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Lay Abstract

This thesis presents a novel material that can mimic the properties of paper. The
proposed material can be easily printed onto carbon electrodes to form a printed mi-
crofluidic device. The fabrication process is cheap and scalable for mass production.
The material can transport fluids via capillary action much like paper can, and can
also handle glucose detection using electrochemical methods. The results show that
the printed microfluidic devices could detect glucose with high sensitivity and low
detection limits, making them potentially useful for medical diagnostics. This tech-
nology also successfully integrated other microparticles into its composition to boost
its electrochemical performance and improve its sensitivity. This novel material of-
fers a cost-effective, easy-to-produce, and reliable alternative to current methods, with

potential application in point-of-care testing.
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Abstract

Paper-based microfluidic devices have been a promising device platform for point-
of-care diagnostic applications. It is known for its cost-effective and simple nature.
Various analytes, such as metabolites, electrolytes, and pathogens, have been quanti-
fied in various applications. One of the key advantages of paper-based devices is the
inherent property of capillary flow, which allows for the transport of fluids without
the need for external pumping. However, since their discovery, applications of paper-
based microfluidics have become increasingly complicated. Using expensive materials
or complex surface modification to push the device’s performance to its limits. Many
have lost sight of what made paper-based microfluidic devices attractive in the first
place. Despite these advances and recently reported devices having extremely low
sensitivity, none have been commercialized, like the first testing strips. This thesis
presents a novel material that can mimic the properties of paper. The proposed mate-
rial can be easily printed onto carbon electrodes to form a printed microfluidic device.
The fabrication process is cheap and scalable for mass production. Unlike existing
devices, the proposed material allows for a completely new area of design and opti-
mization. This technology successfully demonstrated that it could similarly transport
fluids to paper and the electrochemical detection of glucose. The results show that

the printed microfluidic devices could detect glucose with high sensitivity and low

v



detection limits, making them potentially useful for medical diagnostics. The ma-
terial was also integrated onto commercially available screen-printed electrodes and
shown to improve performance. The composition of the material is flexible and ca-
pable of being tuned for specific needs. For example, semi-conductive microparticles
can be integrated for an improvement in electrochemical performance. The results
show that the printed microfluidic devices offer a cost-effective, easy-to-produce and
reliable alternative to current methods, with potential application in point-of-care

testing.
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Chapter 1

Introduction

1.1 Paper-Based Microfluidic Devices

A widespread paradigm shift in the past decade has been intersectionality. Combining
various disciplines resulted in the introduction of novel subfields and continuous tech-
nological advancement. For example, combining the traditional fields of chemistry,
biology, physics, and engineering has led to the rise of new microfluidics and elec-
trochemistry application areas. Likewise, the two have become increasingly linked,
making it difficult to treat them as separate entities (Rackus et al., 2015). Microflu-
idics is the study and manipulation of small volumes of fluids in the ranges of uL
to pL. To satisfy these conditions, the devices are often planar substrates bearing
enclosed channels with lengths, widths, and heights on the scale of micro- to nanome-
ter. Microfluidics is a unique field of study that was popularized in the early 1990s
because fluids behave in a completely different way when dealing with micro- and
nanoscale compared to the macro world. The most critical parameters for the mi-

crofluidic phenomena include Reynold’s number (Re), Capillary Number (Ca), and
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Péclet number (Pe) (Rackus et al., 2015).

Re =PV (1.1.1)
L

Ca=" (1.1.2)
v
vl

Pe== (1.1.3)

where:

p - fluid density

[ - length of the system

v - fluid velocity

1 - dynamic fluid viscosity

~ - surface tension

D - coefficient of diffusion

In microfluidic devices, these parameters are low, meaning viscous forces will dom-
inate inertial forces, interfacial forces will dominate viscous forces, and diffusion will
dominate convection. Ultimately, this means that fluids in a microfluidic system will
behave laminarly rather than turbulent (Rackus et al., 2015). This phenomenon is
an important characteristic of microfluidic systems as it allows for more controlled
separation or mixing of fluids. Microfluidic platforms can be classified into vari-
ous categories based on channel design and material selection. For example, paper-
based microfluidics, channel-based microfluidics, and digital microfluidics (Rackus

et al., 2015). There are also many alternative classifications, but the focus will be
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on paper-based microfluidics. Paper is usually made by pressing together cellulose
fibers, which can be separated from raw sources such as wood and cotton by chemical
or mechanical pulping. The cellulose is cross-stacked and interconnected during man-
ufacturing, generating a hierarchical porous structure (Cate et al., 2014). Compared
with conventional microfluidic systems, this hierarchical porous structure keeps the
Reynold’s number low for laminar flow but still allows fluid to diffuse through capil-
larity (Rackus et al., 2015). The movement of fluids through paper is described by

the Lucas-Washburn equation (Shen et al., 2019):

otr cosf
x(t) =4 | ——— 1.1.4
1=/ "5 (11.4)

where:
x - distance moved by the fluid front under capillary pressure
t - time
o - liquid-air surface tension
r - average pore radius of the paper
0 - liquid-fiber contact angle

7 - viscosity

Paper-based microfluidics is an alternative scheme for traditional miniaturized
fluid handling where the liquid samples are passively pumped by capillary action
through a paper substrate (Gong and Sinton, 2017). The Whiteside group popular-
ized this method in 2007 (Martinez et al., 2007), and many products have become
widely available to consumers utilizing this method, for example, pregnancy tests,

the COVID-19 antigen test, and glucose test (Yamada et al., 2017). Paper-based
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microfluidics is popular because of the very low cost, ease of fabrication, flexibil-
ity, biodegradability, and the passive diffusion of liquid via capillary action (Rad-
hakrishnan et al., 2022). For these reasons, there has been a particular interest in
using paper-based microfluidics for point-of-care diagnostics in resource-limited set-
tings (Cate et al., 2014) (Costa-Rama and Ferndndez-Abedul, 2021).

Paper microfluidics are implemented by forming hydrophobic/hydrophilic patterns
to leverage the inherent properties of paper, such as its porosity and capillary action,
to create a fluidic pathway (Anushka et al., 2022). On common technique is wax
printing, where patterns are printed onto the paper using a wax printer, followed by
heating to melt the wax, penetrating the paper to hydrophobic barriers that define the
microfluidic channels. Another approach is photolithography, which involves coating
the paper with a photoresist, exposing it to UV light through a mask to create the
desired pattern, and then developing the paper to wash away the unexposed areas,
leaving behind hydrophobic regions. Furthermore, inkjet printing, flexographic print-
ing and plasma treatment are among the numerous strategies that have been utilized
to generate paper-based devices (Li et al., 2012) (Alahmad et al., 2023).

Although paper is a unique substrate for containing liquids in specific areas and
can control fluid flow without the use of external power, the above characteristics
are of limited use in the analytical sense if no other functionalities were incorpo-
rated (Shangguan et al., 2018). For application purposes, several detection tech-
niques have been proposed (Zheng et al., 2021). Colorimetric assay is a common type
of detection method used with pPADs. In a colorimetric assay, a chemical reaction
produces a color change that has an intensity proportional to the concentration of

analyte in the sample (Li et al., 2012). This can be instrument-free, with the color
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changes being detected with the naked eye, or semiquantitative results can be ob-
tained by comparing the color produced to a color calibration chart. Quantitatively,
a technique known as digital image colorimetry can be applied. Where a digital
image of the assay is analyzed using software such as ImageJ, MATLAB or Adobe II-
lustrator. Another detection method frequently used is electrochemical. This method
explores the usage of electrochemistry techniques for a more quantitative analysis of
the sample.

Electrochemistry has historically been a branch of chemistry investigating electron
transfer kinetics, with applications in semiconductors, batteries, and electrochemical
sensors (Mettakoonpitak et al., 2016). The latter application has seen increasing at-
tention because of various advantages, including inexpensive instrumentation, minia-
turization, mass scalability, and high sensitivity. The systems are typified by the uses
of inexpensive potentiostats (a control circuit that applies electric potential and mea-
sures small currents) and electrochemical cells that are easily screen printed (a highly
scalable manufacturing technique that is low cost). These advantages are one of the
driving factors behind the popular and now ubiquitous paper-based electrochemical
glucose microfluidic devices.

The electrochemical phenomenon of interest is the reduction-oxidation reaction.
It is often measured using a cell comprised of three electrodes: (1) a working electrode
(WE), where the redox reactions of interest occur and are measured; (2) a counter
electrode (CE) is controlled by a potentiostat to set the WE potential and balance
the current, and (3) a reference electrode (RE) that provides feedback of the WE
potential to the potentiostat (Mettakoonpitak et al., 2016). The WE and CE are in

direct contact with the solution being studied, and the RE is often in indirect contact
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via a conductive salt bridge. Multiple characteristics can contribute to the design of
the electrodes, for example, size, geometry, material, and surface topography (Cate
et al., 2014). While electrodes traditionally have had dimensions on the order of
millimeters, with the advancements in microfluidics and micromachining, the concept
of “microelectrodes” and “nanoelectrodes,” where micrometer and nanometre scale
electrodes are achievable. Electrodes with these dimensions allow for the detection of
even smaller currents in the ranges of picoamperes to nanoamperes, rapid responses
to the changes in applied potential, and ultimately, the more efficient and sensitive
detection of ultralow concentration of analytes from ultralow sample volumes.
When the electrode is charged, and it encounters the ions in solution, an electrical
double layer of ions ( 5-20 nm thick) is formed at the surface (Bard and Faulkner,
2000). The layer closest to the electrode is the inner layer (Stern Layer), where excess
charge is balanced by a fixed equal number of oppositely charged ions. The second
layer is the diffuse layer, which contains a group of oppositely charged ions with con-
centrations decreasing exponentially as a function of distance from the inner layer.
There is a constant drop in potential from the electrode surface to the stern layer.
The potential at the stern layer is referred to as the zeta potential, which gives the
exponential decreasing nature of the charges with distance (Rackus et al., 2015). In
an electrochemical process, the analyte moves from bulk solution to the electrical
double layer by one (or more) of three methods: (1) diffusion, the movement due to
the concentration gradient between the bulk solution and the electrode surface region;
(2) migration, the movement due to the potential gradient between the electrode sur-
face and the bulk solution, and (3) convection, forced movement through mechanical

forces (Mettakoonpitak et al., 2016).
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As mentioned previously, the analyte participates in a redox reaction because of
the electric potential that is measured between WE and RE. The electric potential
and the concentrations of the analyte being oxidized or reduced can be determined
using the Nernst equation:

RT . C,

E=EFE"+—"1n=2 1.1.5
+nF nC,, ( )

where:
E° - “standard” potential for the reaction
R - universal gas constant
T - temperature
n - number of electron transfers involved in the reaction
F' - Faraday’s constant

C,, C, - concentration of species being oxidized and reduced respectively

The simplest form of electrochemical sensing, potentiometry, where the Nernst
equation is used to discern C,/C, in a passive system with no outside potential ap-
plied. In addition, there are many other electrochemical techniques, but voltammetry
and amperometry are most used within microfluidic applications

Voltammetry is an extensively used technique, and it can probe the reversibility
of the system. The electric potential is applied between the WE and CE, resulting
in a current. But unlike amperometry, the potential is varied as a function of time,
usually forming a cyclic pattern. Using this method allows for the association of each
step (oxidation and reduction) with a peak current (i,). The relationship between

peak current and the scan rate of electric potential (v) is given by Randles-Sevcik
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equation (Rackus et al., 2015):

3
2

ip = (2.69 x 10°)ACD2n?v? (1.1.6)

where: 1, - peak current

A - electrode area

C' - concentration of analyte in bulk solution

D - diffusion coefficent

n - number of electron transfers involved in the reaction

v - scan rate

Due to the analytes being regenerated, the peak current can be further enhanced
by running multiple cycles (Elgrishi et al., 2017). Since electrochemical techniques
are sensitive to the analyte’s flow rate, considering the sample’s flow rate through

paper is another important design characteristic.

Paper Material Thickness Volume/Area| Flow
() (uLfem?) | (mm/min)

Whatman Cellulose 180 9 4.3

Grade 1 Chr

Whatman Cellulose 340 15 4.3

Grade 3MM

Chr
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Whatman Cellulose 200 7 3.2
Grade P81 with  phos-

phate

groups
Whatman Cellulose 230 7 4.2
Grade DES1 | with diethy-

laminoethyl

groups
Whatman Glass fiber 420 21
Grade GF/F

Table 1.1: Features of common paper types employed as substrate for paper-based
microfluidics. Adapted from (Amor-Gutiérrez et al., 2022)

Amperometry, as the name suggests, is an electrochemical analysis technique that
measures the current while a constant external electric potential is applied between
the WE and CE. The current is recorded as a function of time. Because electron
transfer can only occur at the electrode, the current at the WE is proportional to the
movement of the analyte to the electrode surface (Rackus et al., 2015). For instance,
in a system with only diffusion and no convection or migration movement, the flux
of the analyte will depend on the concentration gradient of the analyte. Initially,
only the analyte near the double layer is depleted, resulting in a high current. As
the analytes deplete, more analytes will flow from the bulk solution. Eventually,
the region of reduced analyte will extend further into the solution, and thus, the

concentration gradient declines with time, which causes the current to decline. The
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current observed in amperometry will follow Cottrell’s Equation shown below (Rackus

et al., 2015):
i = "PAGVD; (1.1.7)
\/_
where:
1 - current

n - number of electrons
F' - Faraday constant
A - area of the planar electrode
¢ - initial concentration of the reducible analyte

t - time

For the proper healthcare of people, rapid, accurate, and minimally invasive di-
agnostic tools are in high demand (Xu et al., 2022). The current standard of care
requires off-site analyses, where the sample is transported to a laboratory for analysis,
which can significantly delay in the therapeutic decision and miss the timing window
for certain preventative measures (Yoo and Lee, 2010) (Zhang et al., 2021). The pri-
mary benefit of POC diagnostics is the dramatic speed advantage over conventional
techniques because it takes place on-site (Kulkarni et al., 2022). An example of this
is continuous glucose monitoring (Manasa et al., 2022). This not only allows for the
early detection of biomarkers, but also earlier treatment and precautionary measures
to take place, preventing disease progression to a more serious state. Paper-based
microfluidics, also known as paper-based analytical devices (uPADs), is the perfectly
suited device for these situations, fully utilizing its advantages. Among many others,
cellulose paper is flexible, biocompatible, eco-friendly, inexpensive, available, and eas-

ily modified chemically and physically, and there is a lack of necessity for an external

10
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pump (Gutiérrez-Capitédn et al., 2020). Its flexible nature enables a 3D element in the
form of origami (Colozza et al., 2021). Electrochemical detection approaches show
certain advantages, such as their small size, low cost, low power consumption, high
selectivity, and sensitivity, as well as the availability of a large number of measuring
techniques, which can be adapted to different analytical detection mechanisms (Costa-

Rama and Ferndndez-Abedul, 2021).

1.2 Electrochemical Sensing in Paper-Based Mi-
crofluidics

As mentioned previously, the term paper-based microfluidics was first introduced
by Martinez et al. (2007). However, they chose to implement yPAD as a colorimet-
ric assay. The analyses are realized by visually comparing the color change of the
reaction spots before and after loading analytes. The analyte concentration can then
be quantified using image analysis software easily accessible on a smartphone or a
handheld optical colorimeter. The downside of such a technique is that inaccuracies
can arise for multiple reasons. For example, when the color change is heterogeneous
due to a small sample, this can limit the ability of the software to quantify the quan-
tity. Another bottleneck of colorimetric detection is its sensitivity to ambient light
conditions (Ataide et al., 2020).

Dungchai et al. (2009), merged the concept of electrochemical detection with
uPADs, creating microfluidic paper-based electrochemical devices or yPEDs. The
channels were created using photolithography, and carbon electrodes were printed

using screen printing techniques. Electrochemical methods offered higher detection

11
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sensitivity and low cost. The selectivity can also be adjusted by varying electrochemi-
cal parameters and /or electrode materials for different applications. A key component
of the selectivity is due to the enzyme. Enzymes are biological catalysts able to accel-
erate any chemical reaction, not being consumed in the process nor being part of the
final product. Enzymes decrease the activation energy of reactions, showing greater
specificity. Enzymes typically only act on one specific substance, making it a great
marker for differentiating even between different stereoisomers of one compound. A
critical step for designing enzymatic electrochemical biosensors is immobilizing said
enzymes on the surface of the microfluidic device.

Adsorption is the simplest method of immobilization. It is generally done by dis-
solving the enzymes in a buffer solution and then contacting a solid surface. The
bonds formed in this immobilization are weak, such as Van der Waals’ forces and
electrostatic or hydrophobic interactions (Amor-Gutiérrez et al., 2022). The main
drawback is that any change in the conditions of the medium, such as pH, temper-
ature, and enzyme desorption, affects the stability of the biosensor. Adsorption can
be carried out in three different ways: (1) physical adsorption, where the enzymes
are directly deposited on the surface of the electrode; (2) electrostatic interactions,
when the enzymes are immobilized onto a charged surface; and (3) retention in a li-
pidic microenvironment, using Langmuir-Blodgett technology (Amor-Gutiérrez et al.,
2022). Immobilization of enzymes can also be carried out inside a three-dimensional
matrix, where the enzymes, mediators, and additives are all simultaneously deposited
on the surface of the electrode. The enzyme activity is preserved since the biological
elements are not modified. The entrapment is mostly done by electrochemical poly-

merization, where a current or potential is applied to an electrode with a mixture of

12
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the enzyme and monomer in a way that physically incorporates the enzyme within
the polymer network. Polymers such as polyaniline and polypyrene are most used
for conducting polymers, but other matrices, such as polysaccharide-based gels, are
also viable options. Other methods, such as cross-linking, embedding, affinity, and
covalent reactions, can also be used to immobilize the enzyme, each with advantages
and disadvantages (Amor-Gutiérrez et al., 2022).

In the development of uPED, apart from design and patterning, electrode fabri-
cation is another critical step since, ultimately, electron transfer is the phenomenon
of interest, and the electrode surface determines the analytical characteristics of the
device. Various methods have been reported for the fabrication of electrodes on pa-
per platforms. Film-based electrodes are usually employed for paper-based enzymatic
biosensors to determine glucose. Thick film methodology (pm-thick layer) employs
inks; a popular method is screen printing or inkjet printing (Tortorich et al., 2018).
Pencil drawing and painting are also viable options. However, a thin-film methodol-
ogy, such as gold-sputtered electrodes, also makes it possible to obtain an nm-thick

layer. Below is a table highlighting some of the advances in paper-based microfluidics

over time.
Author Year | Substrate | Sample LOD of | Fabrication | Electrochemical | Novelty
Vol- Glucose Method Detection
ume/Media Method

13
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(Dungchai | 2009 | Glucose, Human 0.21 mM Photo- Cyclic  voltam- | First paper-
et al., Lactate, serum lithography | metry based  electro-
2009) Uric Acid | Sample for  chan- chemical glucose
nels, biosensor
screen
printed
electrodes
(Nie et al., | 2010 | Glucose, Artifical 0.22 mM Wax Chrono-
2010Db) Lactate, Urine printing amperometry,
Uric Acid or Photo- | anodic stripping
lithography | voltammetry
for  chan-
nels,
screen
printed
electrodes
(Nie et al., | 2010 | Glucose, Human 26 mg/dL | Wax Amperometry Testing designed
2010a) Choles- whole printed test strips  vs
terol, blood channels, commercial de-
Lactate, screen vice, 0.014 per
Alcohol printed strip not bet-
electrodes ter LOD than
commercial

14
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(Lankelma | 2012 | Glucose Urine N/A Wax Amperometry Utilization ~ of
et al., printed flow  injection
2012) or Photo- analysis
lithography
for  chan-
nels,
platinum
sputtered
electrodes
(Zhao | 2013 | Glucose, Artificial 0.35 mM Wax Chrono- Multiplex  de-
et al., Lactate, urine printed amperometry or | tection +
2013) Uric Acid channels, Cyclic  voltam- | custom open
screen metry source, hand-
printed held, portable
electrodes potentiostat
(Noi- | 2013 | Glucose Whole N/A Wax dip- | Cyclic voltam- | Prussian  blue
phung blood ping  for | metry modified  non-
et al., channels, integrated
2013) screen screen  printed
printed electrodes
electrodes
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(Kong | 2014 | Glucose Human 0.1 mM screen Differential Graphene,
et al., whole printed pulse voltamme- | polyaniline,
2014) blood electrodes | try Au nanopar-
ticles, GOx
modified screen
printed carbon
electrodes
(Li et al., | 2015 | Glucose Human 59.5 uM Wax pat- | Cyclic voltam- | Zinc Oxide
2015) serum terning for | metry and | nanowires were
Sample channels, chrono- grown on top of
stencil amperometry the electrode
printed
electrodes
(Li et al., | 2016 | Glucose Human 0.05 mM Laser chrono- Origami design,
2016) blood printed amperometry 3D paper-based
samples channels, microfluidic
electrodes
were
drawn by
graphite
pencils
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(Yao and | 2016 | Glucose, Real Urine | 0.35 mM wax screen | Cyclic  voltam- | Improved screen
Zhang, Uric Acid | Sample printing metry printing, where
2016) patterning and

electrode print-
ing happen
consecutively
(Parrilla | 2017 | Glucose Human 0.03 mM Platinum potentiometry Nafion immobi-
et al., serum sputter lization of GOx
2017) Sample electrodes

(Cénovas | 2017 | Glucose Blood N/A Platinum | Potentiometry Fully inte-
et al., sputter grated, com-
2017) electrodes pact, portable

and dispos-
able wireless

paper-based
potentiometric
system,  utiliz-
ing the Nafion
immobiliza-
the

tion from

previous paper.
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(Li et al., |, Glucose Human 1 mM Wax pen | Cyclic voltam- | Developed pen-
2017) 2017 serum and  con- | metry and | on-paper-based
Sample ductive ink | chrono- microfluidic
pen amperometry (draw the entire
design)
(Chaiyo | 2018 | Glucose Human 0.67 uM Wax Cyclic  voltam- | First non-
et al., blood printed metry enzymatic
2018) serum channels, electrochemical
screen- detection of glu-
printed cose with cobalt
electrodes phthalocyanine,
graphene and an
ionic liquid
(Lamas- | 2018 | Glucose Commercial| 0.33 mM Diluted Amperometry Novel screen-
Ardisana soft drinks UV screen- printing ink for
et al., printing patterning, fully
2018) ink for fabricated using
patterning, screen printing
carbon and
Ag/AgCl
for  elec-
trodes
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(Cinti | 2018 | Glucose Whole 0.17 mM Wax- and | Cyclic voltam- | Developed prus-
et al., blood screen- metry and | sian  nanopar-
2018) printing amperometry ticle paper -

reagent-less
electrochemical

POC device
(Wu et al., | 2019 | Glucose, Solution 0.32 mM Wax Cyclic  voltam- | dual colorimet-
2019). PBS, BSA screen metry and | ric and electro-
printing chrono- chemical detec-
amperometry tion in a 3D de-

vice

(Fava | 2019 | Glucose Urine 0.03 mM Craft and | Cyclic, square | 16-channel mul-
et al., cut for | wave, and dif- | tiplex assay
2019) channels, ferential  pulse

screen voltamme-
printed try, chrono-
electrodes | amperometry
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(Cao | 2020 | Glucose Human 0.025 mM | Photo- Cyclic  voltam- | Novel 3D design,
et al., sweat and lithography | metry and | prussian blue de-
2020) blood for  chan- | chrono- posited reduced

nels, amperometry graphene oxide-
screen tetra-ethylene
printed pentamine mod-
electrodes ified working
electrode
(Sinha | 2020 | Glucose Human 0.02 uM N/A Cyclic  voltam- | Oxygen-
et al., blood metry and | deficient W1gOy9
2020) chrono- nanorod  bun-
amperometry dles for non-
enzymatic
glucose  detec-
tion
(Kant | 2021 | Glucose Blood 10 uM Inkjet Cyclic  voltam- | Gold-nano parti-
et al., serum printed metry cles ink as a non-
2021) paper enzymatic elec-
electrodes trochemical sen-
sor
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et

(Niamsi

al.,

2022)

2022

Glucose Blood 24.5 pM Screen Cyclic  voltam- | Ionic liquid,
plasma printed metry graphene  elec-

graphene trode modified

electrode with MXene,

Prussian  Blue,

GOx and Nafion

Table 1.2: History of Paper-Based Electrochemical Devices

It can be seen in Table 1.2 that each reported device uses a unique combination
of fabrication, electrochemical detection methods, and sample media. In summary,
the development of paper-based electrochemical biosensors can be divided up into
different “generations”, depending on how the enzyme glucose oxidase is used (Wang,
2008). Starting with the first generation, their principle is based on using oxygen as a
co-substrate, producing HyO5 as the enzymatic reaction product, which is measured.
This had several issues, such as the electrochemical monitoring of HO requires high
operating potentials, which can affect the selectivity due to the high probability of
interferences, i.e., other electroactive species that can also be reduced at those high
potentials (Adeel et al., 2020). During the second generation, they overcame the
high potential limitation by using redox mediators as co-substrates, which ensure
efficient electron transfer at lower potentials and are regenerated on the surface of
the electrode. Different electron mediators, such as ferrocene, ferrocyanide, cobalt
phthalocyanine, and methylene blue, are among the most common. During the third
generation, they did not need mediators since they are based on the direct transfer

between the enzyme and the surface of the electrode at very low operating potentials.
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Lastly, in the fourth or current generation, they are enzyme-free sensors in which the
glucose is directly oxidized on the electrode surface. Although numerous enzyme-free
sensors for glucose have been reported, mainly using electrocatalytic nanostructures,
enzymatic glucose sensors are still preferred due to their biocompatibility (Amor-

Gutiérrez et al., 2022).

1.3 Research Objective

In November 2023, Zhang and colleagues proposed a microfluidic device printed us-
ing functional materials that can form interconnected pores (Zhang et al., 2023).
The printed devices can transport fluids by capillary action in the same fashion as
paper-based microfluidic devices and have demonstrated compatibility with both col-
orimetric and electrochemical detection methods. A similar performance was ob-
tained by copying the device designs of Dungchai and Whiteside’s group (Dungchai
et al., 2009) (Nie et al., 2010b). The fabrication process was only screen printing.
It is simple, cost-effective, and scalable. Looking at the history of uPEDs, this has
rarely even been done, with the most similar being in 2018, where the entire pPED
was fabricated through screen printing, but paper was still the substrate (Lamas-
Ardisana et al., 2018). Another instance was more recent, in 2020 there was a case of
a self-powering pH sensitive silver pump that can also sense glucose, copying paper’s
inherent nature for passive fluid flow (Gentile et al., 2020). This research presented
a solution to common limitations in uPEDs, such as difficulty of printing electrodes
on paper and the resolution or design constraints of the channel. Another trend, as
shown in Table 1.2, is modern PEDs have become increasingly complex with com-

plicated surface modifications and expensive fabrication procedures, which deviated
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from the original appeal of PEDs in the first place. This research addresses some
of these challenges by developing an alternative to paper-based microfluidics. In the
following thesis, the works of Zhang and colleagues will be built upon. The printed
microfluidic material was optimized for electrochemical performance, and different
microparticles or modifications were integrated to better understand the material or

technique.

1.4 Thesis Organization

This thesis consists of five chapters. The first chapter, the introduction, gives a
literature review on the topics of microfluidics and electrochemistry, the history of
electrochemical detection in paper-based microfluidic devices, the motivation, and an
overview of the thesis. The second chapter describes the fabrication process of the
printed microfluidic device, the experiment preparation, and the testing procedure.
The relevant equipment and chemicals employed are also introduced in this chapter.
Chapter three presents and discusses the experimental results of the microfluidic
devices printed with alumina-based materials. Comparisons between these results
and reported papers are included in this chapter. Similarly, chapter four presents and
discusses the results for devices printed with semi-conductive materials. This chapter
discusses the requirements for optimal electrochemical performance for the printed
microfluidic device. Chapter Five contains a conclusion based on the experiments

from this study, limitations, and recommendations for future work.
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Chapter 2

Experiment Methods

2.1 Chemicals

The printed microfluidic device has two components. One is the electrode; the other
is the microfluidic layer. The working and counter electrodes are printed using carbon
ink (ECI 7001 E&C) purchased from Loctite (Westlake, OH, USA) and silver con-
ductor ink (Ag 5025) from Dupont (Wilmington, DE, USA). The reference electrode
was printed with Ag/AgCl ink from Kayaku Advanced Materials Inc. (Westbor-
ough, MA, USA). Polyethylene terephthalate PET (ST 505) films were purchased
from Tekra (New Berlin, WI, USA) and used as the primary substrate for the screen-
printer. The microfluidic layer underwent several stages of optimization. The initial
formulation comprised of dimethyl sulfoxide (DMSQO), fully hydrolyzed polyvinyl al-
cohol (PVA) (MW60000), fumed silica (0.007 pm), fluorosurfactant and aluminum
oxide (AlyO3) microparticles (Zhang et al., 2023). DMSO, PVA, and fumed silica
were purchased from Millipore Sigma (Oakville, ON, Canada), while the fluorosurfac-

tant and Al,O3 were purchased from Dynax (Pound Ridge, NY, USA) and Skypring
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Nanomaterials Inc. (Houston, TX, USA) respectively. The first optimization step
was adjusting the binder and solvent combination from DMSO/PVA to di(propylene
glycol) methyl ether acetate (DIP)/polyvinyl acetate (PVAc). Then, the combina-
tion of DMSO with 87-89% hydrolyzed PVA was tested. All binders and solvents
were purchased from Millipore Sigma. The Al,Os microparticles were also replaced
or only partially replaced with zinc oxide (ZnO). Carbon Black from Graphene Su-
permarket (Ronkonkoma, NY, USA) was tested in various ratios to the Al,O3 and
ZnO microparticles. The microfluidic ink was also tested without any fumed sil-
ica. Potassium chloride (KCl), potassium (III) ferricyanide (K3[Fe(CN)g]), phosphate
buffered saline, 3-aminopropyltrimethoxysilane, dextrose and glucose oxidase (from
Aspergillus niger, 159579 U/g) (GOx) were purchased from Millipore Sigma and used

for in the electrochemical experiments.

2.2 Microfluidic Channel Formulation and Opti-
mization

First, PVA was dissolved in DMSO at an elevated temperature and constant stirring
to make an 18% PVA master solution. The temperature was kept constant at 150°C
to prevent the solution from burning, and stirring was kept at a speed that would
not generate air bubbles. After the PVA had dissolved, the solution was left to cool
before making the microfluidic material. DMSO was weighed out in a plastic cup,
and surfactant was added drop by drop. The mixture was vortexed for 30 seconds
and manually spread onto PET with a scoopula. The surfactant was added to re-

duce the surface tension and allowed the material to spread well onto the PET. This
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preliminary test also ensures that the material will spread well when printing on the
PET later. The next step was adding the 18% PVA. Depending on the amount of
microfluidic mixture, an extra drop or two of surfactant was added to accommodate
the extra DMSO within the PVA solution. Sufficient PVA was added such that there
were only 8% PVA by solid mass in the final mixture. Excess PVA would be stored
at room temperature for later use. Fumed silica and Al;O3; were added based on
the ratios left by the previous student. After adding the remaining components, the
mixture was speed mixed at 2300 rpm/740 torr for 6 minutes with 30 seconds of ramp
up and downtime in the SpeedMixerTM FlackTek Inc. AlyO3 was further mixed with
a mechanical mixer if the mixture was not homogenous enough after the speed mix.
Mixtures prepared on a different day would be speed mixed at the same setting be-
fore printing. Additional DMSO was added to achieve optimal mixture viscosity and
ensure ease of printing. Prototype printing would be done by manually spreading
the material over PET, mimicking the screen printer, and left to dry on a hotplate
at 120°C. The prototype would be visually inspected for imperfections to ensure the
material was ready to print, and water was dropped on the microfluidic material to
observe the flow. This was the initial production procedure, but several steps were
taken to optimize the microfluidic formula and the entire methodology (Zhang et al.,
2023).

To start, the DMSO to PVA ratio was adjusted such that the final PVA con-
centration was 3%. Various electrochemical experiments were conducted on devices
printed using the 3% PVA formula, which will be discussed in detail later. The mix-
ing process was also simplified to speed mixing for two cycles after adding the fumed

silica and Al;O3. Mechanical mixing was completely removed from the procedure
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because there were several instances where mechanical mixing caused the material
to be more heterogeneous, and unwanted residue from the mixer was incorporated
into the microfluidic. A common phenomenon observed with the PVA master so-
lution was its gelation. This gelation was due to the high crystallinity of the fully
hydrolyzed PVA, allowing it to physically crosslink with each other when the solu-
tion had cooled down (Bercea, 2024). This gelation reduced the viscosity of the PVA
solution, leading to chain effects downstream of the production process. Not only
did the gelation make mixing the materials more difficult and uneven, but it also
made the printing and cleaning process more troublesome. Various solutions were
tested, but new problems were also introduced. For example, the PVA master solu-
tion was replaced one-for-one with PVAc dissolved in DIP. Using the same formula,
the microfluidic film made with the PVAc formula had a noticeably weaker structure
and could not handle the mechanical stresses during printing. This was especially
true for the 3% formula, although the 8% formula naturally provided more structure
because of more binder. But another problem arose, which was that PVAc was more
hydrophobic than PVA, and swapping the PVA with PVAc meant the water droplet
no longer spread into the microfluidic and formed a bead instead (Squillace et al.,
2020). This was problematic because the whole purpose of the microfluidic channel
was to transport the solution in a controlled manner. Without it, the electrochemical
experiments could not have been completed. Partially hydrolyzed (87-89%) PVA in
DMSO was also trialed. Despite the gelation being resolved, the partially hydrolyzed
PVA structure was susceptible to being dissolved in water, making it unsuitable for
testing because all solutions used for the experiments were water-based (Aruldass

et al., 2019). Ultimately, fully hydrolyzed PVA remained the primary binder for most
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devices mentioned below. However, if gelation was observed, an extra step was added
where the master solution was reheated to break down the bonds in PVA that caused
the gelation before usage. Another issue arose particularly during winter, where the
same amount of fumed silica would make the microfluidic material more viscous and

affect the printing process mentioned later.

2.3 Device Fabrication

An ASYS EKRA X1-SL semi-automatic screen printer (ASYS group, Dornstradt,
Germany) was used for printing, and the substrate was PET film. Four differently
patterned 200-mesh stainless steel wire screens were used to print the various microflu-
idic materials and electrodes. Each screen was designed based on printing material
and device components. Multiple variations of the simple designs proposed by White-
side et al. and Dungchai et al. were adapted for the screen (Nie et al., 2010b). From
Whiteside’s straight channel design, two microfluidic channel widths (4mm, 2mm)
and two electrode widths (4mm, 2mm) were incorporated. Additionally, a 1mm elec-
trode was combined with the 2mm microfluidic channel, giving a total of 5 different
devices. From Dungchai’s multichannel design, the microfluidic channel had two dif-
ferent widths (3mm and 2 mm) and 1mm wide electrodes (Dungchai et al., 2009).
On each print, five devices with each straight channel combination and 3 copies of
each multichannel design. The distance between the screen and the substrate was
approximately 2.4 mm. The devices were printed with a 75 Shore A polyurethane
squeegee with a 65° attack angle. A pressure of 3 bar was applied to the squeegee,

and the print speed was 30 mm/s. The separation speed was set to 0.5 mm/s. The
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low separation speed and high squeegee pressure were found to be necessary for bet-
ter print quality and ease of pushing the material through the mesh screens. The
first layer printed was the Ag conductor ink that will be underneath the working and
counter electrodes. This helps reduce the resistance of the electrode, making current
travel easier. Carbon ink was used as received for the working and counter electrodes.
Commercial Ag/AgCl ink was printed on the film using a 200-mesh polyester screen
to form reference electrodes. Before printing the reference electrode, the flood bar on
the screen printer was covered with tape to prevent it from oxidation. Finally, two
layers of microfluidic material were printed over the electrode after proper alignment.
See Figure 2.1. for a schematic of the sequence during printing. Each layer was dried
at 120°C for 5-10 minutes, with the final microfluidic layer drying for longer at 10-20
minutes. Initially, the double microfluidic layer was of the same material to give the
device more structure. However, later prints used the 3% PVA material for the first
layer and 8% PVA material on top. These devices featuring this “hybrid” microfluidic
channel were tested. After each material, the squeegee, flood bar, and screen were
removed from the printer for deep cleaning to prevent residue ink from clogging the
pores in the mesh. Hot water was used to clean the microfluidic material (Zhang
et al., 2023).

A symptom of fumed silica increasing the viscosity mentioned previously was
noticed during printing, where the material would dry up quickly and adhere to
the screen instead of passing through to the PET film. This affected the number of
devices that could be printed, and the material spread was uneven for each device. To
reduce the gluiness, additional DMSO was added to the material, and the fumed silica

was reduced, both of which were not ideal because the PVA concentration would be
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1. Print layer of Silver ink 2. Print layer of Carbon ink

PET film

3. Print layer of AgfAgCl Ink

4. Print microfluidic channel

Figure 2.1: Schematic of ink sequence during device printing

changed. This phenomenon only appeared during the winter, and the main difference
between the summer and the winter was the humidity. It was hypothesized that
the lack of moisture led to an elevated association with the solvent due to prolonged
storage of the fumed silica in a not-sealed environment. Therefore, humidity was
a primary suspect, and introducing moisture was a potential solution. Fumed silica
and Al,O3 would be left in a humidity chamber overnight before usage. Alternatively,
Al,O3 was exposed to steam treatment for 5 minutes before usage. However, neither
showed better results than leaving a humidifier inside the printing chamber during

printing.

2.4 Device Characterization

The surface morphology of the printed microfluidic channels was characterized us-
ing a Hitachi scanning electron microscope (SEM). Pictures for various devices were
taken. Resistance for the working electrodes in each device design was taken. A

demonstration of the electrochemical application of the printed device was done using
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the Princeton Applied Research PARSTAT 2263 potentiostat (AMETEK Scientific
Instrument, Oakridge, TN, USA) with cyclic voltammetry. In cyclic voltammetry
experiments, 6 pl. of 1 mM potassium ferricyanide dissolved in 0.5 M KCI and 0.1
M PBS buffer (pH 7.4) was spotted onto the channel’s inlet and allowed to spread
through the channel. The experiments were performed between a potential of 0 V
and 1 V at scan rates ranging from 25 to 400 mV/s. Experimental data was saved
into a notebook and transferred to Excel for further examination. Follow-up data
analysis included plotting the average cyclic voltammograms at each scan rate and

the average anodic peak current relative to the square root of the scan rate (Zhang

et al., 2023).

2.5 Glucose Detection Experiment

Glucose detection can be done through chronoamperometry, which is an electrochem-
ical technique that measures the current generated from the redox reaction between
GOx and glucose coupled with potassium ferricyanide. Two different potentiostats
were used due to one of the machines malfunctioning. The PARSTAT 2263 and the
CH Instruments CHI600D electrochemical analyzer. (Austin, TX, USA) were used to
conduct the chronoamperometry experiments. The chronoamperometry experiments
were performed using a step potential of 400 mV. The glucose samples ranging from
0 to 25 mM were prepared in 0.1 M PBS buffer at pH 7.4 and allowed to mutarotate
overnight before use. An immobilization solution was later implemented using 1%
3-aminopropyltrimethoxysilane (APTMS) in 95% ethanol (Lee et al., 2018). The 1
L of the solution was spotted on the detection zone, and the device was heated to

120°C for 10 minutes. Then, 1 uL of enzyme solution was added directly to the top
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of the microfluidic channel that covered the working electrode and allowed to dry
at room temperature. Afterward, 6 uL of glucose sample was added to the channel
inlets and allowed to travel through the whole channel (within 1 minute). For the
multichannel design, the device was cut into 3 even sections, but the experimental
procedure remained the same. The print device was taped to a flat ledge, allowing
easy contact with the potentiostat clips. This also ensures the device was leveled and
the sample does not flow due to gravity. The measurement was performed within 5
minutes after the channel was fully wetted. Data was transferred to Excel for further
analysis. The average chronoamperometric curves for 0, 5, 10, 15, and 25 mM glu-
cose were plotted. A calibration plot was made using the glucose concentration as a
function of the current taken at 30 seconds. Taking the slope of the calibration plot
and the standard deviation of the blank, the limit of detection (LOD) was estimated

using Equation 2.5.1.

3.3 x StandardDeviationof Blank

LOD = 2.5.1
© Slopeo ftheCalibrationCurve (25.1)

Data for bare electrodes with no microfluidic layer was also collected as a com-
parison target to prove the benefit of the microfluidic material. Figure 2.2 depicts a
graphic overview of the experimental procedure for chronoamperometry (Zhang et al.,

2023).
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Fipette Immobilization Salution

Dy at 12070 for 10 minutes

£
CE WE i
Pipetie Glucoze Oxidase Solution
Leave to dry al reom empearature (=5 min)

l

£

Fipalls Glucoss Solulion

E
CE  WE RE Connact the davice to the patentiostat
using the coresponding clips
Run the chronoamperometry experiment
program through the software.

Figure 2.2: Schematic flow chart of the chronoamperometry experiment for
electrochemical detection of glucose using the straight channel devices

Let solution fill the entire channel
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2.6 Commercial Device Testing

Commercially available screen-printed electrodes were purchased from Metrohm DropSens
(Llanera, Asturias, Spain). The device features an electrode configuration compara-
ble to the multichannel design printed in-house and comprised of similar materials as
well. The working and counter electrodes were carbon, and the reference electrode
was silver. The device also had a wider detection zone with a bigger working electrode
surface area and silver for the contacts. Due to the size of each device, the microflu-
idic layer was manually printed following a procedure mirroring the prototype printing
mentioned previously. The commercial devices were tested using chronoamperome-
try with and without the microfluidic layer using the same procedure highlighted in

section 2.4

2.7 Microfluidic Microparticle Changes

To further push the performance of the device, another change was made to the
microfluidic material, where the main material was swapped from Al,O3 to a more
conductive ZnO. Following the optimized procedure, enough ZnO was added to ac-
commodate the same amount of volume as the Al,O3 used in the original 3% PVA
formula. Additionally, various ratios of Al,O3 and ZnO were made. Similar com-
binations were made with AlyOs and carbon black. At this time, a new problem
surfaced where the material’s viscosity was significantly affected, and it was unclear
if the issue’s root came from the newly incorporated ZnO and carbon black. Despite
using the same formula, the fumed silica started to cause the material to be more

gelatinous than normal. Therefore, mixtures without fumed silica were made.
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Other modifications to the printing process included printing microfluidic pads
(micropads) directly over the electrode rather than the entire channel. The micropads
were printed using ZnO, Al,O3 with ZnO, and ZnO with carbon black. A new screen
was designed specifically for this step. However, alignment issues led to missing sec-
tions being manually painted using a brush and ink. The idea of the micropads was
to mimic the concept of surface modification of the electrodes. A double-layered 8%
PVA channel was still printed over the micro pads to allow fluid transport.

Another difference when printing ZnO and Al;O3 was the fact that cracking was
observed for ZnO, specifically over top of the carbon electrodes. This was due to the
surface chemistry and particle solvent interaction differences between the two mate-
rials, where the surface tension prevented spreading, and after the DMSO was dried,
the material cracked. ZnO, being more polar, is more likely to interact with the polar
solvent, leading to higher surface tension (Kotodziejczak-Radzimska and Jesionowski,
2014). Al,O3 is amphoteric and tends to form aggregates with itself, which does not
impact the surface tension (Nanja et al., 2020). Therefore, the amount of surfac-
tant added in the original formula, which was suitable for Al;O3, was incompatible
with ZnO. Plasma treatment was done after printing the electrodes and before print-
ing the micropads in the Diener Atto Plasma Cleaner (Ebhausen, Germany). The
plasma treatment removes hydrogen from the surface and attaches oxygen-containing
species, generating a higher energy surface and allowing the material to spread more
easily. Furthermore, plasma treatment has improved carbon electrodes’ electrochem-
ical properties (Kava and Henry, 2021) (Osaki et al., 2024). This was verified using

in-house printed multichannel electrodes.
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Chapter 3

Results and Discussion for
Alumina Based Microfluidic

Channels

3.1 Device Structure and Performance

The first printed devices had carbon ink electrodes with silver underneath and an
Ag/AgCl reference electrode. The microfluidic channel was a double-layer alumina
and fumed silica-based material bound together by 8% PVA. The figure below is a
picture of the devices printed on a sheet of PET film. The design for these devices was
heavily influenced by Whiteside’s and Dungchai’s research (Dungchai et al., 2009) (Nie
et al., 2010b). Copying their designs isolates the parameters that can impact the
performance of the printed microfluidic channel and experimental procedure. Initially,
even the experimental procedure was copied; however, for better performance, several

steps were added as optimizations (Nie et al., 2010b). Variations to the original design
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were also made to investigate the impact of the electrode and channel width on the

signal.
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Figure 3.1: Optical Picture taken of a sheet of printed microfluidic devices on PET
film on top of a blank paper background

As shown in Figure 3.1, multiple devices can be printed at once, demonstrating
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the ability to scale and mass produce these devices. The versatility of the different
channels and electrode sizes or designs is another advantage of this technology. Start-
ing from the top, the first row are devices with 4mm wide channels and electrodes.
These are the exact same design as Whiteside’s devices (Nie et al., 2010b). Next are
the 4mm channel and 2mm electrode devices. Then, 2mm channel by 4mm electrode,
2mm by 2mm, and 2 mm by Imm for the last row of straight channels. For sim-
plicity, each device will be codenamed based on its design; for example, 4M4E would
designate the 4mm channel using a 4mm electrode. Starting in the 6th row, the mul-
tichannel design was copied from Dungchai’s devices (Dungchai et al., 2009). Lastly,
the final row is the same electrodes, but the channel width is 2mm instead of 3mm.
Cyclic voltammetry tests were only performed on the 4mm-by-4mm device. Six L
of 1 mM potassium ferricyanide dissolved in 0.5 M KCI and 0.1 M PBS buffer (pH
7.4) at scan rates of 25, 50, 100, 200, and 400 mV /s, as seen in Figure 3.2 below. De-
vices were all visually screened for any imperfections in the electrodes or microfluidic

channel before testing to ensure a fair result.
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Figure 3.2: a) Cyclic Voltammograms of 1 mM Kj[Fe(CN)g] at 25, 50, 100, 200 and
400 mV/s. b) Anodic peak current plotted as a function of the square root of the
scan rate.

The redox reaction of potassium ferricyanide is a reversible process, as indicated by
the shape of the cyclic voltammograms seen in Figure 3.2A. This makes it a suitable
mediator for the detection of glucose. The standard redox potential for potassium fer-
ricyanide is approximately 0.36 V versus Ag/AgCl reference electrode (Rock, 1966).
Looking at the anodic and cathodic peak currents for the 400-mV curve, the midpoint
between the two peaks is 0.358 V. This value is close to the standard potential for the
ferricyanide/ferrocyanide redox couple, indicating that the measurement is for the
correct reaction. However, there were still discrepancies. For the 25-mV curve, the
midpoint between the two peaks was only 0.31 mV, slightly less than the standard
potential. A possible explanation for this result is the slow scan rate and the small
concentration of potassium ferricyanide used. Due to the equilibrium nature of the
redox reaction, although the optimal potential has not been reached, some redox will

still occur due to the applied potential. This could lead to the phenomenon where all
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the redox reactions had already finished before the standard potential. Additionally,
the shift in the peaks at higher scan rates is likely due to the nature of the device.
The microfluidic layer on top of the electrode meant the material could semi-prohibit
the potassium ferricyanide from accessing the electrode. Furthermore, potassium fer-
ricyanide can readily diffuse within the printed microfluidic channel as shown by the
linearity of Figure 3.2B, it is satisfying the Randles-Sevcik equation( 1.1.6) (Elgrishi
et al., 2017). The diffusion-controlled system will have a steeper concentration gradi-
ent and less time to diffuse, creating an increased gap between peaks when scan rates
increase. The results described above align with the findings of the earlier investiga-
tion (Nie et al., 2010b). There were some device artifacts, such as a noisy signal, and
several solutions were trialed to resolve this problem. The sensitivity of the poten-
tiostat was lowered, and the clips were changed from alligator teeth to flat contacts
for better connectivity, but neither proved to be a complete solution. Retesting was
done using spare devices to confirm the accuracy of the results, but unless the noise
was entirely corrupting the data, this artifact was mainly ignored. Another artifact
was the current measurement was negative. This made comparisons with various
literature difficult. Therefore, all current values were multiplied by -1 during data
analysis to correct for this fact.

Chronoamperometry was performed for all other devices except for the 2mm by
1mm device. A minimum of 2 replicates were obtained for each measurement. As
previously mentioned, potassium ferricyanide is reduced to potassium ferrocyanide as
a byproduct of GOx’s glucose oxidation to gluconolactone. Then, during chronoam-
perometry, the electrochemical oxidation back to ferricyanide can be monitored as a

current.
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The average current over time for various glucose concentrations is recorded for 60
seconds. The observed current at 30 seconds was used to create a calibration curve.
The limit of detection was then estimated based on the standard deviation of the
blank and the slope of the calibration curve (Equation 1.1.7). Using the slope of the

calibration curve and electrochemically active surface area, the specific sensitivity can

be calculated for each device, allowing for comparisons between them.
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Figure 3.4: Chronoamperometric curves for glucose concentrations ranging from 0
mM to 25 mM for a) 4M4E, b) 4M2E, ¢) 2M4E, and d) 2M2E. Calibration curves
for glucose concentration as a function of current at time = 30 seconds for e) 4M4E,
f) AM2E, g) 2M4E and h) 2M2E. The microfluidic channels were printed using
materials with 8% PVA, and testing was done using PARSTAT 2263.
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The calibration curve shows that the current was linearly proportional to the glu-
cose concentration between the ranges of 0-25 mM. The linear relationship and high
R-squared value prove the validity of the chronoamperometric method for the elec-
trochemical detection of glucose. Using the calibration curve, a LOD was estimated
for each printed device. The LOD for 4M4E was 0.267 mM, and 4M2E was 0.295
mM. 2M4E and 2M2E were 0.249 and 0.266 mM, respectively. This LOD value was
comparable to the value of 0.21-0.35 mM of the various pPEDs reported (Dungchai
et al., 2009) (Nie et al., 2010b) (Zhao et al., 2013). These uPEDs featured similar
device fabrication methods where the hydrophobic channel in the paper was gener-
ated using either wax patterning or photolithography. The electrodes were all printed
using screen printing, the same as our method, but each of the electrodes and mi-
crofluidic channels had a different design than ours. The LOD of the printed microflu-
idic device was already better than the LOD of some commercially available glucose
sensors (Pullano et al., 2022). The above tests reinforce the potential of printed mi-
crofluidic devices to serve as a suitable alternative to uPEDs and can handle small
sample volumes like the uPEDs (Dungchai et al., 2009) (Nie et al., 2010b). However,
noise still has a noticeable impact on the current signal, as shown in the chronoam-
perometric curves. This can lead to similar current signals despite measuring two
different glucose concentrations, for example, the 5 mM and 10 mM in Figure 3.4b)
or ¢). With each device having similar slopes, the main difference between each de-
vice is the active working area. The 2M2E device had the highest sensitivity at 10.68
#A/(mM-cm2), compared to the other devices with only single-digit sensitivity. To
increase the device’s performance, higher sensitivity is desirable and ways to increase

the slope were investigated.
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3.2 Effect of Microfluidic Structure

The material mixture used to print the microfluidic channels consists of alumina and
silica particles, PVA, and DMSO. Theoretically, when this material is printed on
a surface, the PVA-DMSO solution should naturally sink through the particle-to-
particle gaps due to gravity. As a result, when the DMSO evaporates, an enriched
polymer layer may form on the surface, physically creating a barrier that can reduce
the potential ways to access the electrode. Furthermore, PVA, as a typical polymer,
can also act as an electrical insulator (Van et al., 2014). The enriched PVA layer might
act as an electrical resistor between the printed electrodes and the testing solution
in the channel. The effect would be detrimental to the redox reaction proposed for
the electrochemical detection of glucose, which needs to happen at the surface of
the electrode (Seen in Figure 3.3). The less reactions happening at the electrode
means the less current signal, which directly correlates to the slope and LOD. To
test this theory, the PVA concentration in the material mixture was attempted to
be minimized; it was concluded that 3% PVA was the lowest level for acceptable
printing performance and integrity of the printed structure. This PVA concentration
is significantly lower than the 8% used in fabricating the device described previously.
The figures below show the chronoamperometric measurements of the device printed

with the 3% PVA concentration.

45


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece

M.A.Sc. Thesis — Z. Wang; McMaster University — School of Biomedical Engineering

V200 P) 180 - 25 mM
180 160 15 mM
160 10 SmM
4 140 ":E_ 120 =0 mM
e = 0 N——
€ 100 o
g = IS 2 k
O 6D .
a0 an '
20 20
0 0 2 4
0 10 0 30 0 10 0 30
Time (s) Time (s)
) W d) zo0
180 180
160 160
= 1lao — 140
{3 120 ‘:3 120
E 100 Tt 100
5 &0 g B
O o Q &0
an an
20 0
[V 0
0 10 0 30 [V 10 z0 30
Time (s) Time (s)

46


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece

M.A.Sc. Thesis — Z. Wang; McMaster University — School of Biomedical Engineering

120

e

100

Curmrent (pA)

T
=

BO

Cument (pA)

100 p

a |

0 F

y=4.0233x - 7.5624
R = 0.9506

Il Il Il Il 1
r 5 10 15 20 3
20

Dextrose Concentration (mi)

y=3.6734x - 40408
RE= 09418

10 15 20 F4

Dextrose Concentration (mM)

Curmrent (pA)

Curmrent (pA)

B0 f

2

T

-20

¥ = 34155 - 4.9646
Ri=0.9667

10 15 20 25

Dextrose Concentration (mi)

v = 3.0465x - 3.5929
R*=0.9756

3 o 15 20 23

Dextrose Concentration (mM)

Figure 3.5: Chronoamperometric curves for glucose concentrations ranging from 0
mM to 25 mM for a) 4M4E, b) 4M2E, ¢) 2M4E and d) 2M2E. Calibration curves
for glucose concentration as a function of current at time = 30 seconds for e) 4M4E,
f) AM2E, g) 2M4E and h) 2M2E. The microfluidic channels were printed using the
materials with 8% PVA, and testing was done using PARSTAT 2263.

Looking at the chronoamperometric curves, the current signal increased with the
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3% PVA material, which directly translates to a higher slope in the calibration plots.
Likewise, 2M2E has the highest sensitivity at 76.1 pA/(mM-cm2). The 4M2E and
2MA4E devices had a sensitivity of 42.7 and 45.9 pA/(mM-cm?2), respectively. 4M4E
devices had the lowest sensitivity at 23 pA/(mM-cm2). This result supports the initial
hypothesis that PVA acts as an electrical insulator between the microfluidic channel
and the electrode. By printing with a material that features a lower PVA %, there was
less resistance to the current measured between the two electrodes, leading to a sig-
nificant improvement in slope. The LOD for the various devices was calculated to be
0.066 mM, 0.128 mM, 0.068 mM, and 0.087 mM for 4M4E, 4M2E, 2M4E, and 2M2E,
respectively. This is a substantial decrease compared to their 8% PVA counterparts.
In terms of reported works, this LOD is comparable with more recently published
uPEDs, which feature LODs of 0.06 and 0.05 mM (Li et al., 2015) (Li et al., 2016).
The mentioned devices feature a fabrication process that is complicated, expensive,
non-scalable and time-consuming. One device used wax-patterned hydrophilic zones
and stencil printing to print the electrodes on paper. Then, the hydrothermal growth
of zinc oxide nanowires on top of the working electrode totaled over eight hours to
fabricate the devices (Li et al., 2015). The other sensor required baking for two hours
to generate the hydrophilic zones, then manually cut and pencil-drawn electrodes (Li
et al., 2016). Both devices all featured different device and electrode designs. Ulti-
mately, the simplicity of just changing the PVA % in the material and seeing such an
improvement in the result is promising.

However, printing the microfluidic channel using the 3% PVA material did have
downsides; for example, the channels are less uniform in film and less scratch-resistant

than the ones printed using 8% PVA. From SEM images (Figure 3.6, the microfluidic
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channels printed with only 3% PVA are slightly more porous than those printed with
8% PVA; as PVA acts as the binder to hold the particles together and can fill the
packing voids of the particles, the above results are expected and the natural conse-
quence of having less PVA. Due to the poorer film uniformity, some of the edges of
the channel were porous, and when the solution was dropped onto the channel for
testing, the solution would spill through the channel onto the electrode, affecting the
measurement, as shown in Figure 3.7. This drawback must be addressed without sac-
rificing the benefit of low PVA concentrations. Another outcome of the nonuniformity
is the increase in standard deviation due to the devices having a more erratic struc-
ture. This is reflected in the LOD; despite the slope increasing by roughly tenfold, the
LOD did not mirror the change due to the standard deviation of the blank increasing
by twofold as well. Additionally, the R-squared value is also lower by approximately
2% on average compared to devices printed with 8% PVA; this could signify more

randomness and variability in the data.
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Figure 3.6: SEM images for the microfluidic channels (a, b) printed with the
materials with 8% PVA and the channels (¢, d) printed with the materials with 3%
PVA.

Figure 3.7: Comparison of the multichannel device after chronoamperometry
experiment, a) 8% PVA and b) 3% PVA.

To overcome the above shortcomings of the devices printed with 3% PVA material,
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a new microfluidic channel composition was proposed. The 3% PVA material would
be printed only for the first layer, and the 8% PVA material would be printed on the
second layer. This “hybrid” channel model used the higher PVA material to cover the
lower PVA to improve film uniformity and scratch resistance. Chronoamperometry

was conducted with hybrid microfluidic channel devices.
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Figure 3.8: a) Picture of the 4AM4FE hybrid channel device. Chronoamperometric
curves for glucose concentrations ranging from 0 mM to 25 mM for b) 4M4E, c)
AM2E, d) 2M4E and e) 2M2E. Calibration curves for glucose concentration as a
function of current at time = 30 seconds for f) 4M4E, g) 4M2E h) 2M4E and 1)
2M2E. The hybrid microfluidic channels were printed using the materials with 3%

PVA as the first layer and 8% PVA on the second layer. Testing was done using
PARSTAT 2263.
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Looking at the calibration curves, the effect of changing from a double layered 3%
PVA material to a mixed channel with 3% PVA material on the bottom and 8% PVA
material on top is noticeable. The slope was reduced, but the signal from the devices
differed between the 4mm and 2mm microfluidic channels. The LOD for each of the
devices was all approximately 0.089 mM, with 2M4E having the lowest LOD at 0.084
mM. Although the slope of the 4mm channel devices was nearly twofold that of the
2mm channel devices. The standard deviation for the 2mm channel devices was also
half that of the 4mm device, which accommodated the difference. This results in the
LOD of all the devices still being within a similar range. The hybrid channel was
also effective in sealing the channel and prevented any spilling of the solution during
testing. Overall, it shows that the hybrid channel can overcome the shortcomings of
the device printed with lower-PVA materials.

These tests highlighted the importance of controlling the standard deviation, and
even with a weak current signal or sensitivity, the LOD can still be very low. An
interesting observation is that the R-squared value decreased again during the hybrid
channel testing, suggesting some levels of variability were not accounted for. There-
fore, further testing was done using the hybrid channel model to improve the slope

while maintaining the standard deviation.

3.3 Immobilization Effect

When glucose solution was dropped into the detection zone and allowed to flow
through the microfluidic channel for chronoamperometry measurements. This could

wash the glucose oxidase enzyme away from the working electrode, meaning that the

o4


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece

M.A.Sc. Thesis — Z. Wang; McMaster University — School of Biomedical Engineering

mediator potassium ferrocyanide must diffuse farther to be oxidized back to potas-
sium ferricyanide. If the glucose oxidase was directly on top of the electrode, then the
potassium ferrocyanide can easily diffuse just the thickness of the channel to reach
the electrode. This enzyme-washing effect has been observed in previous colorimetric
glucose detection in PADs, causing uneven color change (de Freitas et al., 2018). In
electrochemical detection, this washing effect would cause inconsistent measurements
as the enzyme concentration was not static across all devices. Therefore, an immo-
bilization step was added before the glucose oxidase enzyme was dropped to treat
the alumina and silica particles within the microfluidic channel. Functionalizing the
microparticles to hold onto the glucose oxidase. 3-aminopropyltrimethoxysilane was
chosen for surface modification following the steps reported (Lee et al., 2018). Figure
10 reports the impact of immobilization on the performance of the printed hybrid

channel devices.
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Figure 3.9: Chronoamperometric curves for glucose concentrations ranging from 0
mM to 25 mM for a) 4M4E, b) 4M2E, ¢) 2M4E and d) 2M2E. Calibration curves
for glucose concentration as a function of current at time = 30 seconds for e) 4M4E,
f) AM2E, g) 2M4E and h) 2M2E. Retesting the hybrid channel devices with an
immobilization step added before adding the glucose oxidase to the surface to

modify the silica and alumina microparticles. Testing was done using PARSTAT
2263.
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The LOD for all devices decreased with the addition of the immobilization step,
partially due to an increase in the slope but also partly due to the lower standard
deviation of the blank. The previous lowest standard deviation was £0.013 pA for
the 2M4E hybrid channel device. After the immobilization surface modification, the
standard deviation was between 40.003-0.006 pA. The lowest being 2M2E at £0.0036
#A. As mentioned above, the LOD for the 4mm channels improved to 0.012-0.013
mM, while the 2mm channel device had worse LOD at 0.018 mM and 0.025 mM
for 2M4E and 2M2E respectively. The R-squared value also increased, suggesting
that the immobilization step helped remove some of the variability in prior testing.
The current LOD is better, if not comparable, to the LODs of modern devices (Kant
et al., 2021) (Niamsi et al., 2022). The referenced studies utilized complex surface
modification or expensive gold nanoparticles to achieve such low LODs. This came
at the sacrifice of ease of fabrication and cost, two pillars that made paper-based
microfluidic attractive in the first place. Furthermore, the LOD achieved by the
printed microfluidic device can sufficiently cover all ranges of glucose concentrations
found in physiological fluids such as urine, blood, sweat, and saliva (Witkowska Nery
et al., 2016). As shown by the results, the immobilization step proved beneficial and

was incorporated into all subsequent experiments.

3.4 Device Features

One common difference found in the literature was often the device and electrode
design as shown by the various pPEDs mentioned above (Table ?7). There is rarely a
consensus on what is the most optimal device structure nor a justification for why a

specific design was chosen. However, a popular electrode design is shown later. The
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general principle that most designs follow is the reference electrode needs to be close
to the working electrode to minimize the ohmic drop to ensure the accuracy of the
measurement. In hopes of finding some guidance for novel device designs, the multi-
channel devices were tested in comparison with their straight-channel counterparts to
see the impact of different designs. Additionally, the reasoning behind the different
results from the hybrid devices were investigated. Various experimental parameters

and device features are summarized in the table below.
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Figure 3.10: Chronoamperometric curves for glucose concentrations ranging from 0
mM to 25 mM for a) 3mm wide multichannel and b) 2mm wide multichannel.
Calibration curves for glucose concentration as a function of current at time = 30

seconds for ¢) 3mm wide multichannel and d) 2mm wide multichannel. Testing was
done using PARSTAT 2263.
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Device Co- | Microfluidic | Electrode | Electrode- LOD  of | Sensitivity (uA/ | Standard

dename Channel Width Resistance (€2) | Glucose (mMx cm?)) Deviation
Width (mm) | (mm) (mM) (nA)

Hybrid- 4 4 2.88 £ 0.19 0.01281 10.02 0.00622

AMAE

Hybrid- 4 2 3.92 £0.24 0.01157 15.37 0.00432

AM2E

Hybrid- 2 4 3.08 £ 0.12 0.01848 13.48 0.00604

2M4E

Hybrid- 2 2 3.42 £ 0.25 0.02339 20.59 0.00622

2M2E

Hybrid- 3 1 N/A 0.01524 45.50 0.0063

Multi-

3mm

Hybrid- 2 1 N/A 0.014 45.57 0.0058

Multi-

2mm

Table 3.1: Comparison of the performance and other physical features of different
hybrid channel device designs

Looking at the table, there were no clear relationships between the parameters
that can be easily distinguished. The electrode’s width, which directly has an impact
on the resistance of the electrode, did not have any correlation with the LOD. How-

ever, it did impact the sensitivity calculation, as the various devices were similar in
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terms of slope, and the multichannel devices had the smallest electrode, which is why
they had the highest sensitivity. The standard deviation was also uniform across all
devices. Among all the different designs used, the devices with 4 mm channels had the
lowest LOD, but only slightly better than the multichannel devices, followed by the
2mm channel devices. This table highlights the complex interactions between various

parameters and the unpredictability of the outcome when changing any variable.

3.5 Experimental Conditions

Although an immobilization step was added, the washing effect was suspected to still
exist. A hypothesis for why the wider channels did better than the narrow channels
in Table 3.1 was due to the difference in the width of the microfluidic channel. The
same volume of glucose sample was used for all testing at 6 pL.. The fluid dynamics
of the same solution through a 4mm channel versus a 2mm channel will naturally be
different. Two solutions were trialed, one where the glucose sample volume is adjusted
based on the width of the microfluidic channel. Another solution was to increase the
enzyme concentration, such that the region of interest would be oversaturated with
the enzyme, causing the washing effect to be minimized. The table below summarizes
the LODs of various tested enzyme concentrations and glucose sample volumes. The
hybrid channel 2M2E device was chosen as the primary test subject, as it had the

worst LOD in prior testing.

Device Code- | GOx Concentra- | Glucose volume | LOD of Glucose
name tion (U/mL) (uL) (mM)
Hybrid-2M2E 800 6 0.02339
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Hybrid-2M2E 800 4 0.01282
Hybrid-2M2E 2400 4 0.00806
Hybrid-2M2E 2400 8 0.00895
Hybrid-2M2E 2400 10 0.012

Hybrid-2M2E 4000 8 0.00824
Hybrid-2M2E 4000 10 0.00823

Table 3.2: Changes to Experimental Testing Parameters that affect LOD

The glucose sample volume was adjusted by ratio based on the difference in area
between the 2mm and 4mm wide channels. Due to the thickness being the same,
it was removed from the calculation. The total area of the 2mm wide channel was
found to be 88 mm2, while the area of the 58 4mm channel was 126 mm?2. The specific
ratio is 1:1.43; however, for simplicity, 4 ul. was chosen, which would make the ratio
1:1.5. Using the reduced volume, a better LOD was obtained and comparable to the
4mm hybrid channels. Interestingly, when the enzyme concentration was increased by
threefold, the LOD was further reduced to 8 uM. The increased enzyme concentration
also had a buffer effect, when the glucose volume was increased to 8 pL, the LOD
remained stable at approximately 9 uM. Only when the volume was increased to 10
uL did the LOD become worse and resort to the level found when 800 U/mL of GOx
was used. The elevated volumes were completely handled by increasing the enzyme
concentration to 4000 U/mL. By changing the enzyme concentration, the device can
handle different sample volumes, contributing to the device’s versatility. Overall, 8
1M was the best result and the limit of the current configuration of the microfluidic

channel and experimental parameters.
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3.6 Commercial Device Testing

A unique aspect of our microfluidic material compared to other yPEDs is the transfer-
ability and portability of the material. While other uPEDs are only applicable to their
specific device because paper acts both as the substrate and the microfluidic channel.
Our material can be freely printed on other substrates and act as a microfluidic chan-
nel. This is beneficial because it allows for easy integration with commercial devices.
One example is commercially available screen-printed electrodes. Chronoamperomet-
ric testing was done on purchased screen printed carbon electrodes from MetroOhm
DropSens with and without the microfluidic material printed (Paimard et al., 2023).
Various studies have done similar surface modifications, however, rarely are there any
baseline measurements (Anshori et al., 2021) (Rezaei et al., 2018). Therefore, in this
study, the baseline LOD of glucose for the commercial device will be established and

compared with the LOD using microfluidic material.
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Figure 3.11: Chronoamperometric curves for glucose concentrations ranging from 0
mM to 25 mM for a) DropSens 110 and b) DropSens with 3% PVA layer.
Calibration curves for glucose concentration as a function of current at time = 30
seconds for ¢) DropSens 110 and d) DropSens with 3% PVA layer. Testing was done
using CH Instruments CHI600D electrochemical analyzer.

The LOD for the baseline commercial screen-printed electrodes was estimated to
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be 0.114 mM. The device’s sensitivity was calculated to be 2.5 pA/(mM X cm?).
With just one layer of the 3% PVA material, the LOD decreased to 0.023 mM with a
sensitivity of approximately 9 uA/(mM x c¢cm?). By simply printing the microfluidic
material overtop of the commercial device, it can improve the performance of the

screen-printed electrodes.
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Chapter 4

Results and Discussion for
Semiconductive Microfluidic

Channels

4.1 Semiconductive Theory

In the rapidly evolving field of microfluidics, the quest for materials that offer superior
performance and functionality is paramount (Xu et al., 2016) (Kumar et al., 2019).
Alumina, known for its thermal stability and chemical resistance, sees limited applica-
tion in electrochemical detection due to its insulating nature (Barsoum, 2003) (Chen
et al., 2021) (Novakovi¢ et al., 2021). However, as the demands for increased sen-
sitivity, rapid response times, and enhanced electrical properties grow, the need for
alternative materials becomes evident. Semi-conductive materials present a promis-
ing solution, offering unique advantages that alumina cannot provide. With their

superior electrical conductivity, semi-conductive materials can significantly improve
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the electrochemical performance of microfluidic devices, leading to more accurate and
reliable detection of analytes (Radhakrishnan et al., 2022). In uPEDs, it has already
been demonstrated the successful integration of materials such as ZnO, graphene,
and similar compounds (Rezaei et al., 2018) (Charbaji et al., 2021) (Anzar et al.,
2023) (Benjamin and Miranda Ribeiro Junior, 2022). These precedents highlight the
practical benefits of incorporating semi-conductive material into microfluidic devices.
Moreover, transitioning from alumina to ZnO or carbon is straightforward given the

current fabrication method.

4.2 Zinc Oxide Based Microfluidic Channel

The alumina can be easily substituted with ZnO during the microfluidic material
formulation process. Devices printed with the ZnO microparticle as its microfluidic

channel are tested using chronoamperometry.
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Figure 4.1: a) Picture of the 4M4FE device printed with ZnO at 8% PVA with cracks
over the carbon electrode. Chronoamperometric curves for glucose concentrations
ranging from 0 mM to 25 mM for b) 4M4E device printed with ZnO at 8% PVA.
Calibration curves for glucose concentration as a function of current at time = 30
seconds for the same ¢) 4M4E devices. Testing was done using PARSTAT 2263.

In the chronoamperometric curves, the initial current for each concentration started
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at 200 pA for up to 6 seconds before decreasing over time. Across the various con-
centrations tested, the current responses were nearly indistinguishable. This was
reflected in the calibration curve, where although it displayed a decreased signal with
concentration, the r-squared value was significantly lower than prior tests. There was
a reason to suspect that a short circuit may be occurring in the device. Typically, in a
well-functioning electrochemical system, different concentrations of an analyte should
result in distinct current decay profiles, as the rate of electrochemical rates varies with
analyte concentration. However, in this case, the current response was almost iden-
tical regardless of the concentration. Furthermore, the changing microfluidic layer,
which was composed of ZnO now instead of Al,O3, may have become overly con-
ductive and had created an unintended electrical connection between the electrodes.
Such a scenario would prevent the device from responding accurately to changes in
analyte concentration. To test this theory, the microfluidic channel was cut in mi-
cropads, such that they were only located overtop of the electrode, acting as a surface
modification to the electrode. The separated ZnO micropads were reconnected using

the 8% PVA material with alumina and tested with chronoamperometry.
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Figure 4.2: Chronoamperometric curves for glucose concentrations ranging from 0
mM to 25 mM for a) 4M4E devices with electrodes surface modified with ZnO
micropads and the alumina microfluidic material printed on top. Calibration curves
for glucose concentration as a function of current at time = 30 seconds for the b)
4AMAE devices. Testing was done using PARSTAT 2263.

The new chronoamperometric curves show a current response over time that was
more comparable to the alumina-based devices. The graphs now displayed more
distinct current decay curves for the different glucose concentrations. There were
still some remnants of short-circuiting. For example, for both the 25 mM and 15
mM samples, the current peaked at 2000 puA for approximately 10 seconds before
decreasing. There was also a noticeable lack of filtering and an increase in signal
noise. Although only one replicate was performed due to the limited number of
printed devices, the results show promise, especially the slope of the calibration plot.
This proved the theoretical improvements to the electrochemical performance by the
introduction of semi-conductive material into the microfluidic channel to be viable.

However, the method by which the semi-conductive material was introduced is critical.
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4.3 Alumina with Zinc Oxide Mixed Microfluidic

Channel

In hindsight, it was very optimistic to replace the alumina with ZnO and expect
improvements completely. A more experimental approach was implemented, where
alumina particles were partially replaced 10% at a time by ZnO. Prototyping was
completed for various ratios, fluid transport, and conductivity. Given results from
prior tests, the conductivity should be kept at a minimum to prevent any circuit
shorting. A ratio of 80:20 and 70:30 for alumina and ZnO respectively at 8% PVA

were printed and tested using chronoamperometry.
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Figure 4.3: a) Pictures of the 2M4E and 2M2E devices with visible cracking over
the carbon electrodes. Chronoamperometric curves for glucose concentrations
ranging from 0 mM to 25 mM for b) 4M4E devices with 80:20 alumina to ZnO ratio
at 8% PVA, ¢) 4M4E devices with 70:30 alumina to ZnO ratio at 8% PVA.
Calibration curves for glucose concentration as a function of current at time = 30

seconds for the d) 80:20 4M4E devices and e) 70:30 4M4E devices. Testing was done
using PARSTAT 2263.
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Both compositions provided a reasonable electrochemical performance with dis-
tinct decay curves that differentiate between analyte concentrations. Just by looking
at the slope, the addition of the ZnO, which was expected to improve electrochemical
performance, did increase the current signal to a level comparable to that of the hybrid
channels mentioned previously. However, the standard deviation was also increased,
which resulted in a LOD of 0.64 and 0.52 mM for the 80:20 and the 70:30 mixed 4M4E
devices, respectively. The higher standard deviation compared to when just alumina
particles were used can be explained by the ZnO microparticles. The conductive
nature of ZnO, combined with the fact that ZnO may not be uniformly distributed
within the microfluidic layer, could lead to inconsistent electrochemical behavior. The
higher ZnO also affected the structural integrity of the microfluidic channel. With
the addition of ZnO, the material would often crack specifically overtop of the carbon
electrodes, shown in Figure ??A. These cracks could alter the flow of the solution or
the contact between the electrodes and the microfluidic layer, introducing additional
sources of variability. During this time, other solvent binder combinations and mixing
methods were trialed. However, none brought significant advantages over the current
method to compensate for their weaknesses. Plasma treatment was also done on the
electrodes to generate a higher energy surface and allow the ZnO material to spread
more easily. While plasma-treated electrodes did see better print quality and elec-
trochemical performance, the variability between treatments made them unfavorable.

Therefore, an alternative approach to integrating ZnO was tested.
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4.4 Carbon Black Mixed Microfluidic Channel

Given the extensive evidence of carbon-related compounds being integrated into
PEDs. A similar experiment to ZnO was conducted for carbon black. Various studies
focused on carbon nanotubes or reduced graphene oxide, requiring complicated fab-
rication or a specific setup. Our experiment just simply used commercially bought
carbon black microparticles. An additional 5% of carbon black was added to the 8%

PVA material and printed. The 4M4E device was tested using chronoamperometry
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Figure 4.4: a) Picture of the 4M2E device printed with alumina mixed with carbon.
Chronoamperometric curves for glucose concentrations ranging from 0 mM to 25
mM for a) 4M4E devices with alumina mixed with 5% carbon black at 8% PVA.
Calibration curves for glucose concentration as a function of current at time = 30
seconds for the same b) 4M4E devices. Testing was done using PARSTAT 2263.
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While the main purpose of the ZnO microparticles was to increase the conductivity
of the channel to allow for easier current measurement. The carbon microparticle has
an additional role. Carbon black has a high surface area; when dispersed within the
alumina matrix, it could potentially increase the effective surface area of the electrode,
providing more active sites for electron transfer. This is crucial in chronoamperome-
try, as it improves the sensitivity and allows for more efficient detection of analytes in
theory. The chronoamperometry curves and calibration plot exhibit a higher current
response when the channel contains carbon black than the pure alumina channel. A
similar noise level to the ZnO mixed with alumina channels was observed, posing
the same potential microparticle uniformity issue. The LOD for the alumina channel
mixed with carbon black was determined to be 0.091 mM. This result confirms the
incorporation of carbon black into the alumina matrix can enhance the performance
of the microfluidic channel for chronoamperometric measurement but suffer from the

same noise effect as mixing alumina with ZnO.

4.5 Micropad Printing on Straight Channel De-
sign

The successful instance of ZnO measurement was done when the ZnO material was
solely over top of the electrode and the microfluidic channel was manually printed
using the alumina particle material. In this case, the printed ZnO acted as a sur-
face modification to the carbon electrodes, and there were no ZnO microparticles
located elsewhere in the channel that would generate noise. In the previous section,

the potential of using ZnO and carbon black to enhance electrochemical properties
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of these printed devices were recognized. While these modifications offered improve-
ments, issues such as noise and inconsistent structural integrity remained prevalent.
To address these challenges, this section focuses on an alternate integration method
in the form of micropad printing. In micropad printing, the material will specifi-
cally be printed overtop of the carbon electrodes creating localized areas of enhanced
conductivity, while maintaining overall channel stability. This approach attempts to
recreate the success of the reconstructed ZnO channel measurement from the earlier
section. The first micropads printed was ZnO based on the 3% PVA formula, with

two layers of alumina in 8% PVA overtop as the microfluidic channel.
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Figure 4.5: Chronoamperometric curves for glucose concentrations ranging from 0
mM to 25 mM for a) 4M4E devices with ZnO micropads based on 3% PVA
formulation. Calibration curves for glucose concentration as a function of current at
time = 30 seconds for the same b) 4M4E devices. Testing was done using CH
Instruments CHI600D electrochemical analyzer.

The presented chronoamperometric curves depicted a regular current decay over

time relationship. The signal was distinct across the various glucose concentrations,
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with some abnormalities, such as the curves for 25 mM and 10 mM peaked at uniquely
higher current signals and took longer to reach a steady state. Ultimately, the cal-
ibration plot saw an improvement in slope and, likewise, the LOD. The LOD for
this configuration was determined to be 0.028 mM. Compared to the LOD of devices
printed with just alumina material in 8% PVA, this result did improve. The signal
noise was also noticeably reduced, which was likely due to the usage of a more modern
and accurate electrochemical analyzer. Going forward, this new machine was used to
carry out all electrochemical experiments. The ZnO micropads were still cracking,
and fumed silica was a primary suspect. The ZnO material was remade without any
fumed silica, and the amount of solvent was adjusted for adequate viscosity to print.

The binder solvent of PVAc¢/DIP was also trialed without fumed silica.
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Figure 4.6: Chronoamperometric curves for glucose concentrations ranging from 0
mM to 25 mM for a) 4M4E devices with ZnO micropads based on 8% PVA
formulation without the fumed silica and b) 4M4E devices with ZnO micropads
with 8% PVAc/DIP without the fumed silica. Calibration curves for glucose
concentration as a function of current at time = 30 seconds for the same 4M4E
devices without fumed silica but with ¢) ZnO micropads with PVA/DMSO and d)
ZnO micropads with PVAc/DIP. Testing was done using CH Instruments CHI600D
electrochemical analyzer.

In the first set of graphs, the current response decreases over time, with a clear
distinction between each glucose concentration. The clarity of the signal and the
linear relationship in the calibration curve with a high R-square value, suggest a good
validity to the result. The LOD for the devices with ZnO micropads in PVA/DMSO
but without the fumed silica was 0.17 mM. However, the LOD for the device with
ZnO micropads without fumed silica but made with PVAc/DIP was 0.087 mM. The
removal of fumed silica from the material can decrease the signal due to several key
factors related to the role fumed silica plays in the composite. The fumed silica

has a high surface area and can contribute to better material dispersion within the
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matrix. When fumed silica is removed, the overall amount of interconnected network
within the matrix, which facilitates better analyte and mediator flow is reduced. This
reduction can impact the current response, leading to a decreased signal. To remedy
this problem, the same material was made except ZnO nanoparticles were used in

place of fumed silica in the same amount.
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Figure 4.7: Chronoamperometric curves for glucose concentrations ranging from 0
mM to 25 mM for a) 4M4E devices with ZnO micropads based on 8 PVA
formulation with ZnO nanoparticles replacing the fumed silica and b) 4M4E devices
with ZnO micropads with 8 PVAc¢/DIP and ZnO nanoparticles in place of the
fumed silica. Calibration curves for glucose concentration as a function of current at
time = 30 seconds for the same 4M4E devices with ZnO nanoparticles but with ¢)
ZnO micropads with PVA/DMSO and d) ZnO micropads with PVAc/DIP. Testing
was done using CH Instruments CHI600D electrochemical analyzer.
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With the addition of another ingredient, there was an increased likelihood that
the material was not uniformly mixed. This was quickly noticed in the amperometric
curves, where the curves appeared jagged rather than smooth. The ZnO nanoparticles
did improve the signal measurement, with the ZnO micropads made with PVAc/DIP
significantly increasing. The LOD for the devices with PVA/DMSO-based ZnO mi-
cropads was 0.072 mM. The devices with ZnO micropads made with PVAc/DIP had
a lower LOD at 0.047 mM. This was very interesting because the PVAc/DIP combi-
nation results were very different based on which microparticle was used. When the
PVAc/DIP combination was tested in alumina particle-based materials, the material
was too hydrophobic to even let the solution flow. However, with a ZnO particle-
based material, the PVAc/DIP combination was perfectly fit for use.

Following the steps of ZnO micropads, carbon black micropads were implemented
by adding various concentrations of carbon black to the ZnO material made with 3%
PVA. The same alumina material was printed overtop as the microfluidic channel,

and testing was done with chronoamperometry.
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Figure 4.8: Picture of the 4M2E device with carbon black micropads.
Chronoamperometric curves for glucose concentrations ranging from 0 mM to 25
mM for b) 4M4E devices with 8% carbon black micropads based on 3% PVA ZnO
formulation ¢) 4M4E devices with 10% carbon black micropads based on 3% PVA
ZnO formulation. Calibration curves for glucose concentration as a function of
current at time = 30 seconds for the same 4M4E devices with d) 8% carbon black
micropads and e) 10% carbon black micropads. Testing was done using CH
Instruments CHIG00D electrochemical analyzer.

In both micropad scenarios, the synergistic effects of having both carbon black
and ZnO in the micropad are recognized. The 8% carbon black micropad saw a
significant increase in current signal, matching the high slope of the reconstructed ZnO
channel. The LOD for the devices with 8% carbon black micropads was estimated at
0.015 mM. The 10% carbon black micropad devices performed worse in comparison,
with an LOD of 0.062 mM. The increase in sensitivity through the introduction of
carbon black seemed to hit its peak at 8%, and any additional carbon black had
diminishing returns. This can be explained by the carbon black particles that form

aggregates. Depending on the concentration, carbon particles can agglomerate when
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in excess due to Van der Waals forces and through hydrophobic interactions. This
could lead to the formation of larger clusters of carbon rather than a well-dispersed
distribution of particles. When used sparingly, the carbon particle can act as an
electrode extension, increasing the electroactive surface area. However, when used in
excess, the aggregation of carbon particles can block access to the electrode, which is
critical for the redox reaction that occurs during chronoamperometry.

Another issue that persisted throughout the semi-conductive material testing was
the elevated standard deviation. Despite the usage of the immobilization step and
the increase in conductivity through the integration of semi-conductive particles, the
standard deviation was consistently higher than testing in alumina material. Thus,
any improvement in the calibration slope was often counteracted by the increase in
standard deviation. This difference in standard deviation can be attributed to the
contrast in scale between devices for current measurements. Larger numbers tend to
have a higher relative spread due to their greater scale. Even with a similar spread,
larger numbers tend to result in a higher standard deviation because the absolute

difference from the mean is greater due to scale differences.

4.6 Micropad Printing on Multichannel Design

The best-performing materials were printed as micropads and tested on the multi-
channel design. However, the micropads were manually printed due to alignment
difficulties with the screen-printer. The ZnO nanoparticle material made with either

PVA or PVAc was tested.
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Figure 4.9: Chronoamperometric curves for glucose concentrations ranging from 0
mM to 25 mM for multichannel devices with a) ZnO nanoparticle in PVA micropads
and b) ZnO nanoparticle in PVAc micropads. Calibration curves for glucose
concentration as a function of current at time = 30 seconds for the same
multichannel devices with ¢) ZnO nanoparticle in PVA micropads d) ZnO
nanoparticle in PVAc micropads. Testing was done using CH Instruments CHI600D
electrochemical analyzer.
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Compared to previous tests using the ZnO nanoparticle material, the current
signal was significantly lower. The LOD was determined to be 0.29 and 0.22 mM
for the ZnO nanoparticle in PVA and PVAc, respectively. The 4M4E device has a
greater surface area than the smaller multichannel electrode. The electrode’s surface
area difference can affect the amount of current generated during chronoamperometry.
A similar phenomenon was observed in the alumina-based devices, but not to the
same extent. Although the LOD did not improve, this result was still significant in

demonstrating the degree of signal amplification by the semiconductor material.

38


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece

M.A.Sc. Thesis — Z. Wang; McMaster University — School of Biomedical Engineering

a) : « 25mM b)
140 :*t . 15mM
120
< 100 <
= =
i i
] &
= =
= =
o o
20
0

{:} T0 {I} &G0
y=1.7798x +1.1442
&0 50 2_
y=1.9497x - 0.6289 R*=0.9841
z_
50 R =0.9639 _
= -
c c
L 30 o
- (.
3 =]
Q a2 Q
10
o 1
0 5 10 15 20 25 0 5 10 15 20 25
Glucose Concentration (mM) Glucose Concentration (mM)

Figure 4.10: Chronoamperometric curves for glucose concentrations ranging from 0
mM to 25 mM for multichannel devices with a) 8% carbon black and b) 5% carbon
black micropads. Calibration curves for glucose concentration as a function of

current at time = 30 seconds for the same multichannel devices with ¢) 8% carbon

black and d) 5% carbon black micropads. Testing was done using CH Instruments
CHI600D electrochemical analyzer.
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Looking at the chronoamperometric curves for the carbon black micropads, a simi-
lar trend can be seen. There are distinct current responses for each of the investigated
glucose concentrations. The current signal at 30 seconds was lower, when compared
to their 4M4E counterparts. The LOD for the 8% carbon black devices was 0.015
mM. The devices with 5% carbon black micropads had an LOD of 0.031 mM. The ad-
dition of carbon black resulted in higher current responses and enhanced sensitivity.
Notably, the 8% carbon black micropads provided an optimal balance, maximizing

sensitivity while minimizing issues for both the 4M4E and multichannel designs.

4.7 Plasma Treated Carbon Electrode

Plasma treatment is a powerful technique used to modify the surface properties of ma-
terials by exposing them to reactive oxygen species (Wang et al., 2009) (Osaki et al.,
2024). After plasma treatment, it is possible to enhance the surface characteristics,
such as increased surface area and improved wettability, and introduce functional
groups. These surface modifications can significantly influence the electrochemical
properties of the electrodes. While the purpose of plasma treatment was mainly to
improve the printing of micropads onto the electrode, these side effects cannot be
ignored. In this section, the potential impacts of plasma treatment on carbon elec-
trodes are investigated, focusing on how these surface modifications can alter their
chronoamperometric performance. Understanding these effects provides more insight
into optimizing the electrode surface for better analytical sensing applications. The
sheet of multichannel electrodes was folded to fit inside the plasma chamber. Two
different conditions were tested, one at 15 seconds of plasma treatment at 0.4 mbar,

with slight hints of oxidation on the reference electrode. This was referred to as
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normal oxidation samples. After 30 seconds of plasma treatment, there was obvious
oxidation on the entire reference electrode. This was referred to as the over-oxidation

sample. These two treatments were compared to just multichannel design printed

electrodes without any microfluidic layer.
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Figure 4.11: Chronoamperometric curves for glucose concentrations ranging from 0
mM to 25 mM for multichannel devices with a) no oxidation, b) normal oxidation,
and c) over-oxidation. Calibration curves for glucose concentration as a function of
current at time = 30 seconds for the same multichannel devices with d) no
oxidation, e) normal oxidation, and f) over-oxidation. Testing was done using CH
Instruments CHIG00D electrochemical analyzer.

Through the process of plasma treatment, various changes to the electrode are

92


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece

M.A.Sc. Thesis — Z. Wang; McMaster University — School of Biomedical Engineering

made that could influence its electrochemical properties, such as increased surface area
and the introduction of charge to the electrode’s surface. These changes contributed
to the improvement in performance seen in the calibration plot, with more oxidation
correlating with higher current signals. Interestingly, the standard deviation was
very consistent across the treatment groups, with the change in slope being the main
difference. The LOD for the no oxidation group was determined to be 0.37 mM.
For normal and over oxidation, the LOD was calculated to be 0.35 and 0.26 mM,
respectively. While there was not a large difference in LOD, the benefits to the
electrochemical performance by plasma treatment were demonstrated, in addition to

the ability to allow for easy micropad printing.
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Chapter 5

Conclusion

5.1 Summary

This thesis explored the development and optimization of microfluidic devices for elec-
trochemical glucose detection, with the main novelty being fabricating devices using
a combination of alumina, ZnO and carbon black microparticles to mimic the capil-
larity of paper. The goal was to improve the electrochemical performance, sensitivity,
and reproducibility of these devices compared to traditional paper-based microfluidics
through cheap and simple solutions until they can comfortably cover the glucose con-
centrations found in all physiologically relevant fluids. The results demonstrated that
alumina-based channels while having unfavorable electrochemical properties, were
still able to display a superb performance. The mixing of ZnO with alumina saw
improved performance but introduced noise and structural inconsistencies. Adding
carbon black enhanced sensitivity as well but at the cost of higher standard devia-
tion. The micropad printing technique, which localized the semiconductive material

to the electrodes, provided a simple way of surface modifying the electrodes. The
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best-performing devices achieved an LOD in the low micromolar range, which was a
significant improvement compared to their paper-based counterparts.

This study provided insights into the behavior and performance of mixed material
microfluidic channels. The integration of conductive materials such as ZnO and car-
bon black into an alumina matrix improved electrochemical properties but required
careful control of material distribution to maintain structural integrity and consistent
performance. Furthermore, the importance of surface modification to both the elec-
trode and the microfluidic channel to the performance of the device was highlighted.
The immobilization of the GOx enzyme within the microfluidic channel to prevent
the washing effect or the plasma treatment of the electrodes were examples of surface
modifications done to improve the performance. The fabrication process was simple,
using commercially available materials and a common printing technique that allows

for cost-effective and mass-producible microfluidic devices.

5.2 Limitations

Despite these advancements, there are limitations to the work. Consistency issues
arose due to variability in material distribution and structural inconsistencies. While
immobilization was a solution, the washing effect was never perfectly resolved. Long-
term storage concerns were not thoroughly investigated. Furthermore, the devices
were not tested with real samples or complex solutions with potentially interfering
substances, which is crucial for practical applications. The wide glucose range used

might lead to inaccurate LOD estimates, and the complicated testing procedure limits
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their suitability for point-of-care applications. In several chronoamperometry experi-
ments, a positive current signal was measured for the blank solution, suggesting some
unknown reaction was not accounted for. This could affect the validity of subsequent

measurements.

5.3 Future Work

Future work should further refine the microfluidic device fabrication process to im-
prove consistency and reliability. While only a quick test was done, the microfluidic
material has shown potential and capability to be integrated with commercially avail-
able screen-printed electrodes. The material can have major commercial value if fur-
ther testing is done to confirm the enhancement of performance on other commercial
devices and facilitate wider adoption. Comprehensive testing with real samples and
potential interfering substances is necessary to validate the device’s practical applica-
bility. Investigating the device’s long-term storage stability and performance will also
be important. Developing more straightforward testing methods will make the device
more suitable for point-of-care diagnostics. More SEM images and further testing
need to be done on the fluid dynamics of the microfluidic channel to explain the fun-
damental differences between the pure alumina channel and alumina mixed with ZnO
or carbon black channels. In conclusion, this thesis has made significant strides in
developing advanced printed microfluidic devices for glucose detection, contributing a
robust alternative to traditional paper-based systems. Future work should address the
identified limitations and explore the broader application potential of these innovative

devices.
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