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Abstract

In integrated electrochemical microfluidic biosensors, the synergy between
control over fluids in a miniaturized environment and electrochemical de-
tection on thin films microelectrodes enables the development of microflu-
idic Lab-on-Chip (LOC) biosensors with enhanced sensitivity and selectiv-
ity, disposability, reduced cost, portability, real-time detection, and high
throughput. Because of these advantages, several attempts have been made
to develop rapid prototyping methods for producing integrated microfluidic
biosensor platforms using polymeric materials. Recently, Fused Filament
Fabrication(FFF) additive manufacturing, which is based on the layer by
layer deposition of thermoplastic melt extrusion attracted much attention
for the fabrication of microfluidic platforms in a single step, with high pro-
cess speed, low production costs, and automated manufacturing directly from
virtual data. However, because of the poor adhesion between metallic thin
film electrodes fabricated using conventional techniques and FFF printing
materials electrodes are usually integrated into microfluidic platforms either
modularly or using adhesive layers placed at the bottom of the fluidic chan-
nels. This hinders exploitation of the huge potential of such rapidly expand-
ing FFF technology for scale-up manufacturing of integrated microfluidic
biosensors. In this Ph.D. work, supersonic cluster beam deposition(SCBD)
technology was employed for the successful fabrication of nanostructured thin

film electrodes directly integrated into FFF printed microfluidic platforms.



SCBD enables the formation of strongly anchored metallic thin films by im-
planting supersonically accelerated neutral metal clusters into any polymeric
substrate. The SCBD technology enables depositing over large areas by using
a variety of materials, such as noble metals and metal oxides, with precisely
controlled surface topography that determines the deposited film wettability,
isoelectric point, and biocompatibility, that would in turn tailor the loading
and physical adsorption of biological molecules to enhance the performance
of biosensors. A novel integrated manufacturing approach was developed
and optimized in order to couple the two additive layered manufacturing
methods, SCBD and FFF 3D printing for the fabrication of electrochemi-
cal microfluidic platforms provided with electrodes employed for Lab-on-chip
electrochemical biosensors. Consumer-grade FFF printed fluidic thermoplas-
tic microfluidics with channels having different dimensions, fluidic ports and
electrical interconnections, employing acrylonitrile butadiene styrene (ABS)
as the base material was monolithically integrated with SCBD deposited Au-
working, Au-counter and Ag/AgCl reference electrodes to develop a three
electrodes configuration electro-chemical cell on-chip. The potential func-
tionality of the prototype of the three-electrodes embedded electrochemi-
cal microfluidic biosensors as electrochemical sensors was assessed employ-
ing cyclic voltammetry, chronoamperometry and electrochemical impedance
spectroscopy measurements performed in stagnant ferrocyanide-ferricyanide
redox solution. The cyclic voltammetry response showed that the proto-
type possessed huge functionality for electrochemical detection and analysis.
The chronoamperometry measurement indicated the electrode embedded mi-

crofluidic platform enabled highly sensitive detection of the probe. The elec-



trochemical impedance spectroscopy revealed that the embedded electrode
possessed highly rough and porous surface features that enhance sensitiv-
ity and detection range. In addition, the in-channel flows dynamic cyclic
voltammetry recorded in the same probe with various flow rates resulted in
increased Faradic current that signifies the potential to improve sensitivity
and enhances the detection limit of the sensors. Thus, leveraging the novel
integration approach the SCBD and FFF technologies can be integrated to
manufacture highly sensitive, low-cost, portable and user-friendly electrode
embedded electrochemical microfluidic biosensors. The device could be read-
ily employed for various customized clinical, industrial, and environmental

sensing applications.
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Chapter 1

Introduction

Electrochemical microfluidic biosensors have emerged as a powerful technique
in chemical and biological detection and analysis [1, 2, 3]. They retain a huge
potential application in health cares [4, 5], water and food quality assurances
6, 7, 8], agriculture [10, 11], and environmental monitoring [12, 13, 14, 15] be-
cause of their advantages of simplicity, higher sensitivity and selectivity, dis-
posability, portability, and cost-effectiveness [16]. For the last three decades,
electrochemical microfluidic biosensors have revolutionized traditional detec-
tion and analysis into the point of care testing, and rapid and onsite real-time
monitoring system. This created an unprecedented promising opportunity
for patients and physicians to get real-time feedback information about the
patient [17, 18, 19|, real-time detection for clinical studies [21] and in situ
investigation of environmental condition [22, 23]. Among many commercially
available portable electrochemical biosensors, home blood glucose monitor-
ing used to assist diabetes in controlling their blood glucose level [24], and

I-stat blood analyzer [25] are typical examples.



Currently, electrochemical biosensors represent the most rapidly develop-
ing class of sensors and captures the largest market share among thermal,
piezoelectric, and optical biosensors [26, 27|. Driven by increasing diabetes
population, a prevalence of lifestyle associated diseases, and increasing appli-
cation of biosensors in various industries, global electrochemical biosensors
market is projected to reach USD 23707.2 million by 2022 and the biosensors

industry is expected to grow at a CAGR of 9.6% by the forecasted years [28].

During the last two decades the marriage between electrochemical biosen-
sors and microfluidics technology enabled by advancement of nanofabrica-
tion technology facilitated integration of electrochemical and biological units
into the microfluidics platform consequently engendering microfluidic Lab-
on-Chip (LOC) biosensors with improved sensitivity, selectivity, disposabil-
ity, reduced cost, portability, real-time detection and high throughput [29,
30, 31, 32, 33]. Due to such advantages several extensive types of research
have been conducted to develop new nanomaterials transducers [34, 35, 36,
37, 38, 39, 40], novel fabrication strategies [41, 42, 43, 44, 45|, and versatile
and low-cost base materials [46, 47, 48, 62, 50, 51, 52, 53, 54, 55| for building
microfluidics platform in order to develop faster prototyping methods with

reduced cost, enhanced performance and portability.

Despite significant signs of progress, abundant manufacturing of microflu-
idic LOC electrochemical biosensors have been impeded because conventional

microfabrication approaches which are adapted for polymer-based microflu-



idics rely on the use of expensive techniques (e.g. injection molding, casting,
embossing)[56, 57| or time-consuming methods (e.g. laser writing [58], elec-
tron beam lithography [59]). Furthermore, a multistep production process
for the assembly and sealing of the systems of different components after
the electrodes fabrication (e.g. via adhesive or thermal bonding) is required,
and hence these strategies are inefficient for prototyping[60]. Moreover, it is
also significantly constrained by the interplay between the choice of microflu-
idics base materials and compatibility of transducer fabrication tools [61, 62].
This is due to the requirement that the microfluidic biosensor platform must
be biocompatible to accommodate bioreceptors and simultaneously exhibit a
strong adherence for thin film electrodes [63]. Soft lithography using PDMS
elastomers and thermoplastics polymers have transformed the fabrication
process into a cheaper and benchtop process [64, 65] however, the electro-
chemical microfluidic biosensors have remained only in routine laboratory

research works.

Recently, layered additive manufacturing (or 3D printing technology) has
become increasingly popular for prototyping (RP) of microfluidic biosensors
because of the huge capability of these methods to produce the device in
a layer-by-layer fashion directly from digital models, in a single step with
low cost, enhanced pace and automated systems [66, 67, 68, 69, 70]. How-
ever, their full potential for building unitarily microfluidics integrated elec-
trochemical biosensors have not been exploited due to the incapability of the
existing fabrication tool to directly deposit a strongly anchored functional

electrochemical transducers onto RP printed polymer substrates, requisite



for building cost-effective sensors. This precluded efficient use of the three-
dimensional printing technology for manufacturing scale-up of microfluidics

integrated electrochemical biosensors.

The SCBD produces strongly anchored nanostructured thin film with tai-
lored morphology from gas phase cluster sources [71, 72] on various substrates
including thermoplastic polymers [73, 74, 75]. It allows deposition of large
area metallic thin films at room temperature enabling deposition on temper-
ature sensitive substrates. In this project, SCBD was leveraged to couple
with FFF technology employing a novel fabrication strategy to develop uni-
tarily electrode integrated microfluidics electrochemical sensor platform with
an improved fabrication pace, low cost, portability, and autonomy. This
Ph.D. project focused on three primary areas to fill the gap needed to bring
RP technology, particularly FFF technology for developing fully integrated

electrochemical microfluidics biosensor device.

In the first part potential application of SCBD fabricated nanostructured
material directly depositing on thermoplastic FFF printed materials from
gas phase cluster source were assessed for potential to build electrochemical
devices. In this case, the nanostructured materials were used as an electro-
chemical transducer and complementary electrodes to establish an electro-
chemical cell. By depositing the nanostructured materials directly on FFF
printed substrates, the SCBD opens up a way to bring the FFF technol-
ogy for application in the fabrication of electrode embedded electrochemical

microfluidics biosensors. The large area deposition capability the SCBD tech-



nology enables fabrication of fully functional microfluidics integrable working

and counter electrodes.

In the second part, metalization capacity of the SCBD technology was
employed to bridge FFF technology and electroplating methods to fabricate
Ag/AgCl quasi-reference electrodes. In this case, the FFF printed thermo-
plastic materials became metalized using SCBD by implantation of metallic
nanoparticles into the polymer matrix [73], which was subsequently used
as conducting path to electrodeposition of functional and microfluidics inte-

grable quasi-reference electrodes [74, 75].

The third part focused on developing a novel integration strategy to com-
bine the SCBD deposited electrodes and FFF printed microfluidics platform
to develop the integrated device. In addition, relevant surface treatment
technique was studied to improve the poor surface finish inherent to FFF
printed materials [76, 77]. The electrode embedded electrochemical microflu-
idic biosensors platform was successfully developed as a proof of concept,
which can be readily customized for building various electrochemical mi-

crofluidic integrated biosensor devices.

The first chapter of this report presented the general introduction and
motivation. The aim of the Ph.D. project was described in chapter two. The
third chapter discussed relevant background on electrochemical biosensors,
applications of nanostructured materials in electrochemical biosensors, basic

components of electrochemical sensors, and microfluidics integrated biosen-



sors. Materials and methods used to accomplish this project was reported in
the fifth chapter. This chapter also discussed the experimental procedures
executed to accomplish the proposed device. The fifth chapter presented re-
sults and discussions. Summary of the project and future perspective was

presented in this chapter.






Chapter 2

Aim of the project

The aim of this Ph.D. project was to develop a quick, inexpensive and scalable
rapid prototyping mechanism integrating FFF and SCBD for manufacturing
of electrode embedded electrochemical microfluidic biosensor platform, which
is highly sensitive, portable, and user-friendly. For realization of the device,
the ability of SCBD technology to fabricate strongly anchored large area
metallic thin film with tailored surface morphology from gas phase cluster
source and the huge capacity of FFF technology to manufacture a microflu-
idic device directly from virtual data were exploited by bridging through a

novel integration strategy.

The viability of the proposed platform for electrochemical sensing appli-
cation was demonstrated by constructing the device by embedding three elec-
trodes electrochemical cell, the SCBD manufactured Au working and counter
electrodes, and electroplated Ag/AgCl quasi—reference electrode into FFF

fabricated microfluidic platform and then electrochemically characterizing in

10



ferro/ferricyanide redox couple using cyclic voltammetry, amperometry, and
electrochemical impedance spectroscopy. Moreover, the potential application
of the prototype for online or dynamic flow sensing was assessed by record-
ing flow cyclic voltammetry in ferro/ferricyanide flowing through the channel

passed the surface of embedded electrodes with various flow rate.

In summary, four research goals are formulated in this project: Inves-
tigation of the SCBD technology potential for deposition of nanostructured
electrode materials on FFF printed thermoplastic polymers that could be em-
ployed for manufacturing of electrochemical biosensors. In addition, exploit
the plastic metalization capacity of the SCBD for fabrication of microfluidics

integrable Ag/AgCl quasi-reference electrode.

Developing surface modification methods that reduce the poor surface
finish of FFF printed materials in order to use for building a platform suitable
for fabrication of electrode materials.

Developing a novel fabrication strategy to integrated FFF and SCBD
technology to manufacture electrode embedded electrochemical biosensors.

Electrochemical evaluation of the integrated platform potential applica-

tion as a sensor.
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Chapter 3

Background

3.1 Electrochemical Biosensors

According to TUPAC 1999 definition an electrochemical biosensor is defined
as a self-contained integrated device, which is capable of providing specific
quantitative or semi-quantitative analytical information using a biological
recognition element which is retained in direct spatial contact with an elec-

trochemical transduction element.|[78]

Fig. 3.1 shows typical electrochemical biosensor parts. a) The biorecep-
tors such as enzymes, antibodies, DNA, antigens, whole cells, tissues, plant
and various synthetic molecules that interact with analyte through affinity or
catalytic bonding. b) A transducer that serves as a bioreceptor immobiliza-
tion platform and converts biochemical signal resulting from the interaction
of the analyte with the bioreceptor into an electronic signal. c) The elec-

trochemical excitation signal is delivered and the response is recorded and

13
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Figure 3.1: Basic components of electrochemical biosensors

processed by the potentiostat. Then the response was converted to meaning-
ful information by a computer software. The generated signal is proportional

to the analyte concentration.

The basic principle of electrochemical biosensors rely on interfacial charge
distribution and transfer dynamics between an electrode and an analyte in
a solution. The charges are generated from the electrochemical reaction at
the electrode surfaces. This charge distribution or transfer can cause a flow
of current, generates voltage or causes a change in impedance of the electro-
chemical system that can be modulated by applying an external signal. The
produced electrical signals can be correlated with either the concentration
of electroactive species present in the solution or its rate of production or

consumption, which is proportional to the analyte concentration [79].
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3.1.1 Electrochemical cell

All electrochemical biosensors are composed of three electrode electrochemi-
cal cell to prompt interface electrochemical reaction, facilitate charge transfer
process and record the response. The charge transfer process between the
electrode and solution near the interface is induced by applying an external
potential to conform the Fermi level of the electrode such that it matches
with molecular orbitals of the electroactive species in the solution as shown in
Fig.3.2. In this case, the HOMO/LUMO energy levels correlate with the for-
mal potential of the electroactive redox couples, and the electrode potential
at chemical equilibrium is given by the Nernst equation 3.1 [80].
RT . [Oz]

B, —E°=""1
nF " [Red]

(3.1)

E. is the electrode potential, and E° is the formal potential, R is the gas
constant (8.314 J K~ mol™'), T is the system absolute temperature (K), F is
the Faraday constant (96,485 C mol~!) and [Ox] and [Red] are concentration

of oxidized and reduced species respectively.
When overpotetnial is applied to give rise redox electrochemical reaction,

the electrochemical kinetics is governed by the Butler-Volmer equation. The

fundamental relationship between current and applied potential is given by

15
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Figure 3.2: Fermi level adjusting for reduction of analytes

the equation 3.2 [80].

o ankF 1—a)nF
i = dolexp(——=)(E — E,) — exp <R—T>

i (E-E)  (32)

Here, where i, is exchange current density, F, (in V) is the standard
potential of the redox reaction, E (in V) is the applied potential, R is the
gas constant (J/K mol), F is the Faraday constant (C/mol), T (in K) is the
temperature, n is the number of electrons transferred, o and is the transfer

coefficient.
The simplest conventional electrochemical cell is shown in Fig. 3.3 con-

tains a working electrode, counter electrode, and reference electrode. In this

set up the external potential that give rise redox reaction is applied to work-

16
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Figure 3.3: Simple conventional electrochemical sensor

ing electrode with respect to the reference electrode. The resulting current
from the redox reaction is measured between the working and counter elec-

trodes.

The working electrodes are the most important part of the electrochemi-
cal cell, which serves as a biochemical element immobilization platform and
at which an electrochemical reaction occurs. The choice of the working elec-
trode is often based on signal-to-noise ratio, reproducible response, free of
interfering reactions over the potential of interest, high electrical stability,
low cost, biocompatibility, and long-term stability, potential window, better
electron transfer efficiency, high bioconjugation efficiency, and favorable re-
dox property. Usually, the working electrode is made of Au, Ag, Pt, Hg drop

and film and glassy carbon etc. The counter electrode is used to complete

17



a circuit of three-electrodes electrochemical cell established to measure cur-
rent resulting from an electrochemical reaction. The most commonly used
counter electrode materials include inert material (e.g. Pt, Au, graphite,

glassy carbon) and silver [81].

Reference electrode provides stable potential against which the potential
of the working electrode is controlled and measured, is kept at a distance
from the reaction site. Among commonly used reference electrodes such as
Hg/HgyCly (calomel) and the standard hydrogen electrode(SHE), AgCl is
widely used because it is easy and cheap to prepare, simple, relatively non-
toxic, possess huge prospect of miniaturization and integration with the ex-
isting technologies [82, 83, 84]. The typical potential of the Ag/AgCl half-cell
reaction shown in equation 3.3 is determined by the chloride concentration

of the solution [85].

AgCl < — > Ag(s)+Cl,,  E,=+0222VVs.SHE  (3.3)

At the interface of the electrochemical cell and solution, there is the for-
mation of an electric double layer (EDL) depicted by the model shown in
Fig. 3.4. The first region consists of a charged solid surface and a net excess
of hydrated counter-ions. This region is compact charged layers made up of
parallel charge layer of the electrode surface and hydrated opposite ions. It is
represented by parallel plate capacitor [80]. The stern layer represents immo-
bile hydrated counterions adsorbed to the electrode and immediately adja-

cent to the wall. The diffuse and mobile layer separated by shear plane from

18



the Stern layer is designated by Gouy-Chapman Layer. This interface phe-
nomenon provides information about electrode reaction kinetics that enables
to assess the surface property and conductivity, criteria on which electrode
material selection is based on, and the proper immobilization of biochemical

molecules.
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Figure 3.4: Electrochemical interface

3.1.2 Nanostructured thin film Electrodes

The cost, performance, and portability of electrochemical biosensors have
improved with the advancement in the synthesis of nanostructured materi-
als(NsM) that enabled the rapid proliferation of various design and architec-
tures of electrodes for the last three decades [86, 87]. NsM are materials that

have at least one dimension in the nanometer range (typically between 1 and
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100) nm [88] and display unique physical and chemical features due to the
size effects. They provide a high specific surface area that enables enhanced
loading of biochemical elements [89], excellent electron transfer promoting
ability associated to the increased conductivity caused by the high fraction of
atoms on the surface [90], enables control on morphology and high prospects

for miniaturization to fabricate a compact and portable device.

Manipulation of the surface morphology or roughness enables to mod-
ify the physical and chemical behavior of the electrode surface. Borghi et
al. [91, 92] showed that the roughness of the thin film electrode can be
controlled to provide a high surface area that allows enhanced loading of
protein that improves sensitivity. Another work from the same team showed
that isoelectric point, wettability and pH of the electrode surface can be
controlled by manipulating electrode surface roughness thereby to make the
surface biocompatible [93]. The architecture of biomolecules immobilized on

nanostructured surface is shown in Fig. 3.5.

. & & o biomolecules

nanoparticles

Electrode

Figure 3.5: Nanomaterials modified electrode
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A continuous effort has been produced to synthesize novel functional
nanomaterials, deposition tools, and substrate material for building elec-
trochemical sensors that satisfy the foregoing criteria [94, 95]. The conven-
tional approaches employed for fabrication of nanostructured electrodes such
as lithography and etching approaches that develop the desired nanostruc-
ture by removing materials starting from bulk by series of steps and it is
well-established technology for fabrication of electrochemical sensors on the
silicon wafer and glasses [96, 97]. However, they are impeded by physical and
technical limitation, and the chemical used during etching is not suitable to
apply on plastic substrates, an excellent candidate for manufacturing cost-
effective, flexible and biocompatible sensors. In addition, the approaches are
costly because of the cleanroom requirement, and very slow and multi-step

process.

The direct fabrication methods such as atomic layer deposition, sol-gel
nanofabrication, molecular self-assembly, vapor-phase deposition approaches
produce nanostructured materials by stacking vaporized atoms, molecules or
clusters layer by layer. The methods are widely used for producing electro-
chemical sensors on glasses, silicon, and composites [98, 99]. However, the
desired metals should be heated to vapor at a higher temperature that may

deform polymer substrates.
Electrochemical methods such as electroplating and electroless deposition

approaches produce cost-effective conductive NsM with various surface fea-

tures from solution, but they require prior metalization and activation of a
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non-conducting substrate by reducing agents or a stabilizer respectively [100].
Screen and inkjet printing have been effectively used to fabricate several elec-
trochemical sensors, however, high-temperature annealing limits the flexible
substrate choice [101, 102]. On the other hand, SCBD technology is widely
used for the fabrication of nanostructured electrodes with a tailored surface
on the polymer substrate without deformation. The detailed description of
the device is given in methods and materials. Moreover, the development of
nanotechnology paved a way for the integration of electrochemical biosensors

and microfluidic devices thus creating synergetic effect [31, 103].
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3.2 Microlfuidics and biosensor on chip

Microfluidic technology provides a mechanism to control and manipulate
a very small volume of fluids using channels with a dimension of tens to
hundreds of micrometers [104]. Basically, microfluidics comprises of a chan-
nel for a flow of fluids, control and fluid delivery systems that manipulate
the flow and provides a number of significant advantages. The emergence
of microfluidics paved a way to miniaturization of the fluid system enabling
portability and rendering new functionality and changing paradigm of exper-
iments in chemistry, biology, medicine, and physical sciences [105, 106]. This
system enables the integration of multiple processes like mixing, separation,
detection, and labeling. Using microfluidic system laminar fluid flow can be
achieved and allows to leverage physical, chemical and biological phenomena
at lower dimensions applied to biosensors. Because the channel dimension is
very small, the amount of reagents used are small, which can decreases costs
and enables to do a complete experiment using small quantities of precious
samples and reduced waste products. The reduced dimension also gives rise

to faster diffusion, increased reaction time, reduced cost and portability [107].

3.2.1 Microfluidics fluid flow characteristics

Fluid flow in microfluidics is manipulated by pressure, magnetic, electric
field and capillary fields. In pressure field flow, pumps(syringes pumps) are

commonly used to drive fluid in the channel and creates velocity profile inside
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the channel. In the case of electrokinetics, advection is induced by applying
an electric field across the channel with charged walls to prompt the ions
in the double layer move towards the electrode of opposite polarity, thereby
creating motion of the fluid near the walls [108].

The characteristics of fluid flow through microfluidics systems is described
by the Reynold number(R.), the ratio between inertial force to viscous force

[109] represented in equation 3.4.

~ pvDy
I

R, (3.4)

where p is the viscosity, Dy, is the hydraulic diameter p is the fluid density
and v is the characteristic velocity of the fluid.

R. < 2300 generally indicates a laminar flow and R, > 2300 the flow is
considered to be turbulent. In laminar flow molecules can be transported in a
relatively predictable manner through microchannels and mass is transported
through diffusion perpendicular to the flow direction. In addition Flows are
linear and the flux line do not cross each other.

The mass transfer in microfluidic flow is measured by Peclet number(P,)
as shown in equation 3.5, which is the ratio of convective to diffusive mass

transfer.

_un

P
D

(3.5)

where U is flow velocity, h is length the microchannel and D s the species
diffusivity

When P, << 1 then diffusive effects dominate over convective transport,
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and when P, >> 1 the convective transport dominates the diffusive trans-
port.

The fluid dynamics in microchannel with uniaxial incompressible flow at
low R, is governed by the Navier-Stokes equations(momentum conservation)

given by equation 3.6.

ou

P = —VP+uV2U + pf (3.6)

where p is viscosity of the fluid, U is the velocity field along the channel, P
is pressure, and f is the net force per unit volume acting on the fluid.
The laminar velocity profile for the flow in a microchannel with dimen-

sions represented in the Fig. 3.6 obtained from equation 3.7. [110]

X

Z=B

Z=-B

Figure 3.6: Schematic representation of the steady, fully developed laminar
flow velocity profile in a rectangular channel of half-width B [111]
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Here, AP is the pressure drop across the length L of the channel.

The average fluid velocity in the channel is described by equation 3.8.
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1APB?
U— =

= 3.8
3L (3.8)
and the volumetric flow rate ), which is the product of the above average

velocity and cross-sectional area for flow 2BW given by the equation 3.9.

2APB3W

L (3.9)

3.2.2 Microfluidic biosensors on a chip

The integration of microfluidics and electrochemical biosensors give rise to
a synergic effect that renders microfluidics LOC biosensors with enhanced
performance, reduced cost, portability, and autonomy. In addition, the
microfluidic system enables to introduce laminar flow induced convection
onto confined electrode surfaces thus enhance the signal to noise ratio, sen-
sitivity, a detection limit of electrochemical sensors and expand the scope
of electrochemical biosensors application for autonomous flow investigation
of online monitoring [156, 113, 29]. Because of these advantages, several
attempts have been made to develop rapid prototyping methods for pro-
ducing integrated microfluidic biosensor platforms using polymeric materials
[114, 115, 116, 117]. Conventional microfabrication approaches which are
adopted for polymer-based microfluidics rely on the use of expensive tech-
niques (e.g. injection molding, casting, embossing) or time-consuming meth-
ods (e.g. laser writing, electron beam lithography) [57, 59]. Furthermore,
a multistep production process for the assembly and sealing of the systems

of different components after the electrodes fabrication (e.g. via adhesive or
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thermal bonding) is required, and hence these strategies are inefficient for

prototyping.
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3.2.3 Rapid prototyping of integrated microlfuidic biosen-

sSors

Rapid prototyping involves executing three basic steps of additive manu-
facturing shown in Fig. 3.7. A 3D model of an object is created using
computer-assisted designing(CAD) software. The model is then converted
into Standard Triangulation Language (STL) format describing a polygo-
nal representation of the part’s surface geometry. Then slicer software is
used to slice the 3D model into layers to generate gcode, commands to
move parts within the printer [118]. The gcode is fed to the RP machine
to print the physical model. Rp methods print materials from solid(FFF),
liquid(stereolithography, SLA or polyjet) and powders(laser sintering, SLS).

export The model
— exported in
Stereolithography

Developing the
model using

Computer Aided
design(CAD)

FDM printing

Physical model [SIfelol The data Fed to
FDM machine

Figure 3.7: Basic steps of FFF operation

The model Sliced
by Simplify3d and
print material set

SLA builds a physical model by tracing ultraviolet laser beam or employ-
ing digital light processing to display the image of the 3D model onto the
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surface of the resin-based photocurable liquid monomer and converting into
a solid cross-section of the scale model layer by layer from the top to bottom
or the reverse [121]. When the first layer is completed, the platform lowers
by one layer thickness. To completely build the scale model, the liquid resin
must be recovered atop the original layer and the process is iterated until the
physical model is completed. The unpolymerized resin material is removed
and the objected is consolidated by post-processing [122]. SLA was success-
fully employed to fabricate a microfluidic platform having high-resolution
parts, very fine features, smooth surface, and relatively precise dimensions
applied for microfluidic LOC electrochemical biosensors [123, 124, 125, 126].
However, most SLA base materials are propriety, and there are limited ma-
terial choices. SLA printed objects are susceptible to dimensional as well as
strength changes when they are continuously exposed to UV radiation. In
addition, SLA is not versatile method to fabricate monolithically integrated
microfluidics biosensors, due to the continuous coverage of the predecessor
layers with resin to print the successive layer it is inconvenient to apply for

manufacturing of monotonically electrode integrated microfluidics.

Polyjet 3D printer involves jetting drops of a thin layer of photopolymer-
izable liquid material onto the build plane and subsequently exposed to UV
light to solidify the liquid, layer by layer [118]. The process is iterated until
the complete model is obtained. Microfluidics devices printed using polyjet
3D printer showed faster build time, surface finish, multilateral print, and
better dimensional accuracy [127, 20, 128]. Like SLA, polyjet printing is not

convenient for fabrication of monolithically integrated microfluidics biosen-
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sors because of the continuous jetting of the preprinted layers. And the

printed objects are also prone to failures in UV environments.

In SLS case powder is used as base material to build a workpiece. Dur-
ing printing, a layer of powder is placed onto the print plate and then the
infrared laser draws the structure solidifying powder into the solid material
cross section, layer by layer. After the first layer is completed, another thin
layer of powder is recoated on top of the original layer covering the whole
area and exposed to a laser for solidification. When the print is completed,
the object is recovered from powder and thoroughly cleaned to remove pow-
der residues. Because of the difficulty of removing powders from enclosing,
SLS is not widely used for the fabrication of microfluidic devices. Moreover,
because the base material is prepared in powder form, the technology is lim-

ited by material choice [129].

FFF process employs filament melt extrusion to build a physical model.
The FFF head is resistively heated to melt thermoplastic filament and the
melt is subsequently extruded through the nozzles [130]. The nozzle is numer-
ically controlled to move in x, y and z-direction to make object cross-sections
while laying melts on a print bed layer by layer that solidifies and eventually
forms the object. Once the first layer modifies, the next layers are superim-
posed and the process continues until the object piece is ready. Unlike SLA,
FFF allows creation of functional component integration window because it
employs thermoplastics filament melts to additively manufacture the work-

piece by localized material deposition [131] creating controlled printing of
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the complementary enclosing top layer on the preprinted layer, and has been
already proven to be convenient for fabrication of microfluidic devices such as
reliable and robust reactors, and electrochemical biosensors with integrated

wires, nanoparticles, glass slides and electrodes [132, 133, 134, 135].

FFF printed devices can be used without postprocessing so that func-
tional components can be directly embedded into the microfluidic platform
during printing offering an extra benefit to speed up the scale-up manufactur-
ing of the integrated microfluidic biosensors [136]. In addition, FFF requires
low maintenance cost, the printed object maintain dimensional integrity at
various environmental conditions, no toxic materials are released, raw ma-
terials are inexpensive and there is a broad range of production grade ther-
moplastics available to make custom-based materials choice [137, 138, 139].
Recently, Gowers SA and his colleagues developed FFF printed microfluidics
that integrates clinical microdialysis probes and needle type biosensors and
which can be used for continuous monitoring of human tissue metabolite
levels[140]. Liver cancer cells biosensor was developed by Damiati et. al by
integrating commercial electrodes into FFF printed structure [145]. Ludmila
K. and his team have developed Sensitive, and specific microfluidics inte-
grated biosensor combining FFF printed microfluidics platform and used for
detection of influenza hemagglutinin [146]. Glassy carbon electrode was com-
bined with FFF printed microfluidics platform for lab-on-a-chip detection of
nucleic bases [147]. 3D-Printed fluidic devices for nanoparticle preparation
and flow-injection amperometry using integrated prussian blue nanoparticle-

modified electrodes was developed by Bishop G. et.al [148]. However, in
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the reported integrated biosensors assembly externally prepared, or commer-
cially obtained electrodes were integrated into microfluidics using a modular
like approach. Therefore, in order to exploit such versatile FFF technology
for manufacturing of monetarily electrode integrated microfluidic biosensors,
novel electrode fabrication technologies that can produce strongly anchored
electrodes with FFF base materials, and a novel fabrication technique that
bridge the combination are vital. The SCBD technology was proposed to fills
this gap. The detailed discussion of SCBD is presented in following chapter.
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Chapter 4

Methods and Materials

4.1 Working and counter Electrode fabrica-
tion

4.1.1 Supersonic Cluster Beam Deposition

Supersonic cluster beam deposition(SCBD) is a family bottom-up approach,
which deposits nanostructured materials from cluster source. The SCBD is
performed in a chamber maintained at room temperature so that fabrication
of nanostructured transducers on different polymer substrates with low glass
transition temperature is possible. In addition, the SCBD technology enables
the production of large area thin films with a tailored roughness and porosity
(73, 149, 150]. The schematics of the apparatus is shown in Fig. 4.1. The
cluster source PMCS comprises of a ceramic box with holes for introducing
the pulse of inert gases using a solenoid valve and nozzle that connects with

vacuum expansion chamber that contains cascades of aerodynamic lenses.

34



The expansion chamber is connected to the high vacuum deposition cham-

ber through the skimmer.

The operation principle of the SCBD technology is based on execution of
three primary steps, first cluster generation in the gas phase, second cluster
beam extraction, selection and collimation by supersonic expansion and the
third is deposition of the desired nanostructures by spraying the cluster beam

over a substrate [72].

The cluster generation mechanism in the first chamber, PMCS is shown
in Fig. 4.2. One side of the ceramic cavity was connected to a solenoid valve
for introducing pulses of inert gas, and the desired metallic rod was hosted

through a channel.

: Subersonic
SCBIN ticl
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[il : Pol'fmerlr. substrate

Figure 4.1: Schematic representation of the SCBD apparatus|72]

The metallic target was connected to high cathodic potential with respect
to anode placed inside the cavity. Pulses of inert gases usually (He or Ar)

delivered into the ceramic box by solenoid valve.
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Figure 4.2: PMCS, cluster generation [71]

When the solenoid valve is opened for introduction of inert gas, large pres-
sure difference created inside cavity induce the formation of supersonic gas
jet directed to the target [71]. This gas jet forms confined plasma jet that
vaporizes the rode into atoms by sputtering. The vaporized atoms collide
and thermalize with the carrier gas forming clusters of various size. Uni-
form ablation is achieved by rotating the rod. Due to the high-pressure
difference between the cluster source and expansion chamber, the mixture
of clusters and carrier gas expand supersonically through the small nozzle

forming seeded supersonic beams.

The beam enters the chamber that contains aerodynamic lenses with
series of openings. These lenses supported with supersonic expansions select
and collimate the beam as shown in Fig. 4.3. During supersonic expansion,
bigger particles are separated from the beam line and deposited on the walls

of the lenses due to bigger inertia, while smaller particles stay in the beam

36



line and get collimated through every supersonics expansion after each lens.
The supersonically expanded and aerodynamically collimated beams render

high deposition rate. [150, 151, 152]
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Figure 4.3: Basic principle of aerodynamic size-selection and focusing

After a series of such events collimated intense beam passed through the
skimmer and intercepted by a substrate for deposition. The substrate at-
tached to the stage in the high vacuum deposition chamber moves vertically
and horizontally enabling large area deposition by spraying on the substrate.
The metallic nanoparticles are implanted into the plastic matrix thereby
rendering strongly anchored metallic thin films. Besides room temperature
deposition, the energy of clusters is adjusted to be below the cohesive en-
ergy of the matrix so that no chemical reaction occurs on the substrates.
The cluster beam flux is monitored in real time by a quartz microbalance
placed close to the substrate. The SCBD technology combines, pulsed mi-
croplasma cluster source, aerodynamic collimation, and supersonic expansion

and near room temperature deposition provides the capacity to deposit large
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area nanostructured materials on temperature sensitive materials such as

thermoplastic materials, common base materials for FFF technology.

4.1.2 Experimental

Nanostructured Au thin film working, and counter electrodes were fabri-
cated by directly depositing gas phase clusters on FFF printed ABS substrate
employing SCBD tool equipped with a Pulsed Microplasma Cluster Source
(PMCS). Au metallic rod was placed in a ceramic cavity the cluster was
generated. The Au cluster-carrier gas mixture expands into an expansion
vacuum chamber (at a pressure of about 107° ) forming a seeded supersonic
beam and subsequently collimated using a set of aerodynamic lenses. The
Au cluster beams are accelerated by the supersonic expansion towards the
ABS substrate mounted in the high vacuum chamber (1077 ) with a kinetic
energy of approximately 0.5 eV /atom to penetrate the FFF printed ABS
substrate surface through a mask thereby forming ABS-metal nanocompos-
ite layer. By monitoring the deposition rate through quartz microbalance

250 nm thick nanostructured conducting Au thin films were obtained.

4.2 Reference electrode fabrication

4.2.1 Electrodeposition

Electrodeposition(ED) is a versatile and low-cost deposition method used to

fabricate Ag/AgCl reference electrode on conducting surface from solution.
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The ED system consists of electricity, a plating bath, and complementary
electrodes shown in Fig. 4.4 The plating bath prepared such that it contains
ions of the metal to be deposited, an electrolyte for better conduction and ad-
hesion promoters. The deposition happens by passing electricity while both
the metal to be deposited(anode) and the substrate(cathode) are immersed in
a plating bath. Then, Constant current(galvanic) or Voltage(potentiostatic)
to pump electrons into the cathode where deposition occurs. This electron
transfers to metal ions in the solution and reduces onto the electrode to be
deposited. The reduced metallic ions are constantly replenished by the an-
ode(clean plate or wire), the depositing metal, which is dissolved into the
solution in the form of the metal ions. The thickness of the deposited ma-
terial is controlled by deposition time, the amount of current or voltage and
deposition rate, and the amount of deposited material is calculated using
Faraday’s law, equation 4.1. [153]
Itp

o (4.1)

Where W — weight of the deposited material; p — weight of one mole of the
metal; n - number of electrons transferred F — Faraday’s constant, F = 96485

Coulombs.

4.2.2 Experimental

Microfluidics integrable Ag/AgCl thin film quasi-reference electrode was fab-
ricated on FFF printed ABS substrate by selective electroplating using clus-

ter assembled Au strip as a conduction path. In this case capability of
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Figure 4.4: A simple electrochemical plating system

the SCBD metallization of plastic materials was exploited for manufacturing
functional reference electrodes on FFF printed ABS thermoplastic material.
Accordingly, the ABS substrate was metalized by deposition of Au metallic
clusters, which was later used as a conduction path for performing electro-
plating. And fresh Ag plating bath was prepared by strictly following recipe
of the Tel Aviv University team. After metallization, Ag electroplating was
performed in the chronopotentiometry setup using the metalized ABS sub-
strate as cathode and Ag plate (purity: 99.9% Good fellow) as the anode
and applying uniform current density of 15 mA-cm~2 for 15 minutes while
the solution was continuously stirred using a magnetic stirrer. The amount

of applied current and deposition time was adopted from the electroplating
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protocol provided by the Tel Aviv University electrochemistry team led by
professor Yosi. After Ag thin film was successfully electroplated, the film was
cleaned with deionized water to remove plating bath residues and blow dried
by nitrogen stream. Subsequently, the electroplated thin film connected to
the anode and Pt mesh (purity: 99.9% Good fellow) connected to cathode
terminals on the potentiostat and dipped into 0.1M HCI aqueous solution for

2 was applied for 15 minutes

anodization. The current density of 5mA-cm™
for chlorination of 25-30% Ag to formal layer. Proper deposition of both Ag
and AgCl layers were assessed based on the trends of the curve displayed dur-
ing electroplating. The fabricated electrode was characterized by performing
stability duration test by measuring open circuit potential against the com-
mercial/AgCl1(3.5M, KCl, from GAMRY) in 0.01M KCI solution with time.
In addition, its potential functionality as the quasi-reference electrode was
tested by employing it as a reference electrode in the three-electrode elec-

trochemical cell to perform cyclic voltammetry of Ferro/Ferricyanide redox

couple.
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4.3 Microfluidics device fabrication

4.3.1 Fused Filament Fabrication

Fused Filament Fabrication Rapid Prototyping is one of the most economi-
cal additive manufacturing technologies that use a thermoplastic filament to
produce end-use physical model directly from virtual data. The fabrication
process starts by developing a virtual model using CAD. Then the model was
extracted in the stereolithography format. The model was sliced into layers
by pertinent slicing software to generate, the machine code that calculates
the printing path, speed, and other functions during actual printing. The
values of operational parameters such as layer height, %infill, print speed,
melt temperature are set at this stage. Then, the data was downloaded into
SD card and fed into the FFF machine to print the physical model. Dur-
ing printing as shown in Fig. 4.5, ABS filament unwound from the spool
mounted on top of the printer was fed into the extrusion head, which was
heated to 230°C.

The nozzle heats the plastic to a temperature just above its melting point
using resistive heaters and it was numerically controlled to move in the x,
y, and z-direction to fabricate an object cross-section while laying melts on
a print bed. Then, the semi-liquid melts were extruded through the nozzle
and deposited onto a build platform, cools and solidify immediately. After
the first layer was completed the head raises by next layer thickness set up

during slicing and the extrusion nozzle prints the next layer additively layer
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Figure 4.5: Schematic representation of FFF operation

by layer until the scale model was completed.

4.3.2 Experimental

Delta WASP 2040 fused deposition modeling(FFF) printer, with a nozzle
diameter of 0.4 mm, and the heated bed was employed to fabricate the mi-
crofluidic platform of the electrode integrated microfluidics sensor. It is a
consumer grade printer with a closed chamber that maintains uniform tem-
perature during fabrication. The printer has a glass bed with the print area
of 200 mm x 200 mm. To print the physical model, the fundamental steps of
rapid prototyping showed in Fig. 3.7 was employed. Production-grade trans-
parent ABS material (ORIB-TECH Germany) was used as a base material.

For this work the microfluidic platform was fabricated in two steps: the
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bottom part with an open channel and three canals were printed first. Then,
the top layer was printed by offsetting the nozzle distance by the thickness
of the bottom layer from the print bed. In this case, the nozzle starts from
the surface of the bottom layer, completing the microfluidics device. All op-
erational parameters of the printer such as layer height, temperature, print
speed, and infill were thoroughly investigated to obtain an optimum print

condition to print the smoother or uniform surface.

4.4 Device design and fabrication strategy

In the proposed design of the three-electrodes integrated electrochemical sen-
sor, electrodes were monolithically integrated into the microfluidic platform
shown in Fig. 4.6. The model was created using inventor Autodesk 3D de-
signing free software. The electrochemical unit consists of 3 mm x 4 mm
Au thin film working the electrode, 1 mm x 3 mm Ag/AgCl thin film quasi-
reference electrode, and 3 mm x 5 mm Au thin film counter electrodes, all
of them deposited in the channel. These electrodes are connected to circular
connection pads through 2 mm wide and 7 mm long metallic extension. The
microfluidic platform consists of 33 mm x 27 mm planar bottom substrate
that contains 23 mm x 3 mm x 3 mm channel, three 2 mm x 7mm x 3 mm
canals that protects metallic films extension, which connect electrodes with
the connection pads, and 33 mm x 17 mm planar top layer, which incorpo-
rates two holes with 4 mm diameter used to fit commercial connectors that

join the integrated microfluidics sensor with an external syringe pump.
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To realize the device, a two-step fabrication process shown in Fig. 4.7 was

Au counter Ag/AgCl quasi-
electrode channel reference electrode
/ Inlet/outlet hole 2
Inlet/outlet hole 1 —\_\_\_. \ ‘
top layer and bottom
1ayers of (ABS)
e e microfluidics
Au working \

electrode \. Connection pad

Figure 4.6: Design of the proposed electrode embedded electrochemical mi-
crofluidic biosensors device

considered as the feasible method to embed SCBD electrodes into the FFF
printed microfluidics. The method was based on the process of printing, in-
terrupting and resuming at any suitable stage to create electrode integration
window. Thus, this requires printing the bottom layer prior to the top layer,
interrupting to embed electrode and resuming printing to fabricate the top
layer to complete the device. In the first phase of the work, a customized
two-step FFF microfluidics fabrication strategy with SCBD deposited elec-
trode integration steps was developed. The strategy was to print the bottom
layer having an open channel and canals first, and subsequently, the print was
stopped. Then the three electrodes were deposited. To protect the metallic
thin films that extended through the canals over which the print nozzle traces
while overprinting the top layer, we developed a passivation method using

acetoxy silicon adhesives. The three canals were filled with acetoxy silicon
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until it levels with the canal well and dried at room temperature. After 20-
30 minutes, the passivated substrate was transferred to FFF print bed and
the top layer was overprinted enclosing the channel, thereby completing the
device. With such a fabrication method, we able to combine SCBD, FFF
and the existing fabrication methods for rapid prototyping of the electrode

integrated microfluidics electrochemical sensors.

Au working Au counter
electrode

electrode
Ag/hAg

reference
electrode

Connection Passivation by
pads acetoxy silicon
adhesives

Inlet/outlet c
holes

Figure 4.7: The proposed fabrication strategy
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4.5 Surface smoothening by acetone vapor

FFF printed materials exhibit a significant surface roughness resulting from
poor surface finish attributed to the inherent layer by layer manufactur-
ing mechanism employed. Thus, the canals and channel of the microfluidic
system were smoothened using acetone vapor to reduce the potential influ-
ence of the surface roughness on electrochemical properties of the electrodes.
The acetone vapor was chosen because ABS material melts in acetone. The
smoothening was performed by executing the steps shown in Fig. 4.8. The
glass jar wall was totally covered by tissue papers and cold acetone was
poured on it so that it can later produce uniform vapor can be produced.
After the FFF printed ABS bottom layer fitted with PLA mask was placed
on the lid, the glass jar was sealed upside down. The mask was used for
selective exposure of only the channel and canals so that essential feature on

the bottom layer was preserved from acetone attack.

The smoothening was monitored by measuring the roughness profile with
a stylus profilometry with respect to time. Prior to acetone treatment FFF
printing parameters (speed, layer height, temperature, printing orientation,
and infill percentage) were optimized to acquire the surface with roughness
profile less than the maximum vertical range of the profilometer (130 pm).
The roughness of FFF printed the surface with layer height greater than 0.15
mm usually gets out of the vertical rage of a profilometer. Consequently, it

is difficult the get complete roughness profile.
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Figure 4.8: Surface smoothening by treating with cold acetone

4.6 Electrode passivation

Passivation was employed to protect the electrodes from damage during over-
printing the top layer to enclose the channel. In the proposed fabrication
strategy metallic extensions were buried inside the canal walls so that they
can be protected from damages that would be induced by the printer nozzle
traces during overprinting the top layer as shown in Fig. 4.7b. The canals
must be filled up in order to render the sealed channel without side leaks
and facilitate smooth overprinting process as depicted in Fig. 4.7c. Acetoxy
silicone sealant material was proposed to be applied for sealing the canal
openings. Acetoxy silicone sealant is commonly used in electronics for passi-
vation of electrical connectors on the circuit board because of its neutrality
with metallic connections and a very good tendency to adhere to various sub-
strates. It also cures relatively rapidly, developing skin within 10 minutes and

completely cures within 20 to 30 minutes at room temperature. Moreover,
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it is thermally insulating, cost-effective and faster-curing adhesive. Using
acetoxy silicone sealant the canals were filled up to complete sealing of the
canals by over-printing. This approach paved a convenient way for complet-
ing the device by overprinting of the top layer, facilitating the integration of
the FFF and SCBD technologies for the desired purpose.

4.7 Fabrication strategy of the integrated mi-
crolfuidic biosensors

The device was designed in such a way that SCBD deposited three electrodes
based electrochemical cell unitarily integrated into FFF printed microfluidic
platform so that the analyte detection was eventually performed in the chan-
nel. To realize this device, the two-step manufacturing technique incorpo-
rating electrode integration step was proposed. For fabrication of electrodes
with the desired dimensions, three masks containing the dimension of work-
ing, counter and reference electrode geometry, and a sample holder, which
accommodates two samples at a time was produced by the workshop at the
physics department of the University of Milan. Each mask contains only the
design of one type of electrode so that it could fit our two step-fabrication

protocols.

The proposed complete prototyping strategy is schematically shown in
4.9. In the first part of the procedure, the bottom layer containing the flu-
idic channel and three passivation canals was printed using Delta WASP

2040. Greases and print residues were removed by washing with soap and
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Figure 4.9: Schematic representation of electrode integration strategy for
manufacturing of the integrated microfluidics electrochemical sensor. The
bottom layer a, acetone smoothening b, metalization ¢, Ag/AgCl fabrication
d, working and counter electrode deposition e, silicon passivation f, over-
printing the top layer g, The prototype device h

water, sonicating in ethanol for 30 minutes and rinsing with deionized wa-
ter. In the next step, the channel and canals were smoothened by treating
with cold acetone vapor for 1 hour. Then, the substrate was thoroughly
washed with soap and water, sonicated in ethanol and rinsed with deion-
ized water. Then, the reference electrode region was selectively metalized by
depositing the Au strip using SCBD through the mask containing the refer-
ence electrode geometry. Ag/AgCl quasi-reference electrode was selectively
electroplated in the channel using the metalized region as a conduction path

for current. Thereafter, the mask containing working and counter electrode
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geometry was fitted to the sample holder and mounted to SCBD chamber
for deposition of the Au thin film working and counting electrode. After the
three electrodes were successfully produced, the canals were passivated by
filling with acetoxy silicone sealant and dried at room temperature. While
the silicon sealant was curing rectangular open box with the dimension of
33 mm x 27 mm x 3 mm was FFF printed. Subsequently, the bottom layer
with the passivation elements was fitted in this open box. The open box was
employed to support the sample on the print board during overprinting the
top layer. Then, the top layer containing two holes was overprinted to seal

the channel completing the device.

4.8 Electrochemical characterization methods

Electrodeposition and electrochemical characterization were performed using
Reference 600+, a high-performance, research-grade potentiostate /galvanostat,
ZRA(Gamry potentiostat). And Au disc, Pt wire and Ag/AgCl(3.5M, NaCl)
electrodes purchased from BASi were used as complementary electrodepo-
sition and electrochemical characterization were performed using Reference
600+, a high-performance, research-grade potentiostat/galvanostat, ZRA(Gamry
potentiostat). And Au disc, Pt wire and Ag/AgCl(3.5M, NaCl) electrodes
purchased from BASi were used as complementary electrodes to character-

ize the SCBD fabricated electrodes. For all electrochemical characterizations
performed in this work, analytic grade potassium ferricyanide K3Fe(CN)g and

Potassium ferrocyanide(K4Fe(CN)g) redox couples purchased from Sigma
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Aldrich were used as the electrochemical probe. Also, analytic grade KCI
and KNOj obtained from Sigma Aldrich were used as the electrolyte in
K3Fe(CN)g and K4Fe(CN)g solution. For all electrochemical characteriza-
tions performed in this work, analytic grade potassium ferricyanide K3Fe(CN)g
and Potassium ferrocyanide(K4Fe(CN)g) redox couples purchased from Sigma
Aldrich were used as the electrochemical probe. Also, analytic grade KCl
and KNOj obtained from Sigma Aldrich were used as the electrolyte in
K3Fe(CN)g and K4Fe(CN)g solution.

Electrochemical characterization of the SCBD manufactured electrodes
and prototype device performed using linear cyclic, Electrochemical Impedance
spectroscopy. The electrodes were investigated in stagnant solutions in a
beaker in conjunction with complementary commercial electrodes in conjunc-
tion with commercial electrodes from BASi in 10mM [Fe(CN)g]3~ /[Fe(CN)g)*~
probe in KC1/KNQOj electrolyte. Both cyclic voltammetry and chronoamper-
ometry used in this work are based on the following concepts. When potential
is applied in the way that electron transfer from the electrode to the solution

it produces reduction current.

Fe(ON)6]*™ +e — > [Fe(ON)g]*™ (4.2)

When the opposite potential is applied in the way that electron transfer from

solution to electrode it produces oxidation current.

[Fe(CN)g]*™— > Fe(CN)g]*™ +e” (4.3)
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The prototype device was studied in both stagnant and flowing K3Fe(CN)g
and K4Fe(CN)g solution in KCI/KNOj electrolyte. The stagnant solution
based characterization was conducted pumping in the solution until it fills
up the channel. Then, the desired electrochemical characterization was per-
formed. After every complete set of characterization, the device was rinsed

with de-ionized water.

Flow dynamic electrochemical characterization was introduced using Kd
Scientific 100 syringe pump connected to the prototype device through a
tube joined to commercial connectors which was fitted to the inlet/outlets of
the integrated system. The solution pumped in through the inlet hole flow
passed through the surface of integrated electrodes and pumped out through
the outlet holes. Then cyclic voltammetry was performed while the solution
was flowing past the electrode surface. The flow rate and scan rate were
varied as desired to assess the potential application of the device for online

monitoring.

4.8.1 Cyclic Voltammetry

Cyclic Voltammetry, electrochemical techniques widely employed to mea-
sure the concentration of an analyte by measuring electric current related to
oxidation and reduction of electroactive species by applying potential [154].
Among several families of voltammetry techniques, cyclic voltammetry is the
simplest and widely used method to investigate interfacial characteristics of

an electrochemical cell.
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Figure 4.10: Excitation potential Figure 4.11: The voltammogram

In this case, the potential of the working electrode is swept at a fixed rate
(in volts/second) between Vo and Vi, and the generated current is recorded
with respect to time giving a voltage-current curve. Performing the CV
for the stagnant solution containing a redox couple at different scan rates,
electrochemical reversibility, and electron transfer rate are acquired to assess
the performance of electrode materials. For reversible reaction the peak-to-
peak separation (Ea-Ec) is equal to 59/n mV (at 295 K) and the positions of
peak voltage remains the same as a function of voltage scan rate, the ratio
of the peak currents is equal to one, and the peak currents are proportional

to the square root of the scan rate given by equation 4.4.

nFvD

I, = 2.69n10° AC( 7T

Ik (4.4)

where n is number of transferred electrons, the ratio of oxidation peak

current(l,) to reduction peak current (I.) give 1.
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4.8.2 Chronoamperometry

Amperometric methods measure the current resulting from the oxidation/reduction
of electroactive species on the working electrode by applying a constant po-
tential. Usually, a three electrode electrochemical cell is employed, where
current is measured between the working and counter electrode while the
potential is applied between the working and the reference electrodes. The
method has an advantage of high selectivity, good detection limits, lowcost
and good reproducibility [155]. Chronoamperometry measures diffusion con-
trolled current as a function of time by applying potential step that varies
from a value at which no Faradic reaction occurs to a potential at which the
concentration is totally consumed. The current flow with time is described
by the Cottrell equation 4.5. This technique has a good signal to noise ratio
and employed to investigate the active surface area, diffusion coefficient, and

concentration [141].
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4.8.3 Electrochemical Impedance spectroscopy

Electrochemical Impedance Spectroscopy(EIS) is a powerful tool to investi-
gate impedance of an electrochemical cell to flow of current. The impedance
data provides quantitative information about the interface phenomena of the
developed electrochemical cell such as diffusion, electron transfer rate, ad-
sorption mechanisms, charge transfer resistance, the capacitance of EDL and
surface features electrodes [142]. It also provides quantitative characteristic
information about the electrodes, an electrochemical species, and biochemi-
cal elements. By selecting pertinent equivalent circuit models of the electro-
chemical interface phenomena, qualitative and quantitative information can
be extracted about the resistors, capacitors, and inductors that represent

different sources of impedance in the electrochemical cell.

EIS measures the impedance of an electrochemical system by applying
a small amplitude of an alternating signal to the electrochemical cell. The
ideal electrochemical interface is assumed as a combination of resistance, ca-
pacitance, and inductance. Resistors represent the resistance to the charge-
transfer process at the electrode surface(R,), and uncompensated or elec-
trolyte resistance R., the resistance of electrolyte to ion transport. Capaci-
tors are associated with the electrochemical double layer, and inductors are

associated with adsorption/desorption processes at an electrode surface. For
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nonideal electrochemical interface double layer capacitor is represented by
constant phase element (CPE) while the Warburg element(Zy) is used to
represent the diffusion or mass transport impedances of the cell at low fre-

quency.

EIS responses of electrochemical cells are usually represented in Nyquist
and Bode. Nyquist plot represents real and imaginary impedances in a com-
plex plane and used to evaluate electrode polarization resistance, electrolytic
solution resistance, and double layer capacitance. The explicit frequency-
dependence of the impedance of the electrochemical system is depicted in
the Bode plot. In this case, impedance is plotted against frequency that ex-
plicitly shows the effect of the spectrum on the impedance and phase drift so
that values of equivalent circuit elements can be obtained from the maximum

points of phase shift.

4.9 Flow electrochemical characterization

Flow dyamic electrochemical detection approach is employed for analysis of
an analyte in a flowing solution. The solution is enabled to flow passed elec-
trode surface while the electrochemical measurement is performed. Among
several. This methods increase current and hence the sensitivity of an elec-
trochemical biosensor by introducing additional mass transfer by convection.
Among several forced convection introduction mechanisms, in channel flows,
where the volume flow rate (v) controls the convection to the surface are

built integrating the electrochemical unit into a microfluidics platform.
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4.9.1 In channel flow voltammetry

In channel flow cell cyclic voltammetry sensor was developed by incorpo-
rating electrochemical sensors into the rectangular channel. The flow was
introduced using syringe pumps that enables control of convection rate as
shown in Fig. 4.14. The channel design and flow rates are adjusted so

that the flow pattern on the electrode surface is laminar. For the stagnant
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Figure 4.14: In channel flow analysis

solution, diffusion is the dominant means of mass transfer to the electrode
surface, which occurs when the concentration gradient is created between the
electrode surface and the bulk solution. The diffusion thickness expands to
the bulk with time. Inflow analysis, fresh analytes are supplied to the elec-
trode surface through forced convection besides the diffusion. The channel
dimension and flow rates are adjusted for the flow pattern on the electrode

are laminar. In this case, the thin liquid layers slide on one another parallel
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to the electrode surface and the fluid layer near to the electrode surface is
stationary.

The Stationary layer, Nernst layer exhibits the concentration variation
with respect to distance from the electrode surface. Because convection sup-
plies fresh analyte the diffusion layer remains constant and the diffusion is
limited to this region.

Therefore, the sensitivity of electrochemical biosensors can be improved

by predictably controlling the channel dimension and convection rate.

For reversible electrochemical reaction the electron transfer property in
a channel with a rectangular cross-section is predicted by the Levich model

[143] represented in equation 4.6.

Va?
dh?

I = 0.244nFDiwC (== )3 (4.6)

Where, h, x, h and w are constants for the cell size and V is the volume flow

rate.

4.10 Optimization of roughness of FFF printed
ABS surface

The surfaces roughness of FFF printed ABS substrate was investigated by
printing substrates with varying process parameters such as layer thickness,
slicer, and speed that play an essential role on FFF printed material sur-

face quality. Basically, the largest surface roughness contribution stems from
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the seam formed by bonding two adjacent filaments due to the inherent
layer by layer manufacturing process implemented in additive manufactur-
ing. This can be clearly observed from optical microscope images of sub-
strates printed with the layer height of 0.06 mm, the smallest layer height
that can be achieved by the commercial grade DLTA WASP FFF used in
this research, 0.08 mm, 0.1 mm, 0.2 mm and 0.25 mm, the maximum layer
thickness achieved by the same printer are shown in Fig. 4.15. It can be ob-
served as the layer thickness varied the samples exhibited contrasting surface
features such as zigzag seams, uneven surface with microcracks, and periodic
coarser and thicker seams across the print direction. The samples printed
with the lower layer thickness (samples a and b) showed relatively uniform
surface profiles because the extruded roads are very thin that the bonding
between the adjacent roads created shorter and thinner seams. On the other
hand, the samples printed with the higher layer thickness (samples d and e)
exhibited surfaces with thicker and coarse roads. The possible reason for this
observation is that the width of the road becomes thicker with increasing the
layer height so that it created larger and thicker seams during bonding with
the preprinted adjacent layers which then caused the formation of clearly

visible hills and valleys.

The effect of print speed on the ABS surface finish was investigated by
printing test samples at different speeds but at the same lower layer thickness.
Because of the relatively lower surface roughness obtained for the samples
printed with lower layer height, 0.06 mm layer height was used in this study.

Fig. 4.16 shows the optical microscope images of test samples printed at 50
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Figure 4.15: Optical microscopy image of FFF printed ABS surfaces printed
with different layer height

7 and 100 ™" with the layer thickness of 0.006 mm. The samples printed
at slower speed exhibited thinner, and non-straight seem, while those sam-
ples printed at faster speed showed thicker and coarser seams. The samples
printed with different layer height exhibited diverse surface profiles. The
effect of commonly used slicer software on the surface roughness is shown
in Fig. 4.17. For both slicers, the R, and R,values increased as the layer
thickness increased. The samples sliced by cura and printed with low layer
height showed smaller values for the samples sliced by cura as compared
to those sliced at lower layer height, and the reverse was obtained for the
higher layer height. The minimum R, values obtained was greater than 20
pm, which is greater than the conventional thickness of electrodes used to

build electrochemical sensors, which is between 0.2 and 0.3 um. Therefore,
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Figure 4.16: Optical microscopy of FFF printed ABS surfaces printed with
slower and faster print speed

to mitigate concomitant negative effects on the functionality of sensors it is
vital to reduce the roughness of FFF surface. By that method, FFF technol-
ogy can be employed for manufacturing of electrode integrated microfluidics

electrochemical sensors.

4.11 Smoothening of FFF printed ABS sur-
face

Fig. 4.18 shows the bottom layer of the prototype before and after the ace-
tone treatment. The untreated substrates showed uneven surface features
with visible print lines. However, when the channel and canals were selec-
tively exposed to cold acetone vapor in a sealed glass jar they became smooth
and shiny as shown in Fig. 4.18B. This is because the acetone vapor melts
away the uneven surface features and the melt forms bond with the adjacent

layer thereby forming a smooth surface. In a well-sealed container, one hour
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Figure 4.17: FFF printed ABS surface roughness profile for cura and sim-
plify3D

cold acetone vapor exposure is sufficient to smoothen out the uneven sur-
face features. However, prolonged exposure could cause structural damage
as shown in Fig. 4.19. The over-exposed samples were mechanically frail,
and the canals were distorted. The reduced mechanical strength impeded
overprinting of the top layer to seal the channel. The difference in average
roughness values between the untreated and acetone vapor treated sample
surfaces is clearly visible on the graph shown in Fig. 4.19. After the samples
were treated with cold acetone vapor surface roughness was considerably re-
duced. The R, value obtained by optimizing only process parameters was

3.694 pm. Then, it was reduced to 2.281 nm after treating with acetone.
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Figure 4.18: Bottom layer of the before and after acetone exposure

Figure 4.19: Bottom layer after prolonged exposure to acetone vapor
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Figure 4.20: Roughness profile of FFF printed ABS surface measured by
profilometer
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4.12 Fabrication and characterization of mono-
lithic microfluidics with enclosed chan-
nel

The monolithic microfluidics platform with a sealed channel fabricated by
the two-step process using FFF is shown in 4.21. The device consisted of
analyte inlet and outlet holes, and a sealed channel. The liquid leakage test

performed by pumping yellow and red dyes into the channel showed that

Figure 4.21: Monolithic microfluidics platform printed by two step

the liquid delivered by the inlet hole flowed passed through the channel and
emerged through a tube fitted to the outlet hole as shown in Fig. 4.22.
The test indicated that the liquid dyes were constrained only in the channel

implying that the channel was leak free.
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" Yellow dye

Figure 4.22: Leakage test performed pumping yellow and red dyes

4.13 Prototyping of integrated electrochemi-
cal microlfuidic biosensors

The prototype was manufactured by integrating cluster assembled Au work-
ing and counter electrodes, and Ag/AgCl quasi-reference electrode into FFF
printed microfluidics platform executing the step-by-step integration scheme
shown in Fig. 4.23. The cluster assembled Au strip was employed to metal-
ize the reference electrode region on FFF printed ABS bottom layer of the
prototype as shown in Fig. 4.23a. The shiny white layer is shown in Fig.
4.23b was obtained by selective electroplating of the Au strip in Ag plating
bath by applying constant current density of 15 mA-Cm~2 for 15 minutes.
Anodization of the Ag layer in 0.1 M HCI aqueous solution by applying con-
stant current density of 5 mA-Cm™2 for 15 minutes resulted in dark brown

Ag/AgCl layer as shown in Fig. 4.23c. Then, the cluster assembled Au work-
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ing and counter electrodes were deposited through the mask containing their
respective shape and dimensions, Fig. 4.23d. And the canals were filled with
acetoxy silicone sealant and dried at room temperature for 30 minutes, Fig.
4.23e. The prototype with the integrated electrodes and enclosed channel
shown in Fig. 4.23f was obtained by overprinting the top layer.

. .
e

Figure 4.23: Prototyping of electrode integrated electrochemical microfluidics
biosensors platform
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The electrical test performed before and after the integration showed
no change in the electrical properties of the electrodes. The electrical test
performed using a multimeter by the setup shown in Fig. 4.24 before and
after the overprinting the top layer after passivating the canals with the

acetoxy silicon sealant didn’t show the difference.

Figure 4.24: Electrical Test
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4.13.1 Liquid leakage test

When red and yellow dyes were perfused into the channel at various flow rates
using a syringe pump, there were no side leaks observed. In addition, there
was no air bubbles observed when the dyes were perfused at varying flow
rates while the prototype was submerged in water, Fig. 4.25. Therefore, it
can be concluded that the dyes were only enclosed into the channel implying
that the channels were properly enclosed and sealed by overprinting the top

layer.

Figure 4.25: Liquid leakage test
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Chapter 5

Results and discussion

5.1 Electrochemical characterization

In this chapter, electrochemical performance of Au thin film working and
Ag/AgCl quasi-refrence electrodes were assessed by performing cyclic voltam-
metry in 10 mM ferro/ferricyanide. The prototype of microfluidics integrated
biosensors platform was employed for detection and analysis of Ferro/Ferricyanide
redox couple in stagnating mood using cyclic voltammetry, chronoamperom-
etry, and EIS. The potential application of the integrated device for flow
analysis application was investigated using flowing ferro/ferricyanide solu-

tion and performing cyclic voltammetry.

5.1.1 Characterization of Ag/AgCl quasi-reference elec-
trode
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Ag/AgCl quasi-reference electrodes were electroplated on the FFF printed
ABS substrate after ABS was metalized using cluster assembled Au strip as
shown in Fig. 5.1. Highly conductive 250 nm Au strip fabricated by the
SCBD was employed as a conduction path for selective electroplating of Ag
film on ABS substrate. Fig. 5.1A shows the white shiny Ag layer manufac-
tured by electroplating Ag atop the Au strip for 15 minutes. The uniform
and complete coverage of the Ag layer on Au strip was achieved by the pres-
ence of a large active surface area attributed to the cluster assembled surfaces
that were used as active nucleation center during electroplating. The man-
ufactured Ag film remained adhered to the Au stripe during resining with
water and blow drying with nitrogen, post-processing process needed to re-
move plating bath residue, implying that the Ag film strongly adhered to the
Au strip.

Fig. 5.1B displays the dark brown AgCl layer grown by anodization of the

Figure 5.1: Electroplated Ag/AgCl quasi-reference electrode

Ag film in 0.1 M HCI solution under 5 mA-cm =3 constant current density for
15 minutes. During this process 25-30% of the Ag film was converted to the
AgCl layer by applying one-third of the current density used for plating Ag
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layer. The manufactured Ag/AgCl as well showed a strong adhesion to the
Ag layer during the post-cleaning process.

The reference electrode stability throughout the entire electrochemical mea-
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Figure 5.2: Ag/AgCl stability with respect to commercial Ag/AgCl (3.5M,
KCl) in 0.1 M KCI solution

surement was essential because a stable reference electrode provides a con-
stant reference potential with which the potential of the working electrode
is measured. The stability test was performed by measuring the evolution
of open circuit potential difference between the newly fabricated electrode
and the commercial Ag/AgCl(3.5 M, KCI) in 0.1 M aqueous solution of KCI.

The measurement showed that the newly prepared electrode exhibited a
good stability for up to approximately 1000 seconds before displaying 1 mV
potential drift as shown in Fig. 5.2. This stability duration is adequate for

the common electrochemical sensor to perform the complete measurement.

The electrochemical functionality of the manufactured Ag/AgCl film was
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Figure 5.3: Current-voltage curve of 10 mM ferro/ferricyanide in 0.1 KCI

investigated by employing it as quasi-reference electrode in the three-electrodes
electrochemical cell in conjunction with commercial Pt counter and Au work-

ing electrodes to measure the voltammogram of 10 mM [Fe(CN)g]*>~ /[Fe(CN)g
]~ in 0.1 MKCIL. In Fig. 5.3 it can be seen that the current-voltage curve
displayed oxidation and reduction faradaic current with the oxidation and
reduction potentials of the probe. In Fig. 5.4 the limiting current increased
with the scan rate and the ratio of oxidation peak current to reduce peak
current is almost equal to 1 implying that the chemical reaction was diffu-
sion dependent and reversible. Accordingly, it can be concluded that the
manufactured Ag/AgCl film can function as a quasi-reference electrode in a
three-electrode electrochemical cell. In addition, the successful fabrication
of Ag/AgCl layer on SCDB metalized ABS substrate implies that the SCBD

can be employed as technology to combine the prevailing electrochemical

fabrication methods with 3D printing technology.
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Figure 5.4: Oxidation and Reduction peak current of 10 mM
ferro/ferricyanide in 0.1 KCl

5.1.2 Characterization of cluster assembled Au thin

film working electrodes

Optical microscope image of Au cluster assembled thin film electrode fabri-
cated on FFF printed ABS substrate using PMCS is shown in Fig. 5.5. Au
thin film with thickness of 250 nm and resistance of 7 2 was successfully

deposited on cold acetone vapor smoothened ABS substrate.

The thin film electrode was characterized in cyclic voltammetry charac-
terization setup in 10 mM [Fe(CN)g] 3~ /[Fe(CN)g]*~ probe performed using
the cluster assembled Au thin film as working electrode in three-electrodes
electrochemical unit in conjunction with Pt and Ag/AgCl(3.5M, KCl) elec-
trodes. Current- voltage curve obtained by scanning between 0.6 and 0 V is
shown in Fig. 5.6. The curve clearly shows oxidation and reduction peaks

of the probe with the Faradic peak oxidation and reduction currents. The
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Figure 5.5: Optical microscope image of Au cluster assembled thin film

peak currents increased with the increase of scan rate without a pronounced
shift in peak position implies that the electrochemical reaction occurred on
the surface of the Au thin film electrode was reversible. The ratio of oxida-
tion and reduction current was approximately 1, and the peak oxidation and
reduction current fitted linearly with square root of the scan rate, with R?
= 0.999 as seen in ig. 5.7, which confirms the diffusion dependent reversible
reaction. The minimum peak to peak potential separation obtained was 74.0
m%n at the scan rate of 10 m%, as shown in the table 5.1.

Theoretically the peak-to-peak separation is 59 n and independent of scan
rate. The deviation between the experimental and theoretical values are
attributed to uncompensated resistance that depends on the concentration
of electrolytes. Therefore, the Au cluster assembled thin films deposited on
FFF printed ABS substrate possess huge potential to function as a working

electrode in a three-electrode electrochemical sensor.
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Figure 5.6: Current-voltage curve of 10 mM [Fe(CN)g)>~/[Fe(CN)g]*~ in 0.1
M KC1

Table 5.1: Oxidation and reduction potential, and peak-to-peak separation
of Ferro/Ferricyanide

Scan rate(mv) | Ea(mV) | Ec(mV) | dE(mV)
) 316 176.2 78
10 314 240 74
25 318 236.1 81.9
20 320 234.1 85.9
75 328 226.1 102
100 326 230.1 95.9
120 328 228.1 99.8
150 332 224.1 108
200 330 224.1 106
250 332 220.1 112
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Figure 5.7: Peak oxidation and reduction current
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5.1.3 Cyclic voltammetry of Ferro/Ferricyanide using
the prototype of electrode embedded electrochem-

ical microfluidic sensor

Fig. 5.8 shows cyclic voltammogram of 10 mM [Fe(CN)g?~ /[Fe(CN)g|*~ in
0.1 M KCI stagnant solution obtained using the prototype for different can
rate, and scanned between 0.4 and -0.4 V. The curve shows two clear oxida-
tion and reduction peaks attributed to the [Fe(CN)g]*~/[Fe(CN)g]*~. With
the increase of scan rate the oxidation and reduction peak currents of the
probe increased. Also, the ratio of the oxidation peak current to reduc-
tion peak current was approximately 1, and the curve linearly fitted with
Ro = 0.999(oxidation) and 0.998(reduction) as shown in Fig. 5.9, which are
the characteristics of diffusion dependent reversible electrochemical reaction.
However, the oxidation peak positions shifted the right while the reduction
peak position shifted to the right when the scan rate increased. The min-
imum peak—to—peak separation obtained for lower scan rate was 110 mV
and significantly increased when the scan rate was increased deviating from
the theoretical value of 59 mV. Therefore the electrochemical reaction of
[Fe(CN)g)>~/[Fe(CN)g]*~ occurred on the Au working electrode can be con-
sidered as quasi-reversible. The pronounced deviation of the peak—to—peak
potential from theoretical value and its dependency on the scan rate may
be attributed to the instability of cluster-assembled Au working and counter
electrodes. During the electrochemical measurement, we observed instanta-
neous and rapid attack happening on Au working and counter electrodes as

they were placed in [Fe(CN)g]*>~/[Fe(CN)g]*~ solution containing KCI elec-
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Figure 5.8: Current-voltage curve of 10 mM [Fe(CN)g] *~/4~ in 0.1 M KCI
solution obtained using the prototype

trolyte. This was possibly by the fact that cluster assembled Au electrodes
are highly susceptible to chlorine attack because the similar attack was not
observed when the electrochemical measurement was performed using the
same probe in the 1 M KNOj electrolyte. After running 100 cyclic voltam-
metry in 10 mM [Fe(CN)g]?~/[Fe(CN)g]*~ in 1 M KNOj electrolyte no drift
or shift in potential was not observed as shown in Fig. 5.10. Therefore,
KNOj electrolyte was used for further electrochemical characterization of

the prototype.

Cyclic voltammogram of 10 mM [Fe(CN)g]?>~/[Fe(CN)g]*~ recorded us-
ing newly manufactured electrode incorporated microfluidics electrochem-

ical sensor is shown in Fig. 5.11 In this case, oxidation and reduction
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Figure 5.9: Peak anodic and cathodic currents of 10 mM [Fe(CN)g] 3=/4-

peak currents of [Fe(CN)g|>~/[Fe(CN)g]*~ increased when the scan rate in-
creased. shown in Fig. 5.11, peak-to-peak separation was reduced to 81
mV for the scan rate of 25 mV, and the separation did not show signifi-
cant variation when the scan rate was increased. The ratio of anodic to ca-
thodic peak currents was approximately 1 and the curve linearly fitted(R*=
0.998) indicating diffusion dependent reversible electrochemical reaction of
the [Fe(CN)g]?~/[Fe(CN)g]*~occurred on the cluster assembled Au working

electrode.
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Figure 5.10: 100 cycles cyclic voltammograms recorded at 50 mV /s in 10
mM [Fe(CN)g]>~/4~ in 1 M KNO3
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Figure 5.11: Cyclic voltammograms recorded using the prototype in 10 mM
ferro/ferricyanide in 1 M KNOj3
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5.1.4 Chronoamperometry of Ferro/Ferricyanide us-
ing the prototype of electrode embedded elec-

trochemical microfluidic sensor

Fig. 5.13 shows typical chronoamperometric curves obtained for different
concentration of [Fe(CN)6]3>~/ [Fe(CN)g]*~ using the prototype of electrode
integrated microfluidic biosensor. As clearly seen faradaic currents were pro-
duced by apparent oxidation of [Fe(CN)g]3~ /[Fe(CN)g]*~ redox couple on the
surface of the incorporated working layer into the bulk solution, which sub-
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Figure 5.13: Chronoamperometric curves of different concentrations of
[Fe(CN)g]?~/4~ measured by the prototype

sequently decreases the concentration gradient. In addition, the prototype

recorded distinct faradaic currents that increased when the concentration of
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the probe increased. Hence, the Cottrell equation can be applied to deter-
mine the diffusion coefficient of an electrochemical analyte and active surface
area of the working electrode. In the calibration curve shown in Fig. 5.14 the
prototype exhibited a good linearity for the concentration between 0.5 mM
and 10 mM. The sensitivity of the device was 38 pA (per mM), which is rel-
atively very high. The high sensitivity of the prototype is may be attributed
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Figure 5.14: Calibration curve

to the larger area-to-volume ratio on the surface of the cluster assembled Au
thin film working electrode. The larger effective active surface area of the
cluster assembled electrode may provide the larger number of active sites for
the oxidation of the electroactive species, which results in an increase of cur-
rent. Therefore, the prototype manufactured by the combination of SCBD
and FFF technologies can be potentially employed as a sensitive chronoam-

perometric sensor.
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5.1.5 Electrochemical Impedance spectroscopy(EIS) char-
acterization of the prototype of electrode embed-

ded electrochemical microfluidic sensor

Nyquist impedance spectra measured using the prototype containing 10 mM
of [Fe(CN)g]3~/[Fe(CN)g)*~ with the 1 M KNOj solution in the channel is
presented in Fig. 5.15. The plot represents real and imaginary parts of the
impedance of the electrochemical cell integrated into the microfluidics plat-
form acquired for frequencies varying from 0.01 Hz to 10° Hz using the am-
plitude of 5 mV. Basically, different regions of the Nyquist spectra consist of
the semi-circle and linear region where solution resistance(Rs), double layer
capacitance(Cdl) and charge transfer resistance(Rct) is determined. How-
ever, in this case, the device recorded approximately linear complex spectra
for both high and low-frequency regions without the semicircle in the mid-
frequency region of the Nyquist plot. This response suggests the reaction was
dominated by the diffusion process(mass-controlled), and the cluster assem-
bled electrode exhibited very low polarization resistance, which illustrates
that the electrode exhibited a fast charge transfer property.

It can also show cleanness of the film deposited on FFF printed ABS sub-
strate. In addition, the high-frequency region displayed a linear tendency,
with a slope smaller than 1, deviating from the ideal capacitive behavior.
This behavior is explained by the constant phase element (CPE), which is
related to the porosity of the electrode surface. In addition, a straight line
inclined at a constant angle of 45 degrees appeared in the lower frequency

range that indicates the existence of Warburg impedance, which represents
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Figure 5.15: Nyquist plot of the impedance

semi-infinite diffusion of [Fe(CN)g]?~/[Fe(CN)g]*~ ions at the electrode solu-
tion interface. This response confirms the high roughness or porous structure
of the cluster assembled thin films reported in [149]. The corresponding bode
representations depicted in 5.16 clearly indicates the apparent dependence of
the impedance on applied frequency. As it can be seen, in high-frequency
regions, the slope is almost zero, indicating the frequency regions were domi-
nated by the resistive behavior. In addition, the slope approaches zero value
at low-frequency regions where the Rct is calculated. Also, the slope at mid-
frequency region is found approximately -0.405, which deviates from ideal
capacitive behavior where the slope is equal to -1. This deviation from ideal
capacitive behavior may be attributed to the surface roughness or porosity

nature of the cluster assembled thin films explained above.

Based on the information retrieved from the Nyquist and Bode the equiv-

alent circuit representing the electrochemical interface of electrode and so-
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Figure 5.16: Bode plot representing logarithm of impedance versus logarithm
of frequency

lution is established as presented in Fig. 5.16 inset, where CPE represents
the property stem from the roughness and porosity of the cluster assembled
electrode, Rs is the solution resistance, Rct is the charge transfer property
of the electrode and Ws, the Warburg diffusion term at solution electrode
interface. Thus, with a very high surface roughness and porous nature of
cluster-assembled electrodes endowed by the SCBD, the prototype has a

huge potential to be employed as a very sensitive electrochemical EIS sensor.
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5.1.6 In channel flow hydrodynamic detection

In this part the prototype was assessed for its potential application in de-
tection and analysis of analytes in continuously flowing solution. The lami-
nar flow was introduced using kid scientific 100 syringe pump. The 10 mM
ferro/ferricyanide in 1 M KNOj solution was pumped into the channel with
varying flow rate through tubes joined to commercial connectors fitted to
the inlet/outlet holes on the integrated system and cyclic voltammetry was

recorded at different scan rates.

Fig. 5.17 shows current-voltage curve of 10 mM [Fe(CN)g]3~ /[Fe(CN)g]*~
recorded using the newly manufactured electrode integrated electrochemical
microfluidic sensor device at scan rate of 50 mV /S for various flow rates.

As can be seen, the curve displayed two peaks corresponding to oxidation
and reduction potentials of [Fe(CN)g]3~/[Fe(CN)g]*~ redox couple for both
flowing and quiescent solution. In addition, the flowing solution displayed
flow rate dependent response. The limiting current recorded with low flow
rate showed substantial increase as compared to the current recorded in the
quiescent solution. The current increased when the flow rate increased up to
20 pL/s. This is due to the fact that at low scan rates increasing flow rate
supplies fresh analytes to the Nernstian diffusion boundary consequently ren-
dering additional mass transport means besides the diffusion occurring from
the small stagnant region virtually close to surface of the electrode. The

increase in the Faradic current transpires the successful introduction of addi-
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Figure 5.17: Cyclic voltammogram of 10 mM ferri/ferrocyanide scanned at
50 mV/S with different flow rates

tional mass transport to the electrode surface by convection. Hence, at low
flow rates mass transport is controlled by both diffusion and convection of

the electroactive species, thus increasing the flow rate increases peak current.

On the other hand, when the flow rate was increased beyond 100 ul/s
the limiting current decreased, the voltammogram became sigmoidal, and
the curve shifted to the left. In this case, the fast flowing stream does not

permit more diffusion to occur and the scan rate is not quick enough to
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Figure 5.18: Voltammetric response of the integrated electrode sensing unit
for 10 mM [Fe(CN)g] 3~/4~ at 0.025-0.25 V/S for the flow rate of 300 ul/s

permit fast electron exchange as fresh analytes are supplied, and products are
removed quickly by the convection resulting in a decreased limiting current.
Accordingly, at high flow rates, the mass transport is controlled only by
convection. The variation of limiting current with the scan rate for fixed

high flow rate of 300 ul/s is shown in Fig. 5.18.
As clearly seen the voltammogram obtained at the scan rate of 25 mV/s

is very narrow and sigmoidal than those obtained at higher scan rates. For

the high scan rate of 250 mV /s increased oxidation limiting current was ob-
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Figure 5.19: Voltammetric response of the integrated electrode sensing unit
for 10 mM [Fe(CN)g] 3=/4~ at the scan rate of 0.25 V/S for the flow rate of
300 ul/s

served for low flow rate, while no significant change was observed as the flow
rate increased up to 300 pl/s. The peak current is virtually close that ob-
tained in quiescent solution. This is because high scan rates are fast enough
to consume fresh analytes continuously supplied by the convection and allow
fast charge to transfer so that the limiting current did not diminish as clearly

shown in Fig. 5.19.

94



As discussed in section 4.9, in laminar flow at steady state mass transport
occurring to the electrode surface due to diffusion arises from the Nesrtian
diffusion layer, which is normal to the stream. This diffusions layer is con-
stant unlike in the case of quiescent solution that infinitely extends into the
solution. The stream of flow brings analytes to the outer boundary of the
Nernstian layer refilling the analytes consumed by the electrochemical reac-
tion and consequently causing the diffusion layer to remain constant. This
process enhances mass transport to the electrode surface by supplying flux
of analytes from the bulk to the diffusion boundary close to the surface of
electrodes. Accordingly, the mass transport equation is represented by the
combined effect of both diffusion and convection[156, 157].

0lCi]

T D;V*C; + UV, (5.1)

where C; is concentration and U is the stream velocity, UV} is the mass
transfer introduced by convection. The laminar flow pattern on the elec-
trode surface is obtained by adjusting the channel design and flow rate of
the stream. In this case, streamlines that follow the velocity field do not
cross each other and the small time independent diffusion layer is created o
distance from the surface is the electrode where mass transport occurs. This
phenomena occurs perpendicular to the stream direction and represented by
the second term in the equation 5.1. The mass transport to the diffusion
regions boundary is carried tangential to the streamlines ad represented by

the third term in the same equation.

For the electrode integrated microfluidics system satisfying the dimen-
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sional relationship between the electrodes and channel, the current for steady
state condition is given by equation 4.7. According to this equation the lim-
iting current is related with cube root of flow rate. The introduction of flow
into the electrochemical system renders additional means to deliver analyte
to the diffusion region boundary. The increasing flux increases the limiting
current if the scan rate allows fast transfer of electrons before it is washed
away by the stream, which explains the increment of limiting current for low
flow rate at the low scan rate. To the contrary, increasing the flow rate at
low scan rate decreased the current. This is because fast stream of flow do
not contribute flux the diffusion region for the fact that analytes are rapidly
washed away before the electrochemical reaction consumes the delivered flux.
In addition, fast streams wash away products formed at the boundary of dif-
fusion region thereby denying the electrochemical charge transfer. High flow

rate at low scan rate decreased the limiting current.

As the scan rate increased the effect of flow rate became insignificant.
This is because fast scan rates allow the fast exchange of charge before they
are washed away by the fast stream. As it can be seen in Fig. 5.19, no
pronounced change in limiting current was observed when the solution was

Vv
scanned at the scan rate of 0.25 — for the higher flow rate of 300 “S—L
s
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5.2 Summary

Three-electrodes embedded electrochemical microfluidic biosensors platform
is successfully developed by integrating SCBD and FFF technologies via novel
fabrication strategy. The fabrication strategy bridged the two-technology
removing the limitation that has impeded leveraging of the FFF technology
for manufacturing monotonically electrode integrated microfluidic biosensors.
The fabrication strategy was cost-effective, flexible quick and do not require
the cleanroom and trained technicians. Employing the strategy cost-effective,
portable and user-friendly integrated electrochemical microfluidic biosensor

platform was developed.

5.2.1 Manufacturing of electrode integrated electro-

chemical microfluidic biosensor platform

The flexibility in the manufacturing process of FFF technology that employs
thermoplastics filament melts to additively manufacture the work-piece by
localized material deposition enabled creating the window for integration of
electrodes into FFF printed microfluidics platform. The two-step fabrica-
tion method enabled leveraging of consumer-grade Delta wasp FFF printer
for fabrication of the desired device. Besides the low cost, FFF is employed
for manufacturing end-use devices that can speed up the fabrication pro-
cess. FFF raw materials are inexpensive and there is a broad range of
production-grade thermoplastics available to make custom-based materials
choice. Therefore, using FFF technology contributes enhanced fabrication

pace, new functionality, reduced cost, and bench top fabrication process for
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the development of integrated biosensor system.

The SCBD technology offered the possibility of deposition of nanostruc-
tured electrodes with tailored surface features on the thermoplastic substrates
using gas phase cluster source. The nanostructured materials deposited on
the plastics substrates are strongly anchored by implantation of metallic
nanoparticles into the substrates matrix thereby metalizing plastic. The
SCBD technology offered large area thin film deposition using focused and
collimated beam generated by combining PMCS, supersonic expansion, and
aerodynamic focusing. The metalization ability was leveraged to use FFF
printed thermoplastic substrates for building electrochemical biosensors by
depositing strongly anchored thin film electrodes. Besides, the surface tailor-
ing ability was used for controlling the surface features of electrodes such as
roughness and porosity thereby to enhance sensitivity and detection range.
Because of the foregoing benefits, SCBD was used to couple with FFF tech-

nology through a novel integration strategy.

Cold acetone surface treatment process significantly reduced the rough-
ness of FFF printed ABS substrates, which is the base material used in this
project. The cold acetone treatment process reduced micro-surface rough-
ness into nano-roughness thereby paving a way for utilization of FFF printed

platforms.

Passivation of electrodes with acetoxy silicon adhesives successfully pro-

tected the electrodes from damage that could arise from overprinting pro-
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cess to seal the channel. This strategy enables readily integration of FFF
and SCBD technology for manufacturing electrode integrated microfluidic

biosensor.

5.2.2 Electrochemical detection of ferro/ferricyanide

The prototype of three electrodes integrated electrochemical biosensors em-
ployed for detection of 10 mM ferro/ferricyanide probe in 1 M KNOj solution
stagnant in a channel showed reversible and diffusion dependent electrochem-
ical behavior of the probe when used as cyclic voltammetry electrochemical
sensor. The highly sensitive electrochemical response was recorded when
used as chronoamperometry sensor. The EIS measurement able to acquire
qualitative information about the roughness and porous nature of the SCBD
electrodes. The in channel flow analysis revealed that Faradic current in-
creased as convection rate increased to 20 % and decreased when the con-
vection rate further increased. This transpire that the device possess huge

functionality for online or flow analysis.

Therefore, using the novel integration strategy the SCBD can be cou-
pled with FFF technology and prevailing electrochemical fabrication meth-
ods to be employed for manufacturing scale-up of electrode embedded elec-
trochemical microfluidics platform with the enhanced pace, portability and
cost-efficient way. The integrated platform can be customized for developing

various bio/chemical sensors.
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5.2.3 Future perspective

The device has already showed a huge functionality as microfluidics on a chip
chemical sensor in both stagnant and flowing solutions containing ferro/ferricynanide
solution. Without any further modification the prototype device can be uti-
lized to detect heavy metals traces such as lead, magnesium and cadmium
using striping potential method. In addition, the device can be customized

for detection of pesticides in stagnant and flow mood various.

To develop complete theoretical explanation for the flow analysis the de-
vice should be redesigned so that the dimension ration of electrode to channel
satisfy the requisite for observation of pronounced current enhancement in

flow analysis.
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