island size, leading

to non-conductive films. Similarly, varying Cr thickness inflesrfiim quality, with thicker
fFe8SNBR 6mMn>Y 2N HA>Y0 O2y iNROdziAy3d G2 Aafl yR
confirms that PDMS expansion in a vacuum can introduce defects, butegassing helps

mitigate these issues.
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5. Conventimal cglanarmicrofluidicdevices

5.1. Fabrication
In this chapteyrthe development of a simple MIC device will be reportéithe goal of this
work was to replace the traditional metal electrodes with conductive carbon electrodes.

The design is based on an AC locketection principle, where an excitation electrode and
sensing electrodes are embedded inside the microfluidic ch®ded5, 256] The excitation
electrode is driven by a0 Hz sine wave and the detection electrode is measured for its
amplitude and phase using a lock in amplifier.

While there arevariousmicrofluidic impedance cell designs, we haeatectedthe simplest
and weltknown device desigrnwhichutilizescoplanar electrodesas shown in schematically
in Figure46. As discussed in more detailsGhapter 3 the coplanar device is preferable for
the ease of fabrication but suffers from a rbomogeneous electric field.

Copper
a) contact g b}

® Red Cell L]
White Cell

Glass [

Substrate Graphene or Gold

Electrode

Microfluidic
Channels

Figure46: a) 3D model of the cplanar electrode configuratio& b) schematic illustrating thearticle/blood cells flow
& electric field across electrodes

In Chapter 5we will compare the performance of microfluidic impedance cell with gold
graphene, andPyCelectrodes. In this chapter we will detail the various processes which were
developed to fabricate a coplanavliC device forboth gold and graphene electrodes.
Whereas thePyCelectrodes werdabricated and shipped from Universitat der Bundeswehr,
Munchen.

The fabrication of such a device consists of four key stages.

1 Design dimensions

1 Electrode patterning of gold on glass substrate

1 Microfluidic channel pattering with PDMS

1 Cell bonding between electrodes and microfluidic channel

Considering the key stages, a schematic showing the fabrication methods can be seen in
figure 47. Where47a) presents the glass substrate with gold electrodes oA1h) presents

the block with microfluidic channel antic) presents the MIC device after combiniaga) &

47b).

Following fabricationdevices are tested for functionality through fluid flow testing.
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a) b)
Glass Substrate _

PDMS with fluid channel

Microfluidic

c) Channelsin Ti/Au electrode
PDMS

PDMS

Glass Substrate

Figure47: Schematic of different steps of fabrication for MIC dea)agectrode pattering on glass substratés,
PDMS microfluidic channel fabricated via tamp lithography,@hlC device after combining 2 stages.

For all the three welknown electrode configurationsparallel, coplanar electrode and
construction channel configuration, refer ©hapter 3for more details there are two very
important dimensional considerations, electrode gap and channel width & Helgft Due
to non-homogenous electric field of coplanar electrode configurd@®®, 259] these two
elements carry a lot of prominenf256, 260]

The dimensional considerations were based on literature review and simulations run by a
Ph.D.colleague, Mickey Warref.he simulation depicts the variation of impedance when a
10 anon-conductivematerial passes through the wealefined dimensional parameters of

the microfluidic channel.

Impedance Variation
2.920

2.651
2.382
2.113
1.844
1.575
1.306
1.037
0.7680
0.4990
0.2300

Figure48: The results of the simulation plotted. Where red lines mark the limitation of the dimengidiosycross
marks the optional dimensions and black cross marks the chosen dimension.
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As illustrated irFigure 48 it shows the impact of channeiidth and electrode gap has on the
output signal for impedance variatioithe red lines on the axes show the limitation of the
specific parameter, such dise distance between electrodes should not be less thann20
and channel width less than 5. The separation is limited to 20¢ as any dimension below
will exhibit the dense electric field, becoming more concentrated and saturate quickly which
makes it prone to no detection for small vai@is in the system¢ K S phmen¥l width is
found to be the limit due to the risk of cloggimgccording to Talukder et dhr a microfluidic
channel to allow particle flow without clogging, the microfluidic cresstional area should
be five to ten times larger than the largest particle that will be deteft@d]. White blood
cells, being the largest particle project aims for, are208m in diameter. Five time the size
of white blood cell proposes the channel width to be 160minimum.

When a cell passed through a sensing region (between 2 electrodes) with AC current and sine
wave as input, the output amplitude variates due to electric field disrup@Oh The ability

to detect that variation is definewvhere thehigher the amplitude of the output signahe

higher the sensitivity and vice vef2&1].

To further enhance the sensitivity of the MIC devices, the second important element of
channel height wasxplored.The height of the channel for coplanar electrode configuration
also has an impact on the sensitivity. If the channel is reduced‘tm2® lower, it will cause

the sensitivity to decreag262], this is due to the channel compression. The decrease in
height will cause compression on the electric field instigating the decline in saturation of
current density, leading to fall in sensitiidg3].

Given the range of dimension that the simulation has indicated to have high sensitivity, a
selection oklectrode gap and microfluidic chanm@imensionsvere exploredexperimentally
and are discussed in lateection 5.25.3& 5.4.
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5.1.1. Electrode Patterning

In this section we will explain the steps taken to deposit gold electrodes onto a glass substrate.
Electrode gap of 20m, 30 m & 50 m were fabricated where generic fabrication process will

be explainedThe electrode patterning on glass was performed using well known technique
of UV lithographf{264-266].

UV Lithography

UV Exposure
a) b)
resist dispenser
e I L
photoresist ‘ PhOtoreSISt

excess resist flies Substrate
off during rotation

L] =

Development
wafer to be coated a 9 \ vacuum chuck C}

Substrate

Figure49: The schematics of positive UV lithograpdya substrate is spiaoated with photoresist coatindp) the
substrate with photoresist is exposed to UV exposure with photomas&)ariten developed the photoresist is
removed, leaving behind the patterned substrate.

In UV Lithography there are several process steps which can be sdégume49. The
substrate is sphtoated in a thin layer of photoresist. The photoresist is photosensitive
material that can be cured with UV lig@67]. UV curing is a photochemical process in which
highrintensity UV lighis used to dry or harden the material. Using the photomask that has
the electrode pattern on it, photosensitive material (photoresist) is exposed to UV light. The
area that is exposed to UV light becomes very soluble and when placed in developer, it
dissdves[268, 269]

For this experiment, glass slides were used as substrates. To improve the adhesion on
photoresist and the glass, a dehydration bake at°¥2030 minutes was performed. A214
photoresist, which is a reversible positive photoresistérsal technique used section 4.6,

was spin coated on the glass substrates to achievem.thickness film. The sproated
samples were placed in oven for 10 minutes at®0rhis step is known as soft bakehéips
harden the photoresist layer on the substrate.

The samples were then exposed to UV light through the photomask. The time of exposure is
directly in relation between the intensity of the UV light and layer thickness of the photoresist.
The wnder-exposed areas are observed if the duration is too short. The impact of the
underexposed photoresist is thatése areas are not completely soluble to developed are

not removed during developmenWhereas, if exposure time is over than desired time, over
exposureis observed For overexposed photoresist, whedeveloped, the pattern will be
uneven, expanded and not well define@hus, exposure time is vergritical and after
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experimenting with differenexposure timesl5 secondsvas chosemwith the best outcome

The UV exposed area is then removed when developed B32&for 25 seconds. Once the
development is completed and samples are rinsed in DI water, the patterns are visible on the
glass substrate

Thermal Evaporation

Substrates
Metal —
Vapor — Vacuum
chamber

1:#\
L =l :
~.

Vacuum system

Hot metal boat

Power
Supply

Figure50: General scheatics of a thermal evaporatiochamber.

lllustrated in Figure 50 is the schematic for thermal evaporation chambér.a thermal
evaporation deposition technique, the material is heated until evaporated, this is achieved by
high electrical current that passed through a metal boat with desired materia]2@0. The
chamber is in vacuum to allow evaporated particles to travel straight to the substrate without
colliding with any other particles. The evaporated matariateabsorbedback to the solid
state at the targeted surface, creating a smooth [§&d, 272] This technique is a common
method for achieving thifilm layerg273] andis very beneficial to deposit numerous layers

of different materials with controlled thicknesga a deposition sensar

Usingthe thermal evaporator at 1@mbar pressure, 5nm of Titanium at the rate of & and
100nm of Gold at the rate of\B/s, were depositedFollowing metal deposit, the photoresist
layer is dissolved using a appropriate solvent. The effect of this process is that the metal
which was notdeposited directly uporonto the substrate is removed leaving only the
pattern electrodes This was done by placing the samplesam acetone bath for 10
minuteg274]. A step-by-steprecipefor the electrode patterning is shown Figure51.
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Figure51: lllustrates the synthesis process of the UV lithography

Figure52a) represents the 2D drawing of the setup while& c)illustrates the image taken
after liftoff.

Followingliftoff, the lithographic pattern imbservedunder anoptical microscope to identify
any potential damageand deformations To further evaluate the quality of the electrodes,
each sample is subject to the electrical testing. These measurements are discuSsetian
5.2.1.

a) b) c)

Figure52: a) the 2D sketch ahe 2-pin electrode design for coplanar configuratmis0‘ M, b) the glass substrate
with gold electrodes on it, patterned via UV lithography, thermal evaporation, and liftofichad,optical image of
the gold electrodes in glass substrate.

5.1.2. Microfluidicchannel

A microfluidic channel is a pathway witlicrometredimensions, which helps transport liquid
from inlet to outlet of the channel. There are multiple techniques to make microfluidic
channes, each leading to different kind of device configuration with different matefials
chapter will report thecoplanar electrode configuration with channels pattern on PD&tSt
lithography was used with a master mask made of siliddre mask was created kyching

the silicon wafer to create thevantedpattern[275, 276]

Coplarmr electrode on PDMS

The most commonly and wekhown method for obtaining patterns is Soft Lithograf#wr].

In this technique a lithographically defined 3&hastelQ Y ks &dmpletely covered in
polymeric material. The polymer is cregsked or solidified in some other way and then
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the master. With appropriate design of the master the cast can be utilised as a microfluidic
channel.

Silicon wafer etching facilities in INEX Microtechnology Ltd was used to obtain alsésxuh
master mask. Silicon wafer was etched via Bosch process in RIE. Silicon mastereatesks
in this wayare very reliablestable,and surface roughness was down to-300 nm.

Using a silicon wafer etched as a master mask and PDMS as the casting material, the
microfluidic channels were cag2DMSwvas chosen as thieest available material for making

of microfluidic chann¢278] although other materials such as 8UPMMA and Hydrogetse

also usedOnedifficulty with PDMS casting on a silicon master is that 8DMS reastand
makescovalent bonds with silicon wafeSuch bonding makes it difficult to aeould the

PMDS resulting irdamage to the edges of pattern and leaveesidue on the master
masK279-281]. To avoid any PDMS residue on the silicon master mask, the process of
Silanizatiorwas performed.

cr?\ Cl ’5‘

Cl

Ax Ax Cl ¢ Cl —
Cl Cl Cl Cl Cl Cl

Sihnization

o

2 AN A
9) z 0 | 0/1 \c./i \.3

OH OH OH CH OH 8)
i i e i 1 N SN
Silicon Oxide Silicon Oxide
Silicon Substrate Silicon Substrate

Figure53: Reaction process @ilanization on Silicon wafer (master mask). OH group on silicon oxide layer reacts
Cl group making the byroduct of HCI while the Si group forms covalent bond with silicon oxide layer, creatinc
hydrophobic antstick surface

In Silanizationa selkassemblingnolecular monolaye(SAM)is created on the surface of the
silicon master Figure 53 shows a schematic of the process where the SAM is formed of
Octadecyl trichlorosilanmolecules which are long alkane chain where one end is terminated
with a functional group that can bond with hydroxyl groups on the silicon surface. When a
silicon surface is suitably treated (as will be discussed) a SAM is produced with a significantly
lower surface energy thatf the bare silicon. The impact of thisthat the treated surface
develops a hgrophobic character. A further benefit of this is that when PDMS is cast onto
the silicon it is unable to bond with the silicon resulting an effective-stick treatment.

UsingOctadecyl trichlorosilan®TS) solution ifoluene

For the OTS monolayesalution of 5mM of Silane in Toluene is prepared. Aydroxyl group

on the surface interacts with the hydrolys@il'S molecules through hydrogen bondimge
existence of water is very important for the Silanization process where a small amount is
required but excess of the water leads to unwanted polymerization in the silane soltitien.
solution should not be left in opeair, or it will start polymerization. This effect can be seen
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as white suspensiors formedin the solutiorf282]. Once the solution is prepared, a special
jar with airtight lid and sinkike base is preheated at 8fr 10 minutes for dehydration. The
preheating will remove any excess of water inside the jar. Thus, it is critical keep the jar
airtight and sealed as soon as possible after placing the substrate and solftien.left over

night, the crosdinking in between the OTS molecules on the surface leads to forming of stable
network{283].

A ontact angle test was performed on the silicon surface to observe the surface energy. For
silanization to be successful, the surface should be highly hydrophdbe droplet should

have very higrangle,and surface should be water repelleriest showed contact angle of
141]. Once the silicon master mask was rgiitk and hydrophobicthe soft lithography
process was carried out.

This process is very favourable to counter the PDMfaIding process with Silicon wafer,
however there are few limiting factors. This monolayer last about 5 lithography process and
wear each time used. The process itself is very tidies and time consuming.

UsingDimethyldimethoxysilane (DNES)solution in IPA

DMEES is an organosilane compound commonly used to &elirassemblynonolayer (SAM)

on various surfageparticularly on silicobasedsubstrate$284]. Asolution of 0.0005mMof

DMDES in IPA is prepared. The Si samples is submerged into the solution for 60s and rinsed
with ethanol and DI water. Upon exposure to substrate, the methoxy groups of DMDES reacts
with hydroxyl groups ion the surface. The reaction leads to the foonati Siloxane bonds
between DMDES and the substrg85]. This initiates the assembly process of DMDES
molecules on the silicone surface. The contact angle measurement showed the anglé.of 138

This process is also very favourable to counter the PDMS liftoff $itoonwafer, however
this monolayer only last 1 stamp lithography process. The solution is easier to mix plus the
process time is only 60s.

Soft Lithography on PDMS mould
9 different combinations ofnicrofluidic channel were exploreds illustrated inTable 3
below, where genéc fabrication will be explained.

Electrode Channel Width Channel Simulated
Gap [pm] Height [um] Impedance
Variation [%]
30
100

0.114
10um 50 1.14
150 0.647
30 0.183
30um e 50 0.829
150 0.516
30 0.37
50um S 50 0.593
150 0.502

Table3: Presentghe explored parameternsith simulated Impedance variations for each dimension.
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PDMSwas cast usingatio of 15:1 Silicone Elastomer in Curing Agent is u$edensure
adequate mixing the PDMS was stirfed 10 minutes continuously. Tmixing process leads

to formation ofa number ofair bubblesWhichcan disrupt the interface between the mask
and PDMS. To remove these air bubbles, the mixture is left for 20 mimudesiccator before
casting Figure 3la) shows the design of the master mask with 108 width and 50 &
channel depth. Unfortunately, the silicon master had only a $(prominence at the fluid
inlet and outlet which made making external connections very difficlitprovide a large
void to connect the microfluidic channel to external pipework a 3D cylinder structure was
placed onto the designateidlet and outlet of the devicbefore casting atlustrated inHgure

54b) to form cylindrical well (blue). The mixture is transferred slowly onto the master mask
and left in glovebox overnight for about 28 hours.

After 1824 hours PDMS is cured about?®95%, solid enough to handle yet soft enough to
further cure itself when placed on the glass substrates ptocessof curingthe channel is
crucialfor bonding with the glass substrate, discussed irsection5.1.3

a) b)
Empty petri dish Cylindrical well
: . SN
Channel Width 100pm (
+ /
/
PDMS Silicon Master
Mould

Figure54: a) is the sketch of thenaster mask with 100d wigth and 50° mheight The cylindrical ends mark the inle

and outlet well for the channel arg) is the model of the soft lithography process. The inlet and outlet wells are ra

higher by the cylindrical well placemenfgpetri dish is used as the moulding container and silicon mask as mas
mask.

5.1.3. Microfluidic Device

The requirements for MIC devices are that it mustaiéuid-tight system where the fluid

flows in the channel without leakage. To achieve this, glass and PDMS surfaces must be clean
and should have an intimate contact together. The adhesion caused between these layers
should be able to hold the device todpetr. Figure55a shows the microfluidic channel (blue),
placed upon the glass substrate (grey) where the darker blue channel forms a channel that is
open only at the endd=igure55b shows such a completl device viewed from above where

the inlet and outlet have been fitted with a syringe needle to allow for solution to be pumped
through the microfluidic channel.

Channel dimensions, fluid flowrate, pressure difference, surface energy and liquid viscosity,
have an impact on the closed microfluidic system. One important aspect which will be
examined in this section is the adhesion of the PDMS block to the substrdttha surface
energy of the channel.

Oncethe glass substrate with electrodgfrom section 5.1.1) and patterned microfluidic
channel on PDM@rom section5.1.2) were prepared the electrodes were carefully aligned

with the channel and PDMS block was laid on the glass substrate. The channel must be able
to sustain fluid passing throughhichrequires that fluidcanmove through (wet) the channel

and that the channel remains sealed.
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Figure55: a) the crosssectional schematic model of glass and PDMS going togedire top view of the actual device
with syringes at the inlet and outlet wells, aodthe 3D model of the MIC device.

When liquid interacts with microscopic channel dimensions, they feel a resistance to the flow
due to the relatively high surface area of the channel with respect to its cross section (refer
to section 29 for surface energy). When the fluid is pumped this leads to an increase in
pressure within the channg86], until either: the fluid passes through, or a fluid wedge is
formed between PDMS and glagswedge occurs when PDMS loses its adhesion with the
substrate, allowing air or fluid to seep in. This eventually compromises the device seal, leading
to leakage and potential failure of the entire systdrtuid flow outside of the defined channel
is undesirable for the flow and hence passage of the particle for courig@pmes
unconstrained. To solve the problem of wetting and wedge formation two approaches to
PDMsglass adhesion were explored:

1 Achieving hydrophilic surfaces
1 Increasing the adhesive between the PDMS and glass substrate

Achevinga hydrophilic surface

Surface energy is a wadktablished concept imaterial science. If the surface is hydrophobic,

it haslow surface energy. Which caudaighercontact angles between glass surface and fluid
droplets. Working in° m channel dimensions, such large size droplessise additional
undesirableresistance and to avoid,isubstrate needs to be hydrophilido achieve the
wettability or hydrophilicity in the MIC systeran oxygen plasm#éreatment was performed

on both PDMS and glass surfaces before combinifigsma treatment is a technique
employed to achievénydrophilicity. It modifies the surface properties of the material by
removing contaminants and introducing functional groups, such as hydroxyl groups, that
enhances its affinity for wat§287].
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Figure56: a) is the table which shows the contact angles and surface energygisdthe contact angle plotted against
exposure time

To show the modification of surface energy by oxygen plasma on glass we used oxygen plasma
with oxygen flowrate of 10 sccm, using approximatelyn@ars of oxygen at the power of 90
watts. Theresulting contact angles measured for different durations of oxygen plasma
treatment of aglass surfacare shownn Figure 56a)Where it can be seen thatithout any
oxygen plasma treatment, the surface contact anglel® and as the duration of the plasma
treatment increaseghe contactangledecreasesk-igure Bb)shows that this decrease follow

a nortlinear trend with initial very rapid reduction in contact angle which slows down with
extended exposui@88]. The surface energy was calculateding the equation’

i wé i f [193], where the surface energgcreasewith the decreasingontactangle,
indicating that the surface has become hydndje. The sirfface energy of the glasscreases
until it reaches a minimum valwe 5 minutes of exposureith the contact o29° and surface
energy of63.67 mN/m. This comparevell with the literature where 18has been observed
after 5 minutes of exposuf289]. However, as the exposure time increases, the oxygen
species from the plasma starts interacting withe surface forming new polar functional
groups. This leads in increase in surface enagygan be seem Figure56b at 10-minute
exposure.

The effect of plasma treatment on the glass surface diminishes quickly as oxygen from the
ambient atmosphere interacts with the surface, leading to the formation of an oxide
layef[290]. The channel was sealed by placing treated substrate and PDMS together within
10 minutes of plasmareatment.

According toAmador et gR91], using DI water as fluida minimum surface energyof
30mN/m[291]is requiredfor flow througha channelwith a width2z ¥ ™ /anmda height of
p n > which is achieved in this chapter.

Increasing adhesion between PDMS and glass
In principle, PDMS does not form covalentOSbonds with glag292]. As it is an elastomer,
PDMS is able to conform to substrates and provided they are sufficiently flat a seal is formed.
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However, in practice, the adhesion between PDMS and glass is insufficient to create a reliable
seal for the microfluidic chan@93].

The surface interaction between glass and PDMS lacks sufficient covalent bonds, making it
unable to withstand the pressure differenced is the pressure difference across the
microfluidic channel and is the sole reason for the liquid to move from inlet to outlet. Without
the difference of pressure across the channel, the fluid will not move through the channel.
According to Raj et §94], a PDMS microfluidic channel withe same dimensions to our
channel can withhold of up to 2.23kPg6, 262, 274]

After the surface treatment from previous section, using HaBerseuillefrom Equation 3
with laminar flow fluid (fromsection 2.3, the 30 calculatedfor our channel i©.067kPa The
Reynold number, calculated fronEquation 4,is0.0836 KA OK LINEP @Sa A G Qa |

To address the issue of PDMS adhesion we have applied several techniques such as Plasma
cleaning[273, 295] Oxidation in Ovd292] and Piranha Etchiig96]. These treatments

modify the surface morphology and functionalities. To compare these different treatments
three test relevant to microfluidic channel formation weapplied

1. Adhesion (creation of seal for MIC device when PDMS is placed on glass substrate)

2. Stability (shelf life of the device when left for 1 dayd it retains its adhesign

3. Liquid flow (the fluid flow determines the capability of the MIC device to hold against
the pressure created by flow rate)

The unfavourable outcome of stability and liquid flow can be seehainle 4. For all the
surface treatment techniques, the test for stability and liquid flow resulted in failure. None of
the techniques were able to keep the adhesion and prevented leak points.

Plasma Cleaning | Oxidation in Oven | Piranha Etching
@ 120° Sulphuric Acid:
Hydroperoxide (3:1)

Time 30 60 90 30 60 90 2 5 10
inutes
Features
Adhesive X v v v v v v v v
Stability x x x x ® x x x x
Liquid flow x ® x X ® x x x X

Table4: Results of the MIC devices, where 3 phase system is investigated against different methods of attaining a
between glass substrates with electrodes and PDMS block with microfioétioel.

The low value o080 across our channel and the functionalization of the surfaces with the
technigues mentioned, created only partial Si bonding which did not keep the adhesion.
Obviously30 in fabricated device was less than the breaking limit of the device from Raj et
al[294].
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To overcome such a critical problem where the vetlidied techniques did not function, we
developed a novel approach to the channel formation based upon partial curing of the PDMS.
Instead of waiting until the PDMS was cured while on mould, the PDMSeegesdpwvhen it

was about 90% cured and immediately placed on the glass substites allows uncured
PDMS mould to cure over the glass substate and have strdBiirbond with glassto

further enhance the adhesion, additional PDMS was mixed at the drds&s to monomer

ration of 2:1 and added to the outer edges as a kind of dgligaure57 illustrates the schematic
model of the glue placement on MIC device. This would directly create strong bonding force
between PDMS and Glass on the outer edges. The device was then placed on the hotplate at
50° for 30 minutes, this would accelerate the curing process of PDMS block and PDMS glue.
With selfcuring and PDMS curing, adhesion between the two surfaces were very consistent
when established against relevantifi tests. This method was the only technique which held

the device together and worked for us.

2:1 PDMS glue Fluidic Channel

S :

\

PDMS

Glass substrate

Electrodes

Figure57: The schematics of the MIC device, where 90% cured PDMS block is placed on shbgilass with
electrodes. The 2:1 PDMS glue is carefully placed around all the edges.
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5.1.4. Graphene Growth

There are several methods of growing graphene, each with its advantages and disadvantage.
Some of the welknown methods have been explained in detail dnapter 28.2. The
graphene growth type used for this project is CVD graphene. With its advantages in high
homogeneity, high purity, fine grain boundaries, and control over layer numbers, a higher
charge mobility can be detected.

CVD graphene

Chemical vapor definition is explaineddnapter 28. In this section, we will explain the CVD
growth process. Graphene CVD growth was performe®tbdullah Aladim. The recipe is
explained in detail beloj297].

CVD chamber
| | __ Copper foil

p Nitrogen, CH,,

H:[ - ]:H and H, inlet

Gas Out Gas In

3

Flow

Figure58: A schematic model of the CVD growth chamber, where copper foil is placed inside the glass tube. A tem
of 1050°0 and pressure of 66mbar is maintained throughout growth process. The Gas duehécted to controlled gas
flow regulators.

Figure B illustrates the schematics model of the CVD chamBecopper foil of thickness
25 mwas used to synthesize the CVD growth of graphene. The gasses used during the growth
were methane 2% CHs with nitrogen balancg as carbon source, hydroge@% H with
nitrogen balancg as growthcatalystinoderator and nitrogen (N as the gas carrier. The
copper foil was placed in thguartz tube furnace which was evacuated to a base pressure of
2mbar.N2 was introduced with dlowrate of 100sccmandthe chamber pressure maintained
at 66 mbar. The foil wasnnealed at 105% for 30 minutes After annealingHz:and Gl are
introduced in the tube for 30 minutes at the flowrate of 1000sccm and 20sccm, respectively.
As the chamber was at the activation temperature of 1@bfor methanein the presemwe of
copper, the carbon atoms will start to dissociate and bond with copper surfdggas, acting
as carrier gas, will carry all the residual gasses to the gas outlet. At thiscstiéepas slow
growth, few small islands of graphene structure will start to accumulate. After 30 minutes,
CH inflow was increased to 200sccm for 3 minutes at constant temperature. Higiner
concentration of methanéncreases the graphene growth rate filling in the gaps between the
graphene islands seeded during the slawwgth stage The CVD grown graphene monolayer
is approximately 2nm in thickness. Once the growth is complete, the system is left to cool
down, while the flow rate is kept same.
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Graphene transfer

While graphene is grown on a copper surface it is not so useful for electrical applications in
this context. In the case of the electrodes in the coplanar microfluidic device the graphene
must be moved to the glass substrate without breakage or crumplihgs process is known

as graphene transfer and there are numerous methods available. In this work we have used
polymer assisted transfer using the particular details givedhan et §R98].

Removing the copper foil from graphene sheetaisajor part of the graphene transfer. A
well-known method of doing so is tthemicallyetch away the copper foil, leaving graphene
behind299]. Monolayer graphene at around 0.7nm thick, is very fragile to the effects of any
stress or strainGiven the fragile nature of a graphene monolayer once the copper is removed
it must be stabilized until it is relocatedo protect it from any external forcea supporting
polymerlayer was used throughout the process of copper remdvallowing the work of Cui

et a[300]. Gellulose nitrate was sphsoated over graphene as supporting lgg91, 302]

a) b)

Cellulose nitrate
Cellulose nitrate

Copper

foil Graphene

Graphene
Ammonium Acetone
persulfate

Figure59: a) a schematic of etching copper. Copper foil with graphene/cellulose nitrate is placed in etching solutior
hours,b) the schematic of acetone bath for removing supporting layer from graphene sheet. Once the removal
completed, graphene floats on the surface of acetone and transferred on glass slide.

The copper foil with graphene/cellulose layer was placed in ammonium persulfate
((NH)2S0s) as shown inFigure59a). The etching process can lexplained by following
chemical reaction:

Yoy  # 0 #0¢ ¢ 8t (30)
After 2 hours the 0.5M of ammonium persulfate solution completely etches the copper from
graphene/cellulose nitrate filf300]. Figure59b) shows the remaining polymer and graphene
layer which is carefully removed from the etchant aimbed in DI watebefore being placed
upon a glass substrate and dried in air. The polymeri§ilthen removed by immersion in an
acetone bath for 2 hours.

5.1.5. Graphene Patterning

In the past ten yearsa multitude of different echniques haveleveloped for graphene
patterning303]. Some of the techniques used for graphene patterning &p-down,
bottom-up, and chemical etching, refer ection 3.3 In this chapter, we will discuss the use
of chemical wet etching and dry etching for achieving graphene electiodi® context of

a microfluidic devicedn particular anovelmixapproach vl be presented

Figure61shows a process schematic for the formation of patterned graphene layer following
graphene transfer as described above. Initially thepatterned graphene on a glass
substrateis mounted inathermal evaporator. Under the chamber pressure 6f1when the
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boat temperature reached 1020, a deposition rate of 8 ¥ was used. A thin film layer of
50nm copper was deposited.

TheGraphene/Cu substrateas than spircoated with Az5214 photoresistachieving 1.5 &
film thicknessThe sample was placed anoven for 10 minutes at 2 for soft baketo drive
off the remaining solvent

In this process the photoresist is developed and exposed for use in a negative tone process.

The samples were exposed to UV light through the patterned photomask for 15 seconds. This
will make the exposed area soft. The samples were placed on hotplate for 30 seconds at
120°6. This process is known as post bake, which will harden the UV exposed area. The
samples are then again exposed to UV light for 25 seconds but with nq thisis known as

flood exposure This will instigate the reversal of resist, causing cross linking to occur on the
unexposed area of the first exposufehe photoresist ithen developed in AZ326.

Once patterned electrodes of photoresist over copper/graphene layers wexpared the

exposed copper layer was etchéat 10 secondsiza A Y3 | YY 2 Y A dzY b0 NE dzf F I
revealing the underlying graphene sheés the etchant solution is very robust, the control

of exposure time is vemgrucial If the samples were to be left for over desired time, a process

known asover etching occurs. This means that the copper will start to get etched from the

sides even under protective layer of photoresist. In sarause, etches through the pinholes

of the photoresist were also seen. Optical imageBgure 60a) & b)shows theoveretching

and etching through pinholes, respectively.

a)

200 pem

Figure60: a) an optical microscope image showing the effeabwdretching. The yellow parts are the remaining coppe
while the welldefined borders are photoresist patterns, drdn optical microscope image showing the etched holes
copper layer through the pinholes of photoresist
Following the copper etchinghé photoresist is removed by placing the sample in acetone
bath for 5 secondsAs can be seen iRigure6l, the remaining copper is now used as
protective layer for graphene shedtiring oxygen plasma etchingad samplevasplaced in
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aplasma cleaner for 20 minuteBuring this time any exposedegiors of the graphene sheet
isremoved leavinghe grapheneonlyunderthe patterned copper layerThe final step othe
graphene patterningrocess involvedemovingthe thincopper film which was donérough
wet etching in Ammonium sulphate.

Copper Coating
thermal photoresist
Graphene deposition
]
—) —
Glass substrate
Performing
l negative UV
UV Mask lithography
L - L
[ | il . I E N
S— 4
Developing Flood UV
exposure
Wet etching l
- - . .
— —)
Plasma etching Acetone bath
and wet
etching

Figure6l: lllustrates the synthesis process of the Graphene patterning.

After eachstep ofthe graphene transfeprocessan optical microscope was used to inspect
the channel quality and pinpoint any disorientation around the sample. As graphene is
invisible to naked eye and very hard to spot even through microscope, copper electrodes
were only removed from the sensing regiof the electrodes. The connection pads were
covered with thin film copper layer for the stabilifyigure62illustrates the images.

In Figure62a), asgraphenedsalmost transparentyou can see water marks on the back of the
glass substrate through graphene shekt.b), after copper layer haveen depositedvia
thermal evaporationno surface features can be distinguished beyond some particulate
contamination in the lower rightin c), after UV lithographypatterned resist can be seen
where occasionamarks around the sample are from dust but mosthter marksfrom
previous step involving DI water rinsing and dryingl), the removal of the exposed copper
reveals the electrodes in high contrast with the graphene sheet appearing faintly against the
glass Subsequentlyin e), after the plasma exposure is perform, amyprotected region of
graphene sheet is etched awbkaaving only the electrodes visibleastly irf), the image is not
showing graphene but an after image pétterned copper To verify the presence of
patterned grapheneAFM &Raman mappingnalysis wereonductedin this region. AFM
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offersinsights into the thickness andpographicaldetails while Raman mappingot only
illustrates the pattern where graphene is present but also provides a comprehensive
assessment of the quality of the graphene at every individual point onntiagt

a) Graphene Transfer b) Copper deposition ¢) UV lithography/Developing

Graphene electrodes 20 mint Plasma exposure Wet Etching
after final wet etch and acetone bath

Figure62: opticalmicroscopemageduringgraphenepatterning, where copper is removed from the sensing region of 1
deviceon the last step
In Figure63a), an optical microscope image of two graphene electrodes on glass is shown
white square shows the area of AFM schigure 63bshows anAFMimagetaken from the
square indicted ira). This AFM shows the edge of theaphene covered region highlighted
the clear and weltlefined distinction between the two regions. Howeyearoteworthy
observationis the presenceof contamination, presumably deposited subsequent to the wet
etching processThese residual entities could potentially be either dust particles, watermarks,

b) AFM nm

a) Microscope Image

100

-100

-10 Aang/
0 2.5 5 7.5 10 125 15

Figure63: a) is the optical microscope image of the patterned graphene electtyde the AFM done at the edge of
grapheneglass substrate, and)is thescan profile of the AFM.
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or remnants of the copper from the etching process. A line prafiflesented inc) shows the
topography at the edge of the graphene sheet. The profile reveals a noticeable step height of
20nm, which is significantly higher than would be expected for graphene alone, inditteging
existence of some other material in addition to graphene or due to etching of the substrate
by the oxygen plasm#loreover, thegrapheneayerexhibits aroughertexture compared to

the glass substratelue to corrugation and wrkles associated with the transfer of CVD
grapheng304].

Ramanspectroscopy is a useful tool to characterise atesuale structural and chemical
modification of graphee. To evaluate the presence of graphene and the number of graphene
layers, the Raman spectrum is used. It has three major peaks used to study the graphene
quality: G, D, and 2D. The intensity of the G peak is increased relative to 2D with an increasing
number of graphene layers. Also, the shape and intensity of G and 2D peaks change with the
graphene layerg305, 306] The ratio of IG/12D can be used to estimate the number of layers

of graphen¢307, 308] The D peak is generated from the breathing mode of the hexagonal
ring and requires a defect to be activated, meaning that the intensity ratio of ID/IG can be
used to evaluate the defect density of the graphf8@9].
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Figure64: Raman spectroscopy of the patterned graphene sansplewing the quality of graphene at multiple points o
the electrode.

Raman spectroscopy measurements were collected using a Horiba Jobin Yvon HR800. The
incident laser power was 4 m\W at room temperature, and the laser beam diameter was 0.70
pKm. An acquisition time was set to Bsondper measurement for spectral windows. Raman
measurements have been taken for devices to evaluate the presence of graphene. Raman
spectra are presented iAgure 64 for all peaks G, D, and 2D. Both G and 2D peaks are visible
for sample with graphene and absent for sample without graphene presénealdition, the

12D/IG ratio for themulti-layer and edge ofraphene is B7 & 1.36 which indicatesits
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multilayer graphene If the ratio is between 1.90 to 3 gwhene is moolayer and ifA { Q &
betweenl to 1.88 it is multilayer graphef@7, 310, 311]Moreover, there is no presence of

a D peak on graphene, which indicates that graphene is clean of defisatvident from the
Raman results that thenonolayergraphene ipresent throughout the pattern region and
showsno detectable defectscaused by the transfer and patterned process.

5.1.6. Conclusion

The fabrication process for the MIC devices involved several key steps, including the
fabrication of gold electrode patterns on a glass substrate using UV lithography, the formation
of a microfluidic channel using soft lithograpby PDMS, and the utilization of a coplanar
electrodeconfiguration.The deliberate selection of electrodeparation(10' m, 30 m, and

50' m) and channel heights (3th, 50 m, and 150m)were choose following the results from
literature and simulationThe calculated value of the pressure range indicated that the device
should not experience excessive pressure buildup, minimizing the risk of system leakages.
Additionally, oxygen plasma cleaning was performedjlarss surfacef the device to lower
surface energy, and a novel approach involving the transfer of uncured PDMS was employed
to enhance bonding between thevb surfaces.

Furthermore, the fabrication process involved the utilization of chemical CVD growth
technique for graphene synthesis and transfer onto a glass substrate, as well as the
development of a process for fabricating graphene electrodes using wet and dry etching
processes.

The fabrication process for the MIC devices involved a combination of advanced techniques
such as UV lithography, soft lithography, and graphene synthesis. These techniques were
carefully chosen to ensure the successful fabrication of -defihed gold eletodes,
patterned grapheneand a microfluidic channel with optimized bonding and surface
properties. The use of these techniqgues demonstrates a comprehensive approach to device
fabrication taking into account factors such as material properties and dgwcformance.
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5.2. Gold devices

5.2.1. ElectrodesMeasurements

Within this section of the report, two methodologies are employed to enhance our
understanding of the electrodes before finalizing our MIC device. Specifically, Cyclic
Voltammetry (CV) and Electrochemical Impedance Spectroscopy (EIS) are deployedlas crucia
techniques to delve deeper into the intricacies of the electrodes and gain a more
comprehensive understanding of its behaviour and performarc8.8%concentration of
phosphate solution from Sigma Aldrich was used as the fluid electrolyte medium, dise to
higher ionic concentration, which is equivalent to biological systems. This was used as the
standard medium for all the experiments.

The CV technique involved the cyclic variation of the applied voltage to the electrodes,
accompanied by the measurement of resulting currents. This dynamic approach proved
instrumental in revealing the redox behaviour of the samples, providing crucightasnto

their electrochemical reactions and stability, particularly under fluctuating voltage conditions.

For background details to understand CV, refesdction 2.3

The electrochemical stability of an electrode in electrolyte is of great practical significance for
potential applications. The electrochemical stability window is set by the reactivity of the
electrolyte and thus, by the redox reactions of the electrobel the solvent at the electrode
surface. The onset potential refers to the potential at which a particular electrochemical
reaction begins. It is the potential at which the analyte oxidizes at the surface of the working
electrode, causing the current fiacrease exponentially on the cyclic voltammogram until it
reaches the anodic peak curr¢BL2]. In the case of the oxygen evolution reaction, the onset
potential is the voltage at which the applied potential overcomes the activation energy for
the electrochemical reaction, leading to a significant increase in current

Performing C\n gold electrodes spacetD, 3Q & 50 micrometresapart can yield valuable
information about the electrochemicélehaviourand interactions in this confined syste#.
Voltagesweeprangedfrom -500mV to 500mWvith the scan rate of 10mV/® aphosphate
solution as a electrolytewas conductedThe interaction areaf the Auwas 0.50 &. The
experimental setuputilized for thisinvestigationwasthe GamryReference 620.
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Figure65: These are the results of a CV curve performed on Au electrittiel0, 30, & 50unelectrodesspacing

Examininghe cyclic voltammogram, presentedkigure 65 it can be observed thahe redox

and oxide peaks are not visibfer 30 aand 50 daseparations this iscauseddue to the
electric double layer(EDL)effect. The auble layer effect is a fundamental aspect of
electrochemistry and refers to the formation thfe EDLat the interface between an electrode
and an electrolyte solutionin electrochemical sensors and biosensors, the double layer
capacitance plays a role in the detection of analytes, contributing to the sensitivity and
selectivity of the sens¢813].

For 10 a electrode separationaround 150mV anel50mV the redox peak and oxide peaks
can be observed. When the electrode distance is decreasedréimsfer kinetic and mass
transport have a higher impacf314, 315] causing the peaks to be visible in only 1d®
electrode separationThis comes to show that the redox and oxide peaks have been
overshadowed by the double layer effdor all the separations

Moreover, the difference on separation of Au electrodeasa significant change in the area
under the curvespecifically between 10 &dfrom the rest The area under the curve for 10
30 and 50 Gispduv pmm ,@E8tp pmt andu® v p 1 AV. This trend shows that
there is adifference inbetween electrochemicabehaviourbetween 10 dafrom the rest of
the separationWhereasa verynegligible difference between 30&dand 50 &

As there is1ot a welldefined sharp and highnsetpeak it is associated with the initiation of
aredox processit can be said thaho significant shift in the onset potential of the oxygen
evolution reaction is found or either its very low, which means the electrodes are
electrochemicdy stabld316].

Usingequation 13 the specificcapacitancecan be calculated and using these values in
equation 14 capacitance of these electrode separation can be determimbd.capacitance
values for 10, 30 & 50 G electrode separatiosare calculated to b®.6nF, 2.8nF & 2.7nF
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respectively.These values also conclude the saof@nge, where 10 & has the highest
capacitance in comparisdretween30 dand 50 &

In Figure 65 At the rangeof 400mV to 500mV, the curveis experiencin@ stretch towards
the top. This is due to theolarizationof the electrode, where polymer starts tbepositon

the surface of electrod@17]. Polarization othe CV curve at 500mV signifies the removal of
the electrode protentional from its thermodynamic equilibrium value during the
electrochemical experimef®18]. Thigphenomenon could be due to various reasons,

1 Activation polarization If the potential of 500 mV corresponds to a region where
electrochemical reactions are activati@ontrolled, activation polarization may be
prominent. This leads to deviations from ideal behaviour

1 Concentration polarization:Changes in the concentration of electroactive species
near the electrode surface at 500 mV can contribute to concentration polarization.
This can impact the observed currents and influence the overall CV response.

1 Mass transport limitation: Diffusioncontrolled processes may contribute to
polarization effects at 500 mV, where the rate of electrochemical reactions is
influenced by the transport of species to and from the electrode surface.

1 Double layer chargingDiffusioncontrolled processes may contribute to polarization
effects at 500 mV, where the rate of electrochemical reactions is influenced by the
transport of species to and from the electrode surface.

Along with CV measurements, impedance spectra were r@sorded EIS measurements,
combinedwith the capacitance model fit, enhancesr understanding of the gold electrodes'
electrical properties ofthe electrochemicalsystem under varying gap distances. These
insights are invaluable for optimizing electrode designs, evaluating the impact of gap
distances on charge storageensitivity, and response time.

In the EIS procedure, the impedance of the electrodes was systematically measured across a
range of frequencies. This approach facilitated an exploration oeteetrical propertiesof

the system By observing the resistance and capacitance components, EIS offered a
comprehensive understanding of the overall @h&cal behaviour exhibited by the samples.
Refer tosection 2.4for more details.
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ElSechniguewas conducted on gold electrode spaa@d0, 30, &0 a A frequency sweep

from 0.1 to 10KHz was performed at AC voltage of 10mV rms in phosphate solution as
electrolyte. The experimental instrumentisedwasthe Gamry Reference 62Gamry Echem
Analystsoftware was used to do a capacitance (C) mdidein the resulted output data.
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Figure66: These are the results ah EIS (dotted), and model fit (red line) donefarelectrodes at 10, 30, & 50um
electrodes spacind.he Randels equivalent circoén be seen under the curve.

Figure66 shows the output of the EIS measurements for gold electroogwesented by the
black dots. Whereas the red line is the fitted capacitance model fit from Echem Analyst
software.The model is R in series with RC in paradlelcan be seen igure66 under the
curve. This model i@ Randel equivalent circuit model for coplanar electrode configuration
with EDL effe¢819]. The presencé&DL effectvas evident from analysis of @drvefrom
Figure 65

Thisfitted capacitance model allows for the quantification of capacitance values derived from

the impedance curveln this specific analysis, the calculated capacitaatevalues for

electrode gaps of 10, 30, and ‘5@at 10kHzare calculatedas 2.2 nF, 08 nF, andl1.47 nF,
respectively As stated byAndelman et dB20], the trend of decreasing capacitance with an
increase in the electrode separation is a wedtablished principleHowever, the capacitance

g tdzZS F2NJ GKS on >Y St SOGNRBRSa Aa OSNE t2¢6 |
be due to damage to the electrodes.
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The capacitance values obtained from the analysis are indicative of the capaeitiaeiour
observed at theAu electrodeelectrolyte interface. Lower capacitance values suggest a
reduced capacity for faster response times, &nghersensitivity to small changf&21]. From
equation 20, it is reveakd that the impedance exhibits aninverse relationship with
capacitanceThat implies that opting for lower capacitance values, $patly for electrode
separationof 30 aand 50 & in MIC devices, could enhance sensitivithe reduced
capacitance not only facilitates faster response times but also enhances the device's ability to
detect subtle changes more effectivelgection 52.2 contains all the results based on
particlesdetection

The difference in capacitance values between CVEBdcabe attributedto the fact that CV
typically assumes a single capacitive element, while EIS analysis involves fitting the data to an
Randles equivalent circuit, whichnsre nuanced and can account for naeal behaviours

of the electrochemical systerf822]. Additionally, the variance may also stem from
differences in the applied amplitude during the experiments. While CV operated with a
500mV AC amplitude, EIS measurements utilized a 10mV rms amplitude. Even when
considering an equivalent value for the CV amplitude (35885 it remains significantly
higher than the 10mV rms employed in EIS, potentially contributing to the observed
differences in capacitance values.

Conclusion

The comprehensive investigation of gold electrodes through Cyclic Voltammetry (CV) and
Electrochemical Impedance Spectroscopy (EIS) within this study has provided invaluable
insights into their electrochemical behaviour, stability, and capacitance undgmgagap
distances. The choice of a 9.8% Concentration of Phosphate solution as the electrolyte
medium, mirroring biological ionic concentrations, ensured a relevant and standardized
environment for the experiments.

CV analysis revealed nuanced redox behaviour, with visible redox and oxide peaks for the
Mn>Y StSOIGNRBRS ASLINIOGA2YIE 20SNBKFR2GSR 068& |
on>Y FYR pn>Y &aSLINIGA2YAD ¢KS | K&BdchedagaR S NI (i K
behaviourF 2 NJ 0 KS mnan>Y aSLI NI A2y O2YLI NBR G2 GKS
impact on charge transfer kinetics and mass transport. Calculated capacitance values further
ddzLILR2 NI SR (KA & GNBYRZI ¢ Apadtance emphasiikghtddistinét A y 3 (
electrochemical characteristics.

The EIS measurements complemented the CV findings, offering a detailed exploration of the
electrical properties of the gold electrodes. The fitted capacitance model from Echem Analyst
software aligned with the observed EDL effect, providing a quantitathderstanding of
capacitance values. The decrease in capacitance with increasing electrode separation, as per

the Randles equivalent circuit model, adhered to established principles. Notably, the

OF LI OAGIl yOS @I fdzS F2NJ (0KS lypindicafing@&8riatke Nd-tieA 2 y R
electrodes.
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5.2.2. Measurement setup for MIC

Impedance measurement in the MIC devices while under fluid #fi®amade using a custom
setup that combined a precision syringe pump, a high precision-ito@mplifier with
additional signal conditioning with pre and post amplification.

The microfluidic channel is held in place usingaxi® manual micrometre positioning system
which combined with ®ino-Lite AM7115 cameravas placed under the sample with optical
magnification of 2@x. With Dino 2.0 Software, this camera would show-teaé recording
of the channelThe camera haSMP sensor andperates at drame rate of60 fps.

S00myms
100 KHz

Function Pre-Amplifier
Generator (Smoothing the Computer
(Generating signal) (Real-time data
excitation collection and
frequency)

storage)

DAC

Post-Amplifier Lock-in-amplifier
(acquires data)

(Converting current to (Removing required
Voltage with element from
amplification) Fraguency)

Figure67: A schematic of complex electrisgistem employed to record, see réaie changes, and save data files from
MIC device.

Figure 67presensthe electrical setup used for MIC devices for particle detection.lTAe
Stanford SR 830 logk-amplifier,can use an internal or external reference frequency which
is then removed from its input signal received to gain the ability to detect the smallest of
variations. More details on how thelAworks can be seen isection 2.6 However to
minimise the noise in the signal generated interadip external function generator was used.

TTi TG4001 Function Generator was used to generate a signal at a frequency of 100 KHz with
an amplitude o200 mV. This signal is then fed into the SRS SR560 Low Noise Preamplifier,
configured for unity gain andquipped with a bandpass filter to eliminate background noise.

The signal is split, with one branch serving as the external reference frequency for the Lock
in Amplifier, and the other connected to one of the pads of the MIC device.

The second pad of the MIC device is connected to the SRS SR57/oikevpreamplifier,
referred to as the posamplifier in the figure above. This peainplifier will add amplification

to the signal and convert the input current to an output voltage. Tugput from the
postamplifier is then fed to the input port of tHelA where it undergoes frequency element
removal based on the reference frequency. The results are collected by the DAC and
transmitted to the computer. Redime observation of the resutis possible, with continuous
background saving.
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The significance of the transition from current to voltage output is particularly meaningful in
this context. Voltage, being directly proportional to impedance changes, is expected to exhibit
greater variations according to the impedance formula. This freadion allows for a more
sensitive and distinguishing measurement of the impedance characteristics within the MIC
device. A new complex electrical setup was build to eckahe signal strength and reduce
unwanted background signalsillustrated inthe schematic irFigure 63

The voltage variatiore() can also be compared to distinguish the patrticle sizes. Fantiad

particle 0 ) particles theawis in the range of 5mX8mV, whereas fotarge particle § )

particle the 3¢ is between 11mM85mV. From thes for O & 0 , there is a region of
overlapping values. This can easily be analysed using the analysis code. The code considers
additional parameter, the duration of interaction with the electrod&be timebased voltage

change in the LIA output results plays a pivotal role in this pro&¥gh. each interaction
between the sensing region and a particle, a peak is formetervoltage signal. Thew,
whichdefinesthe magnitude of the voltage change, is determined by the height of the peak

in the signallmportantly, the width of this peak corresponds to the duration of the particle's
interaction with the sensing region.

The analysiBython code imports thdile saved by thé.lA then identifies peaks in the voltage
signal based on the specified prominences, filters common peaks between two sets, and plots
the original signal with identified peakBrominence in signal processing serves as a crucial
metric for identifying and characteing peaks within a signdk determines the minimum
vertical distance a peak must have above its surrounding baseline to be considered significant.
The prominence of a peak is calculated by measuring its height relative to a horizontal line
drawn between the two nearest troughs or valleys other side. Peaks with prominence
values below the specified thresholds are filtered out, ensuring that only peaks with a
substantial impact on the signal are retained for further analy$iss helps detect thedand

P particles.A function is employedat make a datasefor common peaksegion between

both and that is filtered usinghe time element(x-axis)from the original dataset, helping
identifiy the peak

5.2.3. Pythoncode
This section will explain the python code, which is provided irAjmgendix

The functionis designed to analyse voltage signal data by identifying peaks of different
prominence levels and categorizing them into small peaks (peaksS), large peaks (peaksL), and
peaks within a common area&dmmon area_peaks). The data is first imported from a
specified file, and the voltage values are inverted to ensure peak detection works correctly.
The find_peaks function from the SciPy library is used to identify peaksS based on a lower
prominence threshold (9Sand peaksL using a higher threshold (pL). Additionally, peaks with
prominence values between half of pL and pL are classified as common_area_peaks,
excluding those already in peaksL. These peaks are then analyzed for their full width at half
maximum (FWMI) using the peak widths function to determine their widths and
corresponding voltage changes. The results are visualized using Matplotlib, where peakssS,
peaksL, and common_area_peaks are plotted in different colours for clarity. Finally, the peak
characteistics, including width and voltage change, are saved to a CSV file for further analysis.
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This approach ensures a comprehensive peak analysis, accounting for a transition zone
between small and large peaks and refining the categorization based on peak width
measurementsA flowchart of the function is given below.

common peaks

/ Prepr"ocess /
data / Preprocess /
data

Find Peaks / Save r;esults /
& plot

Analyze peak @
width (FWHM)

Categorize
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5.2.4. MIC device

For the intial meaurement only the logk-amplifer was used with 3V Voltagand 100KHz
frequency.The lock in amplifier was initially set to the excitation frequency and was then
allowed to automatically optimize phase and integration time to provide highest signal on the
R channel. The DC R signal was then further cleaned by a unity gain ampltfieanwit

additional low pass filterbefore being converted by an 8 bit ARGich wascollected by DAC
and presented realime readings.

During operation theDl water was passed through the device using a home built high
precision syringe pump that used sgrewdriverPI linear driver with a 2nm step size to
minimize startstop motion of the fluid flow.

Transition

Sensing
Region
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Figure68: Change of current is seen as water passes thrdgighnd 2nd gold electrodes in relation to optical view.

The nitial experiment explored the process of wetting the microfluidic channel and a
characteristic result for gold electrodase shown inFigure 68wvhich shows the evolution of
device current as the fluid sensing region (between the electrodes) is wetted by phosphate
buffer. During this experiment no amplification or current to voltage conversion was carried
out and so the sensing signal is giveteiims of current which is proportional to impedance.

Using the video feed, it is possible to associate signal variation with the various stages of
wetting. Initially a constant lock in signal is observed during which the channel is dry, As the
fluid meniscus pushes past the first electrode a drop in curcantbe observed. This can be
explained by a change in capacitance for the electrodes where lower current implies higher
capacitance. Then the meniscus moves through the sensing regions where the doopnt

more rapidly (due to the electrolyte interaog with the high field concentration in the
sensing region). Then, as the meniscus passes the second electrode the rate of change
reduces and finally becomes static once the entire sensing region has been fully wetted. Other
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more fine-grainedchanges in rate can be seen due to figure structure of the electric field and
the curved shape of the meniscus.

Observing these sectiamalong withthe respective optical imagesllows us tocollorate the
smallchanges occuringt each individual electrode. The slight rise at the each end of the
subsection indicates the stablility of the electrode urgisubsequenthangeis observed as

DI water flows through the regioiThis behavoiur indicates that the transition from the air to

DI water is not uniform across the sensing region, highlighting variations in dielectric
properties at different points.The detailed anlysis of Figure 68 reveals the system's
responsiveness to changes in the dielectric medium, offering valuable insights into the
dynamic behavior of the MIC device under different environmental conditions

Once the effect of wetting the channel had been confirmed a steady state measurement was
made to show that the devices were consistent over time. The results are shdviguire 69

For these measurements the electrical measurement setup includes pre and post
amplification and IV conversion as initially described. The results here show largely consistent
baseline across 2000 seconds for the 30um gold electrodes. Different signalftewerious
electrolytesare shown. DI and air shows a similar signal due to only dielectric contribution to
the capacitance whereas the two phosphate buffer connections are significantly increased
due to the pressence of free ions in phosphate solutidrich are able to form an electric
double layer at the electrodes. The phosphate solution with a higher concentration of free
ions, as indicated by the 9.8% phosphate solution, exhibits a higher baseline signal. This is
primarily due to the increased avallility of free ions, enabling more easy travel of electrons.
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Figure6Qiillustrates the medium comparison of thalifferent mediums between Au ‘3@ electrode separation.

In the case 00.8% Phostpohate solution, a drift ithe baline sigal is seen.this drift is
attributed to the dynamic setting of the microflilic channé leading to the polarization of
the medium.As explained by Feng e{223], polarization refers to the separation of charges
within a material. In the &seof the microfluidic channel and the phosphate solution, the
continuous flow and interaction of the solution with the channel surfaces can lead to the
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polarization of the mediumThis observation not only shows the séivity of the system but

also emphaizes its responseness to the dynamic characteristics of the medi@uonsidering
all resulting outputs9.8%phosptate solution is the most optimal solutioand willbe used
as medium for furtheexperiments.

Examiningthe baselinedata from FHgures 68 & 69, a noticeable presence ofindesired
variationis evident This unwanted sital noisecan be characterizelly the signatto-noise
ratio (SNIR

FromSection 2.7using the SNR equation, the SNR is calculated t@dBe An SNRalue of

6dBis relativtly low,a lower SNR implies that the signal is closer in magnitude to the noise,
making it more challenging to distinguish the signal from the ndmsexperimental settings,

a low SNR could mean that the measurement system is susceptible to interference or that the
signal of interest is relatively weak compared to the noise present in the system

In MIC devicewhere the variation for particle of 10a& 20 dsizeare inherentlysmall, a
higher SNR is prefable A higher SNR provides a clearer distiction betwean the signal and
the noise, making ifeasibleto extract meagingful informatiorGiven that the device aims to
detect subtle variations in particleizes, an enhanced SNR becomes crucial for accurate and
reliable measurements. Therefore, efforts to improve the SNR in the MIC deatee
warranted to ensure the sensitivity required for precise particle detection and
characterization.

There are mulple reasons thatould contribute tothis effect on the required sigal, which

are presented irsection 2.7 Implementing solutiongo all mentioned problems from that
section, no desired yeild was obtaioned. However, some techniques proved effective in
reducing the noiseStrategies included replacing the syringe pump with a nano stepper motor
to minimize flow variations, optimizing flow rate and syringe diameter to reduce oscillations,
and upgrading the data acquisition system to PicoLofi61Bardware and software for
improved resolution and noise reduction.

Despite these optimizations, residual parasitic noise persisted, indicating limitations in the
data acquisition system. Nevertheless, the measured signal deviation was significantly
reduced from50mV to 10mV, leading to a noteworthy improvement in SigonaNoise Ratio
(SNR) fron6dB to 54.16dB.

The ensitivityof selected electrodenaterials along with theircorresponding electrode gap

has beerafocal pointfor all themeasuremens. BothCV and EIS results algate the impact

of electrodegap on systemsensitivity To quantify this value,variatiors in signal strength

were measured under different fluid flow settingsand sensitivity was calculatedThe
sensitivity of each electrode can be calculated using the gradient of the curves obtained from
the measurements. The formula for determining sensitivity is as fo[BRws:

.00 E ABEYQQEYD @ '(XR QO
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(31)
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Here, the observed variations in the measured signal for different electrode separations
reflect changes in signal strength. Simultaneously, adjustments in fluid flow contribute to
alterations in signal strength. By examining the slopes of the curves, we gaimerical
measure of the sensitivity of each electrode material. This analysis helps us understand the
influence of changes in electrode separation on the overall sensitivity of the system.
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Figure70: The graph shows thehange in signal strength when fluid flow rate is changed.i$his used to calculate
the sensitivity of each individual electroskeparationdabelledon eachine.

Upon dserving thesensitivity fromHgure 70, it is evident that theelectrode separation
30 dexhibits the highessensitivity while10' ashowsthe least sensitiity. The variation in
Au electrodeseparation ishowing a notable impact ogensitivity.

5.2.5. Particle analysis

The main goal of the MIC is for particle counting and sizing in this section we carry out tests
to examine thecapability for MIC devices with gold electrode to measure dielectric particles
passing through the sensing region of the microfluidic device. The pardidepolystyrene
beads with size 10 dand 20 amixed with the buffer solution

For initial measumnents we usedtwo solutions ofa single diameter of particlesvith the
concentrationof 0.0001% in phosphate solutioand passed them through as a flow rate of
0.5 #i. These distinct mixtures allowed for controlled experimentation, ensuring the
detection of approximately one particle per second. This provided a base for observing and
analysing the behaviour of particles in the microfluidic channel, complemented by visual aid
and peak identification in the datasefThe experimental setup involved utilizing the
previously mentionedelectrical system, incorporating Picolog data acquisition, and
employing Python code for subsequent analyie results are extracted from the computer

in form of data fils. These files are then processed using Pytlomde designed to
automatically identify and categorize peak heights and particle speed, associating them to
their corresponding particle sizes. The code is programmed to generate results presented
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graphically, depicting the relationship between velocity and voltage. resultgor the signal

acquisition can be seen kigure 7.

The microfluidic (MIC) device employed featured gold (Au) electrodes with a separation of
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Figure71: Particledetectionresult fortwo low concentrationsolutionsusing30 &Auelectrodesa) scatter plots

showing theparticledetection events fordand R particle,andb) displays the distribution peak for particle detectior

Mnn>Y

Figure 7a) shows a plot of the particle counting data obtained fominutes of acquisition

of a 30um electrode device. For each particle signal analysis has extxadteity (mm/s)

and signal magnitude (mV). Tkeeare show as the axis velocity and voltage respectively.
Additional peak distribution irFigure b) showsfrequency data for particleoltage. In the
Figure 1a), a trend can be seen in thenmarked pointswhich relate to particles at the
highest velocity in the centre of the channel and lowest velocity at the edge of the channel.
The tail of this plot shows low velocity particles with high signal and a disconnected cluster of
datapoints showing low velogitand low signallnterestingly, the majority of the particle
distribution appears to concentrate in the middle of the fluid syst&ims can be understood

by Figure 2, which aids the understanding of the partisleltage to location in the channel.
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Figure72:a) is the schematic of the microfluidic channel where fluid is being égétthe presence of coplanar

electrodes at base + is used to show the strengjtht,is a graphical representation of the expected particle location

depending on SS an

dVv.
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Before progressing further to particle detection, it is crucial to gasp mechanisms that will help
understandhow particle velocity and signal strength relate the particle's location within

the specified channeParticle velocity denotes the speed of particle movement within the
channel. Meanwhile, signal strength, representing the intensity of a detection signal,
fluctuates based on the proximity of particles to the detection point.

In Figure72a), the microfluidic channel is segmented into five sections, each illustrating the
relationship between Signal Strength (SS) and velocity (V) concerning the particle's location,
particularly when coplanar electrodes are positioned at the bHsis analysis is particularly
relevant when coplanar electrodes are situated at the channel's base. Notably, particles
positioned at the farthest end from the electrodes exhibit the lowest Signal Strength (SS),
indicated by the addition of the (+) signtire figure. Conversely, particles near the electrodes
demonstrate the highes8S.In fluid flow, the centre of the fluid experiences the highest
velocity, while the velocity gradually decreases towards the boundary.

This comprehension enhances oumsight into how Signal Strength and particle velocity
correlate with specific locations within the microfluidic channel, especially in the context of
coplanar electrodes positioned at the channel's hadlestrated inFigure 72b). When a
particle is situated on the opposisideto the electrode, both its velocity and SS are observed
to be lower. Conversely, when the patrticle is near the electrode, its velisdibyv, butSSs

at their highest levelsFigure 72b) gives anapproximation of the location based on these
understandings.

FromFigure71a), where 20 & (0 ) particle are being detected, similar trend is observed.
One noticeablalistinct observations thatthe major cluster formedythese particleslo not
exhibit an extensive stretch, like the particles Thisphenomenon suggests that larger size
ofthed particle is sufftient to cover a substantial portion of the 5@iheight of the channel.

In the context of laminar flow, it becomes apparent that most of these larger particles tend
to stay concentrated in the middle of the channélhis correspondence between
experimental results and the theoretical model suggests a consistent relationship between
particle detection, location, and the dynamics within the microflughannel.

The voltage variatiors() can also be compared to distinguish the particle sizes. Fab the
particles thesw is in the range of 5SmX8mV, whereas fob particle theaw is between
11m\85mV. From therwfor 0 & 0 , there is a region of overlapping values. This can easily
be analysed using the analysis code.

In essence, the duration of interactidras very vital role iallowing the code to discriminate
between particles of different sizes based not only on their impact on voltage magnitude but
also on the duration of their presence in the sensing regidris refined approach contributes

to a more accurate and nuanced differentiation of particle sizes, especially within the
overlapping range afwvalues ford & 0 particles.

With anunderstandingf the coplanar electrode configuration and its limitaticsesction 5.1
specific dimensions have been carefully chosen for further experiments. The selected
parameters include electrode gap dimensions 3@& 50 & channel heighs of 50° @& 100

‘ a& 150 awith fixed channel width of 100 &
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With 0.1%concertation of 0 particlein phosphate solution as mediumith the flow rate of
0.5 #i, the following experimentinvolved the impact of channel height cglectrode
separation 030" && 50 & A 3ml solution was pumped through the MIC device wig00
particlesinl. The 10 & electrode separation was excluded from consideration due to its
inadequateperformance in terms of sensitivitfhe detection was performed at 200nmwis

drive voltage with 100KHz frequenayl the experiments are under laminar flow due to low
Reynolds number, calculated froeguation 4 0.083.
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Figure73:a)illustrates the detection ofn > Y LI WtHAd2t $a>Y St SOGNRBRS aSLI NI G
the detection limit and sensitivity across various channel heightisplays the distribution peak fparticle
detection

In Figure73, the MIC device in the experiment featgran Auelectrode separatiof 30° &

A comparative scatter plotis employedto analyse the particle behaviour witkariation in
channel heightAs thechannelheightincreasea, a greatervolume of liquidlows throughthe
sensing regionconsequently impacting thew. This is clearly observed from tiégure70a),
where the 150 & channel heightexhibits the highest 3w. However despite this, it
demonstrates pooefficiency andsensitivity This is due to the dilution effect, reducing the
concentration of particles perunit volume. Consequently the probability of particle
electrodeinteractioninteractions diminishes, affecting the overall sensitivity of the detection
mechanismAdditionally in larger channels, the electrical field distribution across thelthvi

of the channel becomes more diffuse, this diffusion reduces the intensity of the electric field
experience by theparticles impacting tte efficiency of detectionThel50 d&channelwas

only able todetect 18.8%of the particles Thisobservation aligns with theonceptexplained
earlier inFigure72a), wheresignal strength wakens as particles moverther awayfrom the
electrodes. The detection events in this case are probably associated with particles that were

in proximity to the electrodesConversely, particles within the middle of the fluid flow and
those on the far sidare beyond the effective detection range

A 30 d&channel height tends to exhibit a lower number of detection eveotsly 472%,
comparedto the 50 & 85% particle detection The restricted space leads to increased
particle congestion and hindered partietdectrode interaction. Additionally, the narrow
channel results in a momoncentratedelectricfield, potentiallyenhancinghe sensitivity but
alsoincrease inparticle trapping and cloggin For 50 & however, is suggests a balance
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between particleconcentrationand channelheight. the higher channéécilitates betterfluid
flow and particleistributionwhile maintainingsufficientelectrodefield strength for effective
detection

Overall, the choice of channel heighgnificantlyimpacts the performance of the MIC device.
While narrower channels may offer higher sensitivity but suffer from particle congestion,
wider channels provide better fluid dynamics but may dilute particle concentration. Balancing
these factors is crucial toptimizing the detection efficiency and sensitivity of the system.

Analysingrigure73b), it is seenthat the distribution of particles for 50 dchannel heights
more uniformly distributed, highlightingthe sensitivity to the location of the particl®©n the
other hand the 30° aheightchannelis concentrated to specific regionith larger peakAs

the primary focus of the particle distribution analysis was on regions with optimal sensitivity,
the 150 dachannel heighhasbeen excluded to avoid complicating the interpretation of the
data.
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comparative analysis of the detection limit and sensitivity across different channel heidi)ighimfigure showcases
the distribution peak for particle detection, offering a frequency distribution of the detected patrticles.

Figure74 presents theresults ofthe experimentconducted with theMIC devicefeaturing
50° delectrode separatiorior Au. The general trend is the same @is30 delectrode gap
albeit with slight changesOne notable change is thacreased scattering of data points,
especially evident in the higher valueszab. The larger electrode separation of 50dhave
largerelectric field distribution compared to the 30aelectrode gap. The altered interaction
between the fluid and the electrodes at this increased gap size could contribute to the
observed changes the output. The detection eventsf particlesfor 30,50 &150° dachannel
heightsare 34.4%, 70.5%, & 18.2%.

Additionaly, contrary to expectation, digherchannel height allows mormedium to flow
potentially resulting anncreasein 3-w. However this change imot obviousfrom the Figure
74a). This means 50 delectrode spacing demonstratésss sensitivity in contrast to 304
electrode pacing.This reaffirms the previous observation frdfigure70, where the 30 &
electrode spacing exhibited higher sensitivity.
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To furtherverify this contrast, a comparison of particle distributions was conducted using the
previous data for the two electrode separations at specific heightdluatrated inFigure75.
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Figure75:lna)y G KS FNBIljdzSyOé RAAGNROdzIAZY 3ANF LK RSLIAOGA

¢CKAA 3INFLK FFrOAtAGEFEGSaAa T O2YLI NI GABS RAA&UGNR O dzib) the/

FAIAINE KAIKEAIKGEA GKS RAAGNAOGdzAA2ZY LISF{ F2NJ LI NI A
of frequency distribution.

For 30 dachanneheight, Figure75a)does not reveal significant differences between the two
electrode separations. However, upon closer examinationFmjure 75b), it becomes
apparent that the 30 d&separation results in a more even distribution of particles. While both
aSLI NFGA2ya SEKAOAG aSyardagaidesr GKS REGL
better than theofp n > Y & S LI NI { beitgf sehsffivity iddetecBa A v 3

Mixture of 10 a& 20 dparticle analysis

In this experiment the goal isto demonstratean effective distinction between different
particles sizes in a mixed solutioh solution of 0.1% particle concertation®f& 0 (0.05%
for each sizeparticleswas made in phosphate solution. Using the natepper, 3ml solution
was pumped through the system at 0.5fi flow rate, 1600 particle/mlUsing electrode
separation of 30 aand channel of height of 50dafor further experimentsThe detection
was performed at 200mV rms drive voltage with 100KHz frequency.

Figure B is an example of particle detectiothrough Python for onedataset. In the visual
representation blue crosses are the p&s marked fob where the red circles mark . The
definition of these peaks determined by thgprominence,and toenabk the differentiation

of peaks sizes in theverlappingz-w region FWHM is used on those peak¥ider peaks are
written to belong to larger particle whereas the narrower peaks are set to be identified as
smaller particlesln the graph the red dote presents tlie and blue cross presents the.
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Figure76: This isPythonspit out foronedataset of themix particle experimentation.

In Figure Ba), acomprehensivescatterplot can be een encompassing scatter data filés
mixture of0 & 0 particles.Using FWHM andw, frequencydistribution graph iobtained
which is able to distiction betweend & U , illustrated inFigure 2b).

In Figure77a), sensing signal scatter plot is shown, featuring detection events from a 100
minute duration measurement flow of a mixture®f& 0 particlesas described abovélsing
FWHM and3w, a frequency distribution graph is obtained which is able to distinction
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Figure77: a) This plotshowsthe scatter plot for thedetection ofmix particle solution wfh Au3n > Y St SO
separation& 50 & 100 aheight and width of the channelinb), the figure showcases the distribution psédr
particle detectionThis provides a frequency distribution of the detected particles, offering insights into the abunc
or occurrence of different particle types in the solution.
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between0 & 0 , as illustrated irFigure77b). The Rparticles, with82.9% detection event,
exhibits a concentrated peak with some distribution, while thewith 85.1%, demonstrates

a more even distribution. This observation suggests that the @@lectrode gap exhibits
reliable sensitivity to the smaller particle sizes, rendering it to precisely locate them in the
system. On thether hand, the larger impact of.Bn the impedance of the system allows the
electrodes tomore accurately capture a substantial amount of information about it

5.2.6. Conclusion

The experimental investigations conducted on the MIC device with Au coplanar electrode
configuration have provided valuable insights into particle detection laglgaviourwithin

the microfluidic channel. The MIC device, featuring gold electrodes with a separation of 30

& 50 d&along with channel heights of 50, 100 & 156, facilitated controlled experiments

with varying channel heights. Observations from the experiments revealed a significant
impact of channel height on particle detection efficiency. While narrower channels exhibited
higher sensitivity, they also experieg@t issues like particle congestion. In contrast, higher
channels provided better fluid dynamics but risked diluting particle concentration. Achieving

a balance between sensitivity and fluid dynamics is crucial for optimizing the performance of

the MIC dewe, ultimately leading to the selection of a‘'5@ height for the channel. The
comparison of electrode separations,‘3@and 50 ¢ further emphasized the importance

of this balance. The 30dseparation showed slightly better sensitivity, as evidenced by a

more even distribution of particleand successfulparticle detection everd The larger

electrode separation of & & exhibited less sensitivity, confirming the significance of
optimizing these dimensions for efficient particle detecti®he solution containing a mixture

of 10 Gand 20 dparticles, alongwitha30aSt SOGNRP RS & LI OAy3a YR pn
demonstrated the highest sensitivity, leading to the detection of 82.9% and 85.1% of the
particle count.The analysis of a msolutionwas performedusing Python code with FWHM

FYR np+ LI NFYSGSNB Fft26SR F2NJ 6KS adz00SaaT¥dz
of particle interaction with the electrodes had a very crucial role in refining this discrimination,
contributing to a more refined diffes¢ G A I GA 2y 2F &AT Sax SalLISOAl @

5.2.7. Comparison with literature

The literature extensively discussesu as an ideal electrode material due to its high
conductivity, chemical stability, and biocompatibility, making it wseited for MIC
applications. Various deposition methods, including sputtering, thermal evaporation, and
electroplating, are explored, ehmffering distinct advantages in terms of adhesion, pattern
resolution, and cost. However, limitations such as adhesion issues on polymeric substrates,
fabrication complexity, and potential electrochemical degradation are noted. The conclusion
aligns with these findings, emphasizing practical challenges encountered during device
implementation, such as electrode delamination and variability in impedance measurements
due to inconsistencies in gold layer thickness. While the literature suggests surface
treatments and adhesion layers like titanium or chromium to improve bonding, the
conclusion points out the need for further optimization to ensure ldegn electrode
stability. Both sources agree that despitdu having superior properties, ongoing
improvements in deposition techniques and material integration strategies are essential to
enhance the reliability and scalability of gdidsed MIC device$he experimental findings in
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the conclusion confirm these theoretical insights but also provide critical refineméhts.
gualitative value of detection countor particleis not providedin the literature and nor do
they confirm 100% detectiqrbut literature do agreealternative materialsshould be used to
enhance the sensitivity of the devices. Tlvenclusionreports 85.1%particle detectionasfor
the most optimised Au electrode MIC device

5.3. Graphenelevices

Following the procedure discussed section 5.1.5 above graphene electrodes were
fabricated and integrated with a microfluidic channel. Typically following wetting of these
devices no signal was observed. Inspection of the devices following wetting shows that the
graphene was not presemt the channel. This is in contrast to before the fabrication where
optical microscopy and Raman spectroscopy were used to confirm the presence of the
electrodes. Explanations for this device failure could be eithemdelation of the graphene

due to fluid flow or small amounts of electrolysis driving the lifting of the graphene from the
substrate.

As a first attempt to address this issue viasmplementa modified approach. The patterned
graphene MIC device was assembled with phetective copper layercovering thegraphene
electrode This design aimed to prevent the electrochemical activation and subsequent
etching of the graphene layer.

The controlled experiment involved the deliberate etching away of the copper layer from the
graphene surface, and the variations in the systenpedancewere recorded using the
external lock in and amplificatiotircuit, mentioned insection 5.2.2 with the drive voltage

of 100mV To facilitate this selective etching process a copper etchad passed through

the microfluidic systemspecifically ammonium persulfate (APS).

The results ifrigure78reveal the impact of the controlled etching procedéshe copper from
the electrodes and subsequent response of the graphene.

Copper Graphene
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Figure78: lllustrates the change g@otential across the sensing region, depicting the etching of Cu electrode and gra|
electrodes.
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An initial decrease in signal follows the solution of the copper and the reduction of the
conductivity of the electrodes. When the copper is dissolved the signal continues to reduce
in a more gradual fashion. A close inspactof this region inb) shows that the reduction
occurs as a sars of sep-like features before levelling out with a signal level of 30MA&.
interpret this region in three different segmentsthe first part showsetching ofthe Cu
electrodein the presence oRPS, seconpart depictsthe etchingof graphene, and the third

part showcaseshe potential for the region outside the channel of the Cu electrodes, where
air serves as thenedium. Although no graphene is left within the channel, the system still
registers some potential across the electrode. This is attributed to the presence of copper
electrodes outside the channel, now exposed to air as the medium. Since air possesses a low
dieledric constant, the anticipated result is very low potential values.

Given that the removal of the graphene appeared to be unavoidable for an electrolyte fluid
flow and that delamination of the graphene was presumable the isseeeral adhesion
enhancing strategies we employed

The experimental methodology comprised two primary surface modification techniques to
enhance the adhesion of graphene on a glass substrate: oxygen plasma treatment and surface
functionalization with aminopropyltriethoxysilane (APTES). Prior to treatmiet, glass
substrate underwent a meticulous cleaning process involving Acetone, isopropy! alcohol
(IPA), and deionized (DI) water. Subsequently, the substrate was exposed to an Asher plasma
cleaner for 5 minutes during the oxygen plasma treatment to indumgarophilic
characteristics and facilitate improved adhesion.

Following the oxygen plasma treatment, a graphene sheet was transferred onto the glass
substrate, and the subsequent steps of the graphene patterning process were executed.
Contact angle measurements were conducted to assess the success of the plasmarteat
confirming a highly hydrophilic surfaéth the contact angle o28J. However, patterned
graphene did not maintain adhesion when introduced to the microfluidic system,
necessitating further optimization for electrode stability.

The secondurface modification technique involved functionalizing the substrate with APTES,

a silane coupling agent. The glass substrate was rigorously cleaned with Acetone, IPA, and DI
water to eliminate contaminants. Oxygen plasma was then applied to generatentydr
groups on the surface, facilitating the attachment of APTES. The APTES solution was applied,
leading to the formation of covalent bonds between amino groups on APTES and surface
hydroxyl groups, resulting in a stable APTilEtionalized surface. Grapne was
subsequently transferred onto the APTFiSctionalized substrate, with subsequent steps
completing the graphene patterning process.

Despite successful APTES functionalizaenevidenced byhe contact angle ofl6], the
challengespersisted, particularly in the face of electrochemical etching within the microfluidic
device. Potential contributing factors were investigated, including unsuccessful APTES
functionalization, potential incompatibility of the graphene patterning procest WPTES,

and the sensitivity of APTES to high temperatures during the thermal evaporation step.
Additionally, attempts to mitigate these challenges involved coating the ARITE®onalized
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ANI LIKSYS g A0 K -tHick laysiBiPBINAI AL D Bhis protéttive layer aimed to act
as a barrier against direct contact with the medium during device operation, yet results were
inconclusive, emphasizing the intricacies associated with electrocléatthing. Challenges
included the suboptimal thickness and uniformity of the PMMA layer, potentially leading to
inadequate protection or the introduction of defects during spin coating. These defects could
compromise the integrity of the graphene and stability within the microfluidic system.

5.3.1. Conclusion

In conclusion, this study illuminates the intricate challenges involved in safeguarding
graphene electrodes within microfluidic devices against electrochemical etching. The
modified approach, incorporating a protective copper layer and employing various
sdeguarding techniques, has unveiled the complexities inherent in preserving graphene
integrity under controlled electrochemical conditions. Notable issues, including unsuccessful
APTES functionalization, incompatibility with the graphene patterning procass the
stability of APTES under elevated temperatures, underscore the intricate nature of this task.

Furthermore, the exploration of a polymer film as a protective barrier has highlighted
challenges concerning thickness, uniformity, and the formation of defects during the coating
process. These findings underscore the crucial need for precise optimizatisnrface
functionalization, patterning processes, and protective coatings to effectively counter the
impact of electrochemical etching on graphene electrodes.

The study's results provide a compelling argument for the necessity of further investigations
and refinements in experimental techniques to overcome the challenges associated with
electrochemical etching.

5.3.2. Comparison with literature

The literatue talks about tle advantages of graphenfer sensitivitybasedappications Its
currently being usé as gas sens®; bio sensos, chemical serns, and electrochemical
sensorsparticularlydue to its exceptional electrical conductivity, mechanical strength, and
flexibility. These propertiesmakeit an ideal materialto be usad in microfluidic devices.
Additionally,some of the literature discusses the challenges related to the integration of
graphene into devices, including the difficulty in achieving precise control over material
properties during fabrication and the need to optimize surface functionalization for erlganc
detection performance.

The experimental findings also provide sometesthat are not extensively covered in the
literature. While graphene's inherent properties offer significant advantagagnsitivityof

the sensor the conclusion indicates that challenges related to material integration and
channel configuration were more pronounced than initially anticipated. The results also
emphasize the need for further optimization of electrode positioning and channel dintensio

to mitigate issues such as signal distortion or reduced sensitivity due to particle aggregation.
Moreover, the conclusion reveals that, while graphene's surface ewald bebeneficial for
detection, finetuning the functionalization and ensuring a stable and reproducible
fabrication process is critical foerformance.Furthermore, thegraphene behaviour in the
dynamic setting with low A@oltage have somenderlyingissues that needs to be addressed.
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5.4. Pyrolytic carbon

PyCis one of thecarbonbasedmaterials explored as electrode material for MIC desite
possesseseveral properties and benefits that make them suitable option for microfluidic
coplanar electrodes, i.enigh electrical conductivityf325], high mechanicalolerance, high
thermal stabilityand biocompatibilityf326]. By leveraging the unique properties ByC the
transition from metal electrodes tByCGn MICcan lead to improved stability, sensitivity, and
versatility.

5.4.1. Electrode Measurements
CV was conducted oRyCusing the same parameters and systems mentioned in Au
electrodes.
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Fiaure79: These are the results of @hd shows I\éurve forPyrolvtic carbomerformed on electrode aap of 10, 30, &

Examiningcyclic valammogram,presented inFigure79, we can sedhat the differerce in
separations oPyCelectrodes do not have any significant chang the areaunder the curve

For 1® & 30 dand 50 dGthe areaist® 0 p1m ,0 p 1 ,08tx p 1T AV.This
suggess that there may be some influence of th&t S O Nép&R&Siad don the
electrochemical behaviouAdditionally,the redox and oxide peaks are not visitiles is due

to double layereffect. Double layer effect is a fundamental aspecelefctrochemstry and
refers to the formation otlectricdouble layer at the interface between an electrode and an
electrolyte solutionIn electrochemical sensors and biosensors, the double layer capacitance
plays a role in the detection of analytes, contributimgthe sensitivity and selectivity of the
sensof313].

By employingequation 13 to calculate thespecificcapacitanceand using these results to
determine the capacitance valuesingequation 14 following values werebtained:2.1nF,
1.8nF & 1.4nF for electrode separation of 10, 30, & 504 respectively. This similarity in
capacitance values across different electrode separations suggests that, within the analysed
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range, the choice of electrode separation doesn't substantially impact the overall capacitance.
As was expected from interpretation of ti&v curve

With its impressive electrical conductivity ranging fron? id 10* S/m, PyCemerges as an
exceptional candidate for electrode applications in Rggrformance energy storage devices
and energy conversion systems.

Furthermore, he conelike extensions observed in cyclic voltammograméwveen 400to
500mV and-400mV to-500mV can be associated with polymerization processes. The
appearance of such featuresdseto electrochemical reactions involving the formation and
deposition of polymers on the electrode surf§827, 328] This phenomenon is known as
electro polymerizatiorand is an irreversible process

To further evaluate the impact of the electrode spacing, EIS was conductegatectrodes
spaced 10, 30, &50 & A frequency sweep from 0.1 to 10KHz was performed at AC voltage
of 10mV rms in phosphate solution as electrolyte. The area of sensing was 0.and the
experimental instrument was Gamry Reference 620. Gamry Echem Analyst software was used
to do a capacitance (C) moelélon the resulted output data.

Figure80: These are the results of an EIS (dotted), and model fit (red line) ddhgatic carborelectrodes at 10, 30, &
50um electrodes spacinghe model fit is based on coplanar electrode capacitaesistor parallel model.

Figure80 states the results of EIS measurements PyiCelectrodes, represented by black
dots. The red line corresponds to the fitted capacitance model generated by Echem Analyst
software. The model iR h series with RC in parallel. This moddlepictsthe Randes
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