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Lay abstract

Early detection is critical for timely treatment and better patient outcomes. Point-of-care (POC)
biosensors allow for disease diagnosis and real-time monitoring of a patient's health status
directly at the patient's bedside without the need for expensive equipment or specialized
personnel. A lab-in-a-tube biosensor was developed using sensing surfaces on low-cost plastic
thatis rolled and heat-shrunk into miniaturized tubing for analysis of liquid samples. The wrinkled
sensing surface that results from heat-shrinking dramatically increase surface area and
interaction with the sample, enabling sensitive detection that is fast and quantitative. These
devices are capable of capturing samples at high flow rates, allowing for rapid analysis of large
samples. Overall, this work demonstrates the successful creation of a biosensor platform that

could be incorporated with existing medical tubing for POC diagnostics.
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Abstract

Early detection is crucial in delivering timely treatment and improving patient outcomes. Point-
of-care (POC) biosensors play an essential role in early detection, allowing for rapid and accurate
diagnosis of diseases at the patient’s bedside without the need for expensive equipment or
specialized personnel. By performing the analysis on-site, POC diagnostics can offer continuous
monitoring and real-time data acquisition of a patient's health status. Thus, there is strong
incentive in creating POC biosensors to provide healthcare professionals with greater access to

diagnostic information, ultimately improving outcomes and reducing healthcare costs.

Herein, the development of a POC lab-in-a-tube biosensor that utilizes simple and scalable
fabrication techniques is presented. Electrodes are patterned on low-cost plastic substrates,
which can be subsequently rolled and heat-shrunk into miniaturized tubing for flow-through
analysis of liquid samples. Heat-shrinking of the device results in 3-dimensional, hierarchically
wrinkled electrodes with morphological feature that span several orders of magnitude in size.
These wrinkled electrodes demonstrate dramatically increased surface area in a given footprint
compared to traditional planar electrodes. Incorporation of modified gold and silver wires allows
for sensitive and stable electrochemical detection, enabling fast and quantitative results. These
devices are capable of millilitre-per-minute flow rates to allow for rapid sample processing and
for increased mass-transport to the electrode surface. The ability to capture analytes was
characterized with nucleic acid sequences using pump-driven and blood-collection tube induced

flow for rapid and accurate detection.

Overall, this work demonstrates the successful development of an electrochemical platform
integrated into a plastic tubing capable of rapid detection of flowing analytes. With its ease-of-
use and compatibility with a wide range of flow rates, the device has the potential to be

incorporated with existing medical tubing and procedures to achieve POC diagnostics.
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1 Introduction

1.1 Context

1.1.1 Biosensors

The medical field has experienced significant improvements owing to advances in technology and
a deeper understanding of the biological mechanisms that control health and disease. One such
area aiming to revolutionize medical care is the development of biosensors by combining these

facets into standalone detection devices.

Without reliable diagnostic tests that correctly identify a disease or illness, medical decisions lack
critical information needed for optimal patient care. Such cases could lead to misdiagnosis or
inappropriate treatments, ultimately putting the patient's health and life at risk [1]. Medical
diagnostic tests have traditionally been carried out in laboratories or other dedicated healthcare
settings, where patient samples such as blood or urine can be analyzed by trained personnel.
Many of these laboratory-based tests rely on labour-intensive techniques such as microscopy,

immunoassays, and cell or bacterial cultures which can take multiple days for a result [2].

Biosensors are devices that integrate biorecognition elements with a signal transducer to
generate a signal proportional to a biological or chemical reactions of interest [3]. These devices
can be used to assess various health conditions, such as blood glucose levels in diabetic patients,
or cardiac markers and heart activity in individuals with cardiovascular disease [4]. The range of
their applications within healthcare is continually expanding to encompass areas such as
diagnostics, therapy, and monitoring. Furthermore, their use in other settings such as in drug

development, food-safety, and environmental monitoring is expanding [5].

One of the primary advantages of biosensors over traditional, laboratory-based methods is the
ability to reduce the need for skilled operators and the use of sophisticated laboratory equipment
and reduce the sample-to-result time [6]. Efforts in miniaturization and cost and time reduction
allow the sensors to be employed directly at the patient’s bedside to produce Point-Of-Care

(POC) biosensors.
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1.1.2 Point-Of-Care diagnostics

Development of POC biosensors is particularly attractive for improving clinical outcomes as it
drastically improves the amount of information available at the time needed to make healthcare
decisions. These devices allow for rapid and simple detection, improved monitoring potential,

cost savings, and improved access to healthcare [7].

POC biosensors aim to provide the rapid and convenient diagnosis of a wide variety of medical
conditions through efforts in being user-friendly, portable, and producing results within minutes
[8]. These factors allow for healthcare decisions to be made on-location and can remove the need
for the patient or the collected sample to travel to a healthcare facility or centralized lab. POC
biosensors can enable the real-time monitoring of patients, providing early warning of
deteriorating conditions and allowing immediate intervention — crucial for improving clinical

outcome [9].

1.1.3 Microfluidics & Lab-on-a-chip

The use of microfluidics — systems that interact with fluids at the micrometer scale — is of huge
interest to researchers wanting to create the next generation of POC biosensors [10]. The
benefits of microfluidics range from the ability to analyze sub microliter sample volumes,
reducing sample preparation steps through automation, to shortening the time required to
obtain a diagnosis [11]. Combination of microfluidics with biosensors also allows for multiplexed
sample analysis, improved portability, and can facilitate the creation of low-cost, single-use
devices for POC diagnostics [11]. Utilizing the physics of liquids at the small scale can improve
sensitivity and specificity of POC biosensors [12]. For example, the use of flow confinement and
controlled mixing can reduce the size of the diffusion layer, increasing the binding rate of
molecules of interest to the capture surfaces, resulting in improved detection limits and better

response times [13], [14].

1.1.4 Challenges
Despite the great advantages offered by POC biosensors, comparatively few have been used in

practise thus far [4]. Certain POC devices such as the pregnancy test and glucose meter have seen
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widescale success, however many biosensors reported in literature face difficulties in translating

academic results into a commercially available device [3][15].

In order to address to hurdles faced in POC biosensor development, the World Health
Organization (WHO) has established the ASSURED acronym [6], [16]. The acronym stands for:
Affordable, Sensitive, Specific, User-friendly, Rapid & robust, Equipment-free, Delivered. The
ASSURED acronym provides a useful framework for the design of diagnostic tests, and by
ensuring that these criteria are met, the effectiveness and accessibility of POC testing is greatly
improved. An important consideration of the ASSURED acronym is that diagnostic requirements
vary with the testing location and shape the technical approaches that can be used [6]. A
biosensor that is to be used by an individual at home will face different design challenges than
one destined to be used in a healthcare setting [17]. Each of these environments vary in available
resources and personnel that ultimately permit different biosensor design criteria and

sophistication.

Newly developed POC biosensors must be sufficiently affordable to be utilized in a healthcare
setting as single use devices or feature disposable components [18]. Device performance criteria
such as sensitivity or ease-of-use are only some facets of POC device development, and monetary
aspects such as manufacturing costs, price of reagents, and long-term storage conditions must
be considered to allow for widescale adoption [19]. A successful biosensor is one that achieves
sufficient performance for the task while remaining economical, such that it becomes the clear

choice when reaching for a diagnostic test [20].

A frequent hurdle faced when developing diagnostic tools is achieving appropriate sensitivity
while ensuring that assay complexity and test duration are not significantly impacted [1].
Generally, a diagnostic techniques’ sensitivity is inversely proportional to its cost, time to obtain
a result, and complexity as a function of equipment required [21]. A test must be able to provide
results at a clinically relevant level for the target concentration. Furthermore, repeatability of the

system must be sufficient to allow for confidence in the result.

Sample processing remains a serious roadblock to achieving POC biosensors, particularly when

using clinically relevant samples [22]. Complex solutions derived from patients such as blood,
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urine and saliva are frequently used for analysis; however, contain many complex molecules that
can interfere with detection. These samples contain unwanted proteins and cells that can
negatively interact with device surfaces such as through non-specific adsorption preventing
binding of the target analyte or the generation of non-specific signals [23], [24]. Separation of
media using filters or centrifugation, addition of reagents to control the viscosity or pH, and many
other sample processing steps are commonly employed by trained personnel prior to further
analysis [25]. Additional challenges are faced when eliminating intermediate manipulation steps
of traditional assays. Tasks like mixing, reagent addition, and sample separation can introduce
variation dependent on the user [26]. It is therefore paramount to minimize manual sample

processing to achieve true POC biosensors.

Despite current limitations, improvements in the development POC biosensors can enable their
adoption and complement traditional laboratory-based diagnostic methods. Ultimately, POC
biosensors have the potential to greatly improve healthcare delivery and patient outcomes
through personalized, near real-time data about their health status and helping clinicians in

making informed decisions about diagnosis and treatment.

1.2 Motivation and approach

The motivation for this research is to increase the amount of information available when making
healthcare decisions by developing a rapid, accurate, convenient, and cost-effective biosensing
technology that can be used in a variety of diagnostic applications in the future. Focus was placed
on developing a simple device that could easily be incorporated into existing medical procedures.
We believe that by utilizing flow, manual interactions and the use of additional reagents could
be reduced, and combined with a method of providing quantifiable results, a versatile platform

for POC diagnostics and monitoring can be achieved.

Our overarching goal was to develop a flow-through electrochemical platform with the following

characteristics:

1. Simple fabrication of a scalable tubular device, capable of interfacing with existing
medical tubing

2. Sensing capabilities integrated directly into the flow area
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3. Real-time electrical readout compatible with multiplexed signal acquisition and

continuous monitoring

In brief, fabrication of the devices would be achieved using low-cost materials and techniques
that can be scaled up for commercial production. The platform would be primarily tested and
characterized using a model system based on nucleic acids as sample and recognition elements
as they are inexpensive and have a wide range of applications. Electrochemistry would provide
the means of converting biochemical events into electrical signals to obtain quantitative results,
while flow would be achieved using pumps to precisely control the rate at which the solution

flows through the system.

1.3 Research Objectives
The main objective of this research is to design and assess the performance of a scalable, low-
cost fluidic transport system for electrochemical detection of biological markers. To accomplish

this, the following sub-objectives were identified:

1. Design and fabricate electrodes within a flow-capable platform

2. Study the effects of key functional parameters such flow rate and electrode positioning
on the resultant electrochemical signal

3. Optimize the system for the detection of nucleic acid sequences as a preliminary

biological marker

1.4 Thesis organization

The thesis was separated into 6 chapters:

Chapter 2 provides the background information relevant to the conducted research and provides

a brief review of the state of the art.
Chapter 3 describes the methods used to design and fabricate the tube platform.
Chapter 4 examines the iterative steps taken for the optimization and initial testing of the device.

Chapter 5 discusses the device properties and behaviour of the system under flow conditions.
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Chapter 6 concludes the thesis with a summary of the key findings and a discussion of future

work.
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2 Background

This section provides a brief overview of the fundamentals of electrochemistry, biosensing, and
microfluidics related to the design of a flow-capable electrochemical biosensor. Relevant
information includes basic electrochemical theory and setup, common immobilization and
detection strategies, and the governing principles of flow at micrometer scales. A brief state of

the art is also provided.

2.1 Electrochemistry

2.1.1 Electrochemical systems

Electrochemistry is the study of electricity and its effects on chemical reactions, particularly at
electrode/electrolyte interfaces [27]. Electrochemical measurements often employ a three-
electrode system consisting of a working electrode (WE), a counter electrode (CE), and a
reference electrode (RE) connected to a potentiostat to control and measure system parameters

(Figure 2-1).

(a) (b)

Potentiostat

CE

2 |

| we—"" T—re

)
WE (cE)

Figure 2-1. Three-electrode electrochemical systems utilizing a working electrode (WE), counter
electrode (CE), and reference electrode (RE). (a) Schematic representing a typical measurement
configuration with accompanying potentiostat for monitoring of potential (V) and current (A) (b)
Conventional commercially-available screen-printed-electrode used for analysis.

The biochemical reaction of interest occurs at the surface of the working electrode [28]. Materials

such as gold (Au) and platinum (Pt) are used for electrochemical biosensors as they are
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conductive yet inert as to not influence or interact with the reaction. A second electrode, the
counter electrode, completes the circuit and acts as the sink or source of electrons. The ideal
counter electrode typically has a high surface area (relative to the working electrode) as to not
limit reactions and should similarly be made of inert materials to avoid undesirable side-reactions

[29].

The third electrode consists of a reference electrode to maintain a stable potential within the
system. Reference electrodes should hold a constant potential to assess the potential of the
reaction occurring at the working electrode. Additionally, they should exhibit high impedance
which minimizes current flow as to not affect the potential. Many different types of reference
electrodes are used in electrochemistry depending on the requirements of the system, with some
of the most common examples including the standard hydrogen electrode (SHE), saturated

calomel electrode (SCE), and silver/silver-chloride electrodes (Ag/AgCl) [10].

Less commonly, a single electrode may be used as both the counter and reference within the
system. The two-electrode setup necessitates current to pass through the counter/reference
combination, polarizing the electrode. In such a system, the current is influenced by the unstable

potential, ultimately affecting the measured signal [29].

2.1.2 Reduction and oxidation reactions

Reduction and oxidation reactions are fundamental processes in electrochemistry and are used
to describe the interaction between electrons or ions in solution and the electrode, commonly
referred to as redox reactions [27]. The reduction reaction takes place at the cathode, where
electrons are gained, while the oxidation reaction takes place at the anode, where electrons are

lost. The redox reaction can be represented as:

Ox +ne- = Red
(1)
Where n is the number of electrons, e~, and Ox and Red are the oxidized and reduced forms of

the redox couple, respectively [27].
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The direction and magnitude of electron transfer during a redox reaction can calculated using the
Nernst equation [30]. The relationship between the working electrode potential and the

concentration of the redox species is given by:

(2)
Where E is the resultant potential, E° is the standard potential of the reduction half-reaction at
the electrode for the activity of the redox species ag, and agqq. The remaining variables include

the universal gas constant, R, the temperature, T, and Faraday’s constant, F [30].

2.1.3 Electrochemical analysis techniques

Electrochemical detection methods can be categorized depending on the system properties
being measured. Among the most commonly used techniques for biosensing include those
measuring current (amperometric) such as chronoamperometry (CA), cyclic voltammetry (CV),
and square wave voltammetry (SWV), or evaluating changes in the system’s impedance
(impedimetric) such as using electrochemical impedance spectroscopy (EIS) [31], [32]. These
techniques can either involve the transfer of electrons and are considered Faradaic processes, or
describe processes without charge transfer (similar to charging a capacitor) such as through the
adsorption and desorption of a species, and are categorized as non-Faradaic processes [33], [34].

The waveforms of commonly used electrochemical techniques are shown in Figure 2-2.
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Figure 2-2. Input and output waveforms for common electrochemical measurement techniques.
Abbreviations — CA: Chronoamperometry, CV: Cyclic Voltammetry, SWV: Square Wave
Voltammetry

Chronoamperometry consists of applying a potential to the working electrode and recording the
current response over time [29]. Generally, a starting potential is chosen such that the species of
interest are either fully reduced or oxidized, and the potential is switched to one past the redox
potential. Sudden polarization of the working electrode causes the analytes to either reduce or
oxidize, resulting in a measurable increase in current, proportional to the concentration of the
electroactive species [31]. As the reactive species is consumed near to the electrode surface, a
concentration gradient known as the diffusion layer is created. As the diffusion layer grows, the

measured current decreases with time [35].

In Cyclic Voltammetry, potential is swept between two set values typically chosen to induce
repeated redox reactions. In situations where system redox properties are to be determined, CV
can be used to determine the oxidation-reduction potentials. CV also provides valuable
information on electron-transfer reactions is useful in characterizing surface modifications [36].
The technique is limited by the presence of significant non-Faradaic background current and the

assumption of a fully-reversible reaction [30].

Square Wave Voltammetry reduces the effect of background current by applying potential in a
square-wave pulse superimposed on staircase waveform [37]. The waveform consists of a series
of voltage steps, with each step lasting for a fixed amount of time, followed by an immediate

reversal of the potential to its initial value. The periodic nature of the square wave potential

10
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allows for detection of both anodic and cathodic currents, providing information about the redox
reaction at the electrode surface. As sampling occurs at the end of each step, the impact of non-

Faradaic background current is negligible, allowing for more sensitive Faradaic analysis [38].

2.2 Biosensing

2.2.1 Biorecognition techniques

Electrochemical biosensor performance depends highly on the choice of biorecognition elements
employed to interact with analytes. Biorecognition elements are biomolecules that selectively
bind to the target analyte and initiate a biological response that can be transduced into a
measurable signal [39]. The choice of biorecognition element depends on the nature of the target
analyte, the required sensitivity and selectivity of the biosensor, and the compatibility with the

electrochemical transducer [40].

Among the most commonly used biorecognition elements in electrochemical biosensors are
nucleic acids [41]-[44], aptamers [45]-[48], enzymes [49], [50] and antibodies [51]-[54]. For the
purposes of device characterization, nucleic acids were used as biorecognition elements primarily

due to their ease-of-use, low cost, and well defined hybridization properties [55].

2.2.2 DNA biosensors

DNA (deoxyribonucleic acid) is a long polymeric molecule that encodes the genetic instructions
of living organisms. It takes the shape of a double-stranded, helically coiled molecule consisting
of a repeating series of nucleotides. Each nucleotide consists of either cytosine (C), guanine (G),
adenine (A), or thymine (T) as bases, as well as a sugar-phosphate backbone. Nucleotides are
joined together through the sugar and phosphate groups to form long chains, while the bases
face inward. Hydrogen bonding allows complementary bases — A with T, C with G — to come
together and form highly specific and stable pairs. The act of two complementary ssDNA strands
joining is known as hybridization. Strands are commonly described in the direction of the 5’-end
to 3’-end, with the 5’-end having the exposed phosphate group and the 3’-end having the

deoxyribose sugar [56].

Biorecognition using electrode-bound DNA can be achieved using a variety of sensing principles

[57]-[59]. The innate electrochemical properties of DNA causes hybridization to increase the
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negative charge at the electrode due the negatively charged DNA backbone, and transitioning
from a single-stranded configuration to a double-stranded coil conformation increases the
conductivity allowing for increased electron mobility along the strand [58]. Furthermore, DNA
hybridization changes the properties of the electrode-solution interface resulting in a measurable

change in capacitance [60] and impedance [61].

2.2.3 Redox reporters
Measurement sensitivity of electrochemical DNA biosensors can be improved through the
addition of redox species to enhance electron transfer. This can be achieved by methods such as

adding redox reagents to the bulk solution or by direct labelling of DNA [57], [58].

Solution based redox reagents can be added to enhance signal change of events on the electrode
surface, useful for interfacial characterization [58]. When biorecognition elements such as DNA
are present on the electrode surface, the electron transfer kinetics of redox-capable species such
as the commonly employed Ferrocyanide/Ferricyanide ([Fe(CN)s]*/3") couple are decreased [62].
Further changes in the electrode surface such as through hybridization reduce the available sites

for redox reactions, leading to measurable signal attenuation [63].

DNA can be directly modified with redox labels for reagentless signal enhancement. Redox
reporters such as Methylene Blue (MB) and Ferrocene (Fc) are widely used in electrochemical
biosensors as electron mediators [64], [65]. Signal gain is attributed to increased electron transfer
kinetics from the proximity of the redox label to the electrode as well as conduction along the
double-strand [66]. For use in biosensors, covalent modification of DNA allows for sensitive
analysis at well-defined potentials even in complex clinical samples [64]. These attributes
combined with the versatility of redox labelled DNA has allowed for a variety of assay designs

including competitive binding, sandwich-like labelling, and structure switching modes [67].

2.2.4 Surface preparation

Immobilization of DNA to the electrode surface is a crucial step in successful electrochemical
biosensor fabrication [68]. Deposition is often achieved through the creation of a Self-Assembled
Monolayer (SAM), where a monolayer of densely packed DNA is oriented perpendicular to the

surface [69]. Several functionalization techniques have been employed such as the covalent bond
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between carboxylated surfaces and amine-modified DNA, the high-affinity between biotin and
(strept)avidin, and using the spontaneous bond formation between thiol-groups and certain
noble metals [70]—[73]. Due to the simple and reproducible preparation steps, functionalization

of the electrode surface used in this work was achieved using the thiol-gold bond.

SAM formation ultimately controls the steric and electrostatic properties of the DNA monolayer,
impacting stability and hybridization efficiency [74]. Biosensor performance is sensitive to the
molecular packing density on the electrode surface and can be improved by the filling of any
bare, unreacted sites on the electrode through a second deposition step [75]. Blocking using 6-
Mercapto-1-Hexanol (MCH) — a small, 6 carbon chain consisting of a thiol group on one end and
a hydroxyl group on the other — has been shown to improve SAM formation and reduce non-
specific binding [76]. The MCH displaces unbound DNA, resulting in a more orderly biosensing
surface layer [61]. Additional passivation techniques have been employed to help biosensor
performance against complex media by backfilling with Polyethylene Glycol (PEG), Bovine Serum

Albumin (BSA), or zwitterionic species [2], [77], [78].

2.3 Microfluidics and flow phenomena

The flow of liquids at small scales operates differently than is expected from conventional
experience. Forces that are often negligible at the macroscopic scale, such as surface tension or
capillary forces, are of great importance for microfluidics whereas, others such as gravity and
inertia have little effect [13]. Understanding these behaviors at the micro-scale can enhance the
performance of biosensors by enabling efficient handling, manipulation, and analysis of biological

samples.

2.3.1 Reynolds number

Reynolds number (Re) is a dimensionless number consisting of the ratio of the inertial forces to
the viscous forces and is used to determine if a fluidic system is behaving in a laminar or turbulent
regime. Typically, a value of less than 2300 is considered predictable, laminar flow. Values greater
than 2300 indicate a turbulent system where exact fluid motion cannot be predicted [79], as

shown in Figure 2-3.
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Figure 2-3. Comparison of laminar and turbulent flow regimes. At low Reynold’s number (Re),
fluid travels in smooth, continuous layers with minimal mixing. High Re results in unpredictable,
turbulent flow with poorly defined local pressures and velocities.

Reynolds number can be calculated as:

inertial forces pvDy

viscous forces u

(3)
Where p is the fluid density, v is the fluid velocity, Dyis the hydraulic diameter, and p is the fluid

viscosity [79]. Hydraulic diameter can be calculated as:

D —4A
H="p

(4)
Where A is the cross-sectional area, and P is the perimeter of the channel [13], [80]. For circular

cross sections, the equation simplifies to be equal to the diameter of the channel.

2.3.2 Navier-Stokes equation and Poiseuille flow
Derived from Newton’s laws, the Navier-Stokes equation provides a framework to understand
how forces impact fluid behavior and can be applied to microfluidic devices. The Navier-Stokes

equation for incompressible fluids is given as:

p(@,v+v-Vv)=—-Vp+ uvv
(5)
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Where 0; is the partial derivative with respect to time and V is the gradient operator [13]. The
effect of pressure is described in the term —Vp and the contribution from viscosity is nVZv.
Applying a continuity equation (V- v = 0, fluid does not spontaneously appear or disappear), a
no-slip wall condition (fluid infinitesimally close to interfaces have zero velocity), and assuming
Poiseuille flow (pressure-driven flow that is not influenced by inlet/outlet conditions), a solution
known as the Hagen—Poiseuille equation can be obtained:

_ 8ulQ

AP = —
nrmax

(6)
Where AP is the change in pressure drop along the length of the channel L, Q is the volumetric

flow rate, and 13,4 is the channel radius [13].

As a result of the no-slip condition, the velocity has a parabolic profile that depends on the
distance from a wall:
AP
‘U(T) = 4-_ML (rrznax - rZ)

(7)
Where r is the position such that r = r;,,,, at the wall and r = 0 at the center of the channel
[13], [80]. It can be seen that flow velocity is maximal (v,,4, ) When r = 0 at the middle of the
channel. A schematic of the parabolic velocity profile obtained during Poiseuille flow can be seen

in Figure 2-4.
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Figure 2-4. Schematic of 2-D Poiseuille flow. Pressure-driven flow in a circular pipe can be
approximated as having a parabolic velocity profile with zero velocity at the walls. AP is the
change in pressure along the length of the channel L with radius r, with a fluid having volumetric
flow rate Q.

2.3.3 Mass-transport and reaction limited regimes

There exist several useful equations to gain an intuitive understanding of the transport of the
analyte to the electrode surface. Here, the theoretical limits of flow phenomena are examined
to help guide biosensor development using the simplified channel shown in Figure 2-5. The
concepts described in this section are from the resources by Squires et al. [81] and Pereiro et al.

[82] unless otherwise stated.
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Figure 2-5. Simplified channel geometry used for analysis of flowing analyte behaviour. The
channel consists of a rectangular cross section of height H and width W, containing an electrode
with length L and width We.

Analytes in solution are brought to the electrode surface primarily through two modes of
transport: convection (advection) and diffusion. Convection is the motion of a particle due to the
fluid’s bulk motion in a particular direction, while diffusion is the probabilistic motion of a particle
that moves in a random direction until an external force is applied, often from the interaction
with another particle. This random movement of diffusion can be described in 1-dimension with

the equation:

x =V2Dt
(8)
Where x is the average distance travelled in time, t, of a molecule with diffusion coefficient D.
The diffusion coefficient depends on the size, shape, and properties of the molecule of interest

and the surrounding environment.

The Peclet number (Pec) is used to relate the time needed for diffusive mass-transport to the

time for convective mass-transport:

Diffusive time 20
~ Convective time  W.D

Pec

(9)
Where Q is the volumetric flow rate, W, is the channel width, and D is the diffusion coefficient.

For no flow or flow with small Peclet numbers (ie. Pec << 1), mass transport due to the
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movement of the fluid is low and analytes are brought close to the surface of the electrode
primarily through diffusion. This results in a region of low concentration known as the depletion
zone. Under low flow conditions, analyte is depleted upstream from the electrode due to
diffusion and all of the target analytes are captured before passing the sensor. High Peclet
numbers (ie. Pec > 1) indicate that the movement of fluid is greater than the analyte’s ability to
diffuse to the surface of the electrode, resulting in uncaptured analyte flowing past the sensor.
Only a thin region above the electrode has the chance to diffuse sufficiently close to the surface

and be captured, as shown in Figure 2-6.

(a) No flow (b) With flow
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Electrode
(c)
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Figure 2-6. Effect of mass transport on the depletion zone, as indicated by remaining analyte
percentage. (a) No flow (diffusion only) produces a depletion zone that starts at the electrode
and grows with time, filling the entire height of the channel and capturing all analyte. (b) Flow
(diffusion and convection) produces a flattened depletion zone and loss of analyte at sufficiently
high flow rates (Pec > 1). (c) The height of the depletion zone produced under flow is governed
by the balance of time taken to traverse past the electrode to the time taken to diffuse to the
surface. Analyte outside of the depletion zone will not interact with the electrode surface. Note:
is assumed that electrode never reaches a saturation state.

The height of the depletion zone § can be approximated by:
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1

) 133

~(7;
(10)

Where Peg is the shear Peclet number given by
I
Pes =6 (—) Pe
Y H c

(11)

Where L and H are the electrode length and channel height, respectively. The depletion zone
equation is only valid for sufficiently high flow rates to create a depletion zone that does not

extend the height of the channel.

The rate at which analyte is captured at the electrode surface is governed by both the inflow
from mass transport as well as the reaction rate between the analyte and binding site. The

collection rate due to mass transport, Jp, is approximated by:

b = DeoWF
(12)
Where D is the diffusion coefficient, ¢, is the initial concentration of the target analyte, and W,

is the width of the electrode. F is a dimensionless flux approximated by

N 1/3 1/3 B 1/3
F ~ 0.81Peg '~ + 0.71Peg 0.2Peg ° -+
(13)
The reaction rate, /i, can be approximated as:
]R ~ konmeOLVVe
(14)

Where k,, is the association constant, b,, is the binding site density, ¢, is the initial analyte

concentration, L is the length of the electrode and W, is the electrode width.
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When the collection rate is equal to the reaction rate, a useful value known as the Damkohler
number (Da) can be obtained, which represents the ratio of analyte flux due to binding to that of
diffusion:

konbmL
DF

(15)
Where k,, is the association constant, b,, is the density of the binding sites, L is the electrode

length, D is the diffusion coefficient, and F is the previously calculated dimensionless flux.

The Damkohler number provides information on the relative kinetics of the surface reactions. If
Da > 1, the binding is faster than what can be provided by mass transport and a depletion zone

is formed. For Da « 1, the kinetics of the reaction are limiting the system.

The Damkohler number is particularly relevant for the task of designing flow-based biosensors.
Flow properties can be modified such that the system reaches a reaction-limited regime (when
Da « 1), indicating that increases in mass transport will not significantly improve binding rates.
As such, the reaction will proceed at the maximal rate dictated by the chemistry between analyte
and binding site. However, the increased rate comes at the cost of decreased collection efficiency
and loss of sample/reagents under high flow. For cases where sufficient sample volume is
possible such as during blood collection or with urine samples, it is therefore beneficial to target

a reaction-limited regime.

2.4 State of the art

Flow-based biosensors are rapidly emerging as a promising technology for the detection of
biological analytes. In this section, a sample of flow-based biosensors capable of POC diagnostics
is discussed, focussing on designs that use novel fabrication processes or unconventional
methods to induce flow. Thorough examinations of more conventional techniques such as paper
based devices and the use of intricate microfluidic channels has been previously reported ([13],

[22], [83]) and are not included in reviewed work.
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2.4.1 Single-channel Lab-on-a-chip designs
A common use of Lab-on-a-chip devices (Figure 2-7) is to automate the analysis of samples as

they pass through the system.

Tubing
Channel /—\

Chip

Figure 2-7. Basic single-channel lab-on-a-chip design, featuring a chip substrate, microchannel,
and tubing connections.

Authors Uludag et al. have developed an all-in-one lab-on-a-chip biosensor for the detection of
prostate-specific antigen where an electro-mechanical carousel-like system device automates
several assay using steps before samples are automatically loaded into a 7 uL flow cell for
electrochemical detection [84]. Flow in the range of 30-50 pL/min is used to achieve optimal
antibody immobilization as well as rinsing of the sensing surface between sample injections.
Similarly, automation is achieved by Moser et al. [85] and later Pontius et al. [86] using a flow-
through cell with a total internal volume of only 0.15-0.3 pL for analysis of small volumes. The
device consists of an array of electrodes integrated on a polyimide wafer sheet with a single-
channel for use with flowing solution at rates ranging from 0.1 puL/min to over 10 mL/min. The
researchers focussed on scalable manufacturing techniques and calibration of each device using
to produce a commercially available product. An alternative approach to automation using
microfluidic flow is described by Tan et al. [87]. Their system consists of immobilized enzyme
integrated inside of a flow cell and a series of reagents loaded in a cartridge separated by airgaps.
A series of 100 pL/min and stopped-flow segments allow for automated fluid handling,

maximizing enzymatic activity and allowing for a ‘one-click’ operation scheme.

Authors Martinez-Cisneros et al. present an electrochemical, chip-based alternative to

conventional optical detection methods [88]. A tubular impedimetric sensor was designed
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consisting of electrodes on strained multilayer nanomembranes that, upon etching of a sacrificial
layer, rolls into a compact microtube with a 30 um outer diameter. The device was shown to
detect various ionic species at low concentration and is capable of detecting the presence of
single cells suspended in flowing solution. Similarly, Lab-on-a-chip technology was used to create
a flowing alternative to a traditional enzyme-linked immunosorbent assay (ELISA) [89]. Liu et al.
utilize continuous reciprocating flow to achieve sufficientimmunobinding for detection of COVID-
19 within 60 seconds instead of hour-long time scales of conventional ELISAs. Flow was achieved
by modulating the pressure within the chip’s microchannel to cause the sample fluid to
repeatedly pass through the detection site, increasing the contact between antibodies and the
antigens. Reciprocating flow also decreased sample consumption compared to purely flow-based

enhancement techniques.

2.4.2 Needle and catheter-based tubes
An increasingly popular design for flow-through biosensors is the creation of needle or catheter-

like devices with integrated electrodes using Kapton/polyimide films such as shown in Figure 2-8.

Needle/ /
catheter \/

Figure 2-8. Common needle/catheter biosensor design capable of flow-through sensing.

Li et al. fabricate microsensors on the surface of Kapton film which is then spirally rolled into a
tube for use as a cardiovascular catheter [90]. Unlike many other sensors, the catheter is capable
of measuring both metabolic data as well as physiological data in the form of temperature and
flow rate. The authors note that due to the fabrication technique, electrodes can be made on
both the inside and outside of the film allowing for a wide range of applications. The same group

led by Li et al. adapted their device to target in-vitro uses [91]. Instead of being used as a catheter,
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the system uses either passive capillary forces to induce flow or is coupled to a transfer pipette
for active flow. In doing so, transport of a variety of samples to the electrode area is achieved

without the use of pumps.

Similarly, Park et al. have developed a ‘Lab-on-a-needle’ biosensor on rolled polyimide film [92].
Unlike Li et al. however, the film with patterned electrodes is rolled along the long axis of the film
and is immobilized using heat-shrink tubing. The platform is slid inside a 1.2mm diameter needle
for insertion into the body and subsequent detection of physiological concentrations. The
authors focused on fabrication techniques that would yield low device-to-device variability and
characterisation of electrode performance. Authors Kagie et al. describe their work consisting of
a flexible screen-printed sensor for electrochemical analysis of tear fluid [93]. The device is
created on polyimide substrate using a combination of screen printing and copper lithography
and is rolled into a 0.7mm tube. The device can then be inserted directly into the tear canal for
minimally invasive monitoring of biomarkers with the added benefits that tear fluid is a relatively

clean bodily fluid that flows continually and thus required no externally induced flow techniques.

2.4.3 Wire electrodes in flowing samples
Other groups exploit the natural flow properties of the body and forego the tube-like design
entirely and instead use implantable wire electrode systems similar to the device shown in Figure

2-9.

Blood
vessels

Insertion

Wire
assembly

Figure 2-9. Example of an insertable 3-wire assembly for in-vivo sensing of flowing analyte.

Arroyo-Currads et. al utilize a combination of gold, silver, and platinum wires functionalized with

aptamer that can be directly inserted into a vein for in-vivo monitoring [94]. The confined
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operating space necessitates small sensor size however this is easily achieved using <200 um
wire. Due to the miniaturized electrode dimensions however, poor signal to noise ratio is
obtained. The authors describe a roughening technique to increase the surface area of gold
electrodes, doubling the signal to noise ratio of the un-enhanced wires. Dauphin-Ducharme et al.
build on the system by incorporating closed-loop feedback of drug levels for not only monitoring
but active intervention [95]. The system was adapted for real-time, seconds resolved
measurements by Chamorro-Garcia et al. [96]. Detection was performed in undiluted whole
blood to monitor administration of chemotherapy drug, necessitating tight tolerances for the

controlled delivery to ensure patient safety.

Use of a similar 3-wire system for was performed by Leung et al. [97]. The group conducted a
systematic exploration and characterization of the details pertaining to electrode placement in
an effort to decrease capacitive background current. This work challenges the conventional
wisdom that counter electrode geometry should be larger than working electrode for optimal
performance. As a result of their efforts, a significantly enhanced signal-to-noise ratio during
intravenous measurements was achieved. The work by Jin et al. uses a theoretical approach to
sensor optimization, describing the equations governing mass transport to planar and wire
biosensor surfaces under flow [98]. The authors examine the effect of planar versus radial
diffusion and report that sensor length in the direction of flow is a critical parameter to consider

when designing wire-based biosensors.
Relevant summary information for the systems discussed is given in Table 1.

Table 1. Summary of reviewed work

Sensor Materials | Target analyte Readout | Concentration @ Flow Flow |Ref.

design method rate method
(uL/min)

LoC SiO, wafer, PSA CA (PSA 0.2 ng/mL (LOD) 30-50 Pump [84]

PMMA antibody &
HRP Au NP)

LoC Polyimide Lactate, glucose CA 0.02 mM 0.1- Pump [85],
wafer, (enzyme) |lactate, 0.05 10000 [86]
hydrogel mM glucose

(LOD)

24



M.A.Sc Thesis — J. L'Heureux-Haché; McMaster University — Biomedical Engineering

LoC Silicone tubing, Glucose & Ag* CA - ~100 Pump [87]
PDMS (enzyme)
LoC Ge/TiO2/Cr/Au, KCl, cells EIS 0.1 nM KCl, 2-20 Pump [88]
PDMS single cell
detection (LOD)
LoC Glass, PDMS |COVID-19 Colorimetry 4.14 pg/mL - Manual [89]
(ELISA) (LoQ) pressure
Needle / Kapton film Glucose CA 20-150 mg/dl  1000- Pump [90]
catheter (enzyme) (linear) 10000
Needle / Kapton film Glucose, CA 30 uM glucose, |- Pipette [91]
catheter lactate, oxygen (enzyme) 50 uM lactate, 1 &
mmHg oxygen capillary
(LOD)
Needle / Polyimide film, Glucose, CA - - Manual [92]
catheter heat shrink lactate, pH (enzyme)
tube
Needle / Polyimide film Glucose, CA 8 uM glucose, 167 Pump, [93]
catheter norepinephrine, (enzyme) 165 nM in-vivo
dopamine norepinephrine,
530nM
dopamine (LOD)
Wire Au, Ag, Pt Tobramycin SWV - In-vivo In-vivo [94]
(aptamer)
Wire Au, Ag, Pt Vancomycin SWV Maintain £2 uM |In-vivo  |In-vivo |[95]
(aptamer) of desired
Wire Au, Ag, Pt Methotrexate SWV - In-vivo In-vivo |[96]
(aptamer)
Wire Au, Ag, Pt Vancomycin SWV - In-vivo In-vivo [97]
(aptamer)
Abbreviations — Ag: Silver, Au: Gold, CA: Chronoamperometry, Cr: Chromium, EIS:

Electrochemical impedance spectroscopy, ELISA: enzyme-linked immunoassay, Ge: Germanium,
HRP: Horseradish peroxidase, KCl: Potassium chloride, LoC: Lab on a chip, LoQ: Limit of
guantification, NP: Nanoparticle, PDMS: polydimethylsiloxane, PMMA: poly(methyl
methacrylate), PSA: Prostate-specific antigen, Pt: Platinum, SiOz: Silicon dioxide, SPE: Screen-
printed electrode, SWV: Square wave voltammetry, TiO,. Titanium dioxide.
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3 Device fabrication and experimental methods

In this section, the required resources, fabrication processes and experimental methods used are

described in detail.

3.1 Materials

3.1.1 Reagents

All DNA sequences (Table 2) were purchased from Keck Biotechnology Resource Laboratory (New
Haven, United States). Gold(lll) chloride solution (HAuCls, 99.99% trace metals basis, 30 wt. % in
dilute HCl), phosphate buffer solution (PB, 1.0 M, pH 7.4), sodium chloride (NaCl, 299.0%),
magnesium chloride (MgCl,, 299.0%), potassium chloride (KCl), 6-mercapto-1-hexanol (MCH,
99%), tris(2-carboxyethyl)phosphine hydrochloride (TCEP), potassium hexacyanoferrate(ii)
trihydrate ([Fe(CN)6]4-, 299.95%), and TWEEN 20 were purchased from Sigma-Aldrich (Oakville,
Canada). Hydrochloric acid (HCl; 37% w/w) was purchased from Labchem (Zelienople, United
States). Sulfuric acid (H2S04, 98%) was purchased from Caledon Laboratories (Georgetown,
Canada). Ethanol (ethyl alcohol anhydrous) was purchased from Commercial Alcohols
(Brampton, Canada). All water used in experiments was purified using a Milli-Q Reference A+

Water Purification System (DI water).

Table 2. ssDNA sequences used for tube analysis.

ssDNA Sequence (5'-3")
Capture TAG CTA GGA AGA GTC ACA CA Z
Z = 3’'-Thiol mod C6 S-S
Reporter M TTT TTT GTG TGA CTC TTC CTA GCT A
M = 5’ methylene blue
polyT M TTT TTT TTT TTT TTT TTT TTT TTT T
M = 5’ methylene blue

3.1.2 Electrochemical equipment
Unless otherwise state, electrochemical measurements were performed using an Emstat3

potentiostat (Palmsens BV, Houten, Netherlands).
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3.2 Fabrication

3.2.1 Lab-In-a-Tube device

Tubes were fabricated on polyolefin shrink film (D-955 — 100 gauge, Sealed Air, Charlotte, United
States) and overview of the fabrication steps is provided in Figure 3-1. The polyolefin was rinsed
with 100% ethanol, followed by DI water. A mixture of water and soap (SoftCIDE-NA, VWR
International, Radnor, United States) at approximately 100:1 ratio was sprayed onto the cleaned
film. Adhesive vinyl (FDC Lumina 4304, FDC Graphic Films, South Bend, United States) with
backing removed was applied to the film, starting in the centre, and applying force radially

towards the edges to force the water and trapped air out from between the two layers.

I. il iii. ivA

V. Vi. Vii. Viii.

Figure 3-1. Lab-In-a-Tube fabrication schematic. i.) Polyolefin film, ii.) addition of adhesive vinyl
mask layer, iii.) electrode mask patterning, iv.) sputter deposition, v.) removal of vinyl mask, vi.)
resultant electrodes on polyolefin, vii.) rolled and heat-sealed tube, viii.) shrinking at 150°C.

The desired electrode geometry was designed in vector-graphic software and cut into the vinyl
using a Robo Pro CE5000-40-CRP cutter and CBO9UA blade (Graphtec America, Irvine, United
States), with settings of cut force, quality and speed set to 12, 1, and 1 respectively. Cut regions
of the vinyl were removed using tweezers to reveal underlying polyolefin film while the remaining

vinyl acted as a protective mask.
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A 40 nm gold layer from a 2-inch, 99.9990% gold target (Materion Corp., Mayfield Heights, United
States) was sputter deposited using a magnetron sputtering system (CRC-600, Torr International
Services LLC, New Windsor, United States) at a deposition rate of 0.6 A/s. After removing the
vinyl mask, the polyolefin film was folded to create the tube-like shape and held in place with
double-sided tape for sealing with an Impulse Heat Sealer (PFS-200, iHotools). The sealed tubes

were shrunk in a glass petri-dish placed into an oven at 150°C for 10 minutes.

After functionalization of the working electrodes, a 26-gauge needle (McMaster-Carr, EImhurst,
United States) is used to pierce a hole perpendicular to the tube. The reference wire is inserted
into the perpendicular hole, and the counter electrode wire is inserted through the tube opening,
parallel to the flow. Microfluidic tubing (Transfer Tubing, Microbore PTFE, 0.012" ID x 0.030" OD,
Masterflex, Gelsenkirchen, Germany) or polypropylene dispensing needle (1-1/2" Long, 25
Gauge, with Luer Lock Connection, McMaster-Carr, Elmhurst, United States) is added to both
sides of the tube to act as fluidic inlet and outlet connections. The system is sealed by applying
an acrylic adhesive (Loctite AA 3035, Henkel AG, Aachen, Germany) to the inlet, outlet, and wire

insertion areas.

3.2.2 Reference and counter wire

The counter electrode was made using gold wire (0.1 mm diameter, 99.998%, Thermofisher
Scientific, Waltham, United States), cut into 3 cm sections. The wire was rinsed with 100%
ethanol, followed by DI water. Nail polish was applied to the wire in areas to passivate where the
wire would be in contact with the in-tube electrodes. Gold nanostructures were electrodeposited
in a 10 mM HAuCls and 0.5 M HCI solution, by applying a -0.2 V potential for 10 minutes with
Ag/AgCl reference and platinum wire counter electrodes (CHI111 and CHI115, CH Instruments,

Austin, United States).

The quasi-reference electrode was made using silver wire (0.203 mm diameter, 99.95%,
Thermofisher Scientific, Waltham, United States), cut into 2cm sections. The wire was rinsed with
100% ethanol, followed by DI water. Nail polish was applied to the wire in areas to passivate the
surface. The silver wire was chlorinated in a 1 M KCl solution, by applying 25 YA per centimeter

of exposed wire, for 30 minutes using a Reference 600 potentiostat (Gamry Instruments,
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Warminster, United States) with a platinum wire acting as both counter and reference electrodes

(CHI115, CH Instruments).

3.3 Protocol

3.3.1 Scanning electron microscopy

The electrode surfaces were characterized by Scanning Electron Microscopy (SEM) (JEOL 7000F,
JEOL, Peabody, United States). The gold working electrodes were prepared according to Section
3.2 without heat-sealing into a tube shape for easier imaging, using an accelerating voltage of 3
kV and a working distance of 6.9 mm. The nanostructured gold counter electrode was imaged
using an accelerating voltage of 5 kV and a working distance of 6.9 mm, and the silver/silver-
chloride reference electrode was imaged using an accelerating voltage of 5kV and a working
distance of 7.5 mm. The gold working electrode samples were coated with 5 nm of platinum to

reduce charging on the nearby polymer substrate.

3.3.2 Contact angle measurements

Bare gold samples were thoroughly cleaned using ethanol and DI water and subsequently dried.
A 5ul droplet of water was deposited on the surface using a micropipette and high-resolution
image data was obtained using a KRUSS DSA30S Drop Shape Analyzer (Hamburg, Germany).

Droplet deposition and image acquisition was repeated for subsequent samples.

3.3.3 Surface area measurements

The tubes were rinsed with 100% ethanol followed by DI water to ensure a fully wetted surface.
The electrodes were electrochemically cleaned using cyclic voltammetry (0-1.5 V vs. Ag/AgCl, 100
mV/s, 20 cycles) in 0.1 M H,SOa4. Charge was obtained by integrating the area under the gold
oxide reduction peaks, and the electroactive surface area was calculated using the surface charge

density of a monolayer of gold of 386 pC-cm2 [29].

3.3.4 Electrochemical detection of dopamine

A LIT device was rinsed with 100% ethanol, followed by DI water to fully wet the electrode
surface. The electrodes were electrochemically cleaned using cyclic voltammetry (1 — 1.5 V vs.
Ag/AgCl, 100 mV/s, 20 cycles) in 0.1 M H,SO4. Next, chronoamperometry was used to keep the

electrode at a constant potential of 0.3 V vs. Ag/AgCl wire (using the wire as both the reference
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and counter electrodes) in a 0.1 M PB solution until a stable current was obtained (approximately
2 minutes). At this stage, the device is ready for dopamine detection using a continuous
chronoamperometry scan at 0.3 V. Sequential volumes of 50 pL of target solution were injected
using a pipette, waiting 50 s between injections. Current value after 50 s (immediately prior to

the next injection) were used as the measurement.

3.3.5 Recirculatory flow studies

A peristaltic pump (Ismatec Reglo Digital pump, 4-channel, 6-roller, Ismatec, Gelsenkirchen,
Germany) with 0.38 mm inner diameter pump tubing (Puri-Clear™ LL, 3-Stop, Ismatec,
Gelsenkirchen, Germany) was used for all recirculatory experiments, and the pump flow rate was
calibrated prior to running the first sample. Each sample consisted of 500 uL of the target solution
placed in a 1.5 mL microcentrifuge tube. Both the inlet of the peristaltic pump tubing and the
outlet tubing of the tube were inserted into the microcentrifuge tube, creating a closed-loop
system with fixed volume. Air was purged from the tubing when introducing the sample, bubbling
out of the target solution as the microcentrifuge tube was exposed to atmosphere. A schematic

of the setup is shown in Figure 3-2.

Figure 3-2. Recirculatory flow study schematic. A fixed volume of target solution is made to
recirculate through the Lab-In-a-Tube device using a peristaltic pump. A potentiostat can be used
to perform measurements in real-time during flow or connected at the end of the flow duration
to assess device performance.
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3.3.6 Use with blood collection tubes

A vacuum blood collection tube and holder (6 mL BD Vacutainer Serum Tubes, Becton, Dickinson
and Company, Franklin Lakes, United States) was used as a low-cost, pump-less method to
aspirate target sample through the LIT device (Figure 3-3). Luer connections enabled leak-proof
method of attaching the device. As flow rate was influenced by the resistance of the connected
tubing, all tests were performed using 10 cm of microfluidic tubing (Transfer Tubing, Microbore
PTFE, 0.012" ID x 0.030" OD, Masterflex, Gelsenkirchen, Germany). The inlet end of the tubing
was placed in the target solution and upon introduction of the blood collection tube to the
holder, the solution was aspirated through the device. The combination of the specified blood
collection tube and microfluidic tubing resulted full aspiration in approximately 3 minutes. SWV
measurements were conducted in 25 mM NaCl and 25 mM PB solution as described in Section
3.3.9 immediately before and after blood collection tube operation, resulting in a total analysis

time of less than 5 minutes. All steps were carried out at room temperature.

Figure 3-3. Lab-In-a-Tube device with blood collection tube for pump-less operation. The low-
pressure inside the blood collection tube causes the sample to be aspirated through the device
until pressure is equalized.

3.3.7 ssDNA probe deposition
The tubes were rinsed with 100% ethanol followed by DI water to ensure a fully wetted surface.
The electrodes were electrochemically cleaned using cyclic voltammetry (0-1.5 V vs. Ag/AgCl, 100

mV/s, 20 cycles) in 0.1 M H3SOa.
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The tubes were then filled with approximately 12 uL of 4.5 uM of thiol-terminated ssDNA capture
probe (reduced with 1:100 ssDNA:TCEP ratio for 2 hours) and allowed to sit for 18 hours at room
temperature in a dark, sealed container with a water-saturated disposable wipe to maintain a
moist environment. The ssDNA solution was wicked out using a disposable wipe, rinsed with a
solution containing 25 mM PB and 25 mM NaCl and filled with 100 mM MCH for 20 minutes to
backfill the surface. The MCH solution was wicked out and replaced with aforementioned buffer
solution until ready to proceed with the experiment. A schematic of the deposition and

passivation process is shown in Figure 3-4.

< 5%
§ :

Polyolefin film Gold electrode Capture ssDNA MCH

Figure 3-4. Tube electrode functionalization schematic. The gold electrode is functionalized by
deposition of capture ssDNA, forming a disorderly self assembled monolayer. Passivation with
MCH helps orient the ssDNA to increase hybridization and blocks the remaining bare gold to
decrease non-specific adsorbtion.

3.3.8 Electrochemical characterization of ssDNA deposition
Deposition of ssDNA was evaluated using cyclic voltammetry by scanning from -0.3Vto 0.5V (vs.
Ag/AgCl) at a scan rate of 50 mV/s in a solution containing 2 mM potassium hexacyanoferrate(ll),

25 mM PB and 25 mM NacCl.

3.3.9 Evaluation of ssDNA capture performance
After tube fabrication and functionalization, reporter ssDNA was diluted in a buffer containing 25
mM phosphate buffered solution, 25 mM NaCl, 100 mM MgCl, 0.001% Tween 20 to the desired

concentration. Solution was flowed through the devices at room temperature. Hybridization of
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complementary DNA was evaluated using square wave voltammetry over a voltage range of 0 V
to -0.6 V (vs. internal Ag/AgCl quasi reference electrode), at a scan rate of 60 Hz, potential step

of 1 mV, and with amplitude of 25 mV.

3.4 Analysis

3.4.1 SWV signal processing and analysis
Following data acquisition, the obtained SWV measurement data were subjected to following

steps within the PSTrace software (Palmsens BV, Houten, Netherlands):

1. Smoothing using a Savitzky-Golay filter with window of 9
2. Baseline subtraction using a moving average baseline with window of 6 points

3. Automated peak detection between -0.2 V and -0.4 V

Reported values are provided as either peak magnitude, current density (peak magnitude divited

by electroactive surface area), or by signal enhancement (percentage) as calculated by

L -1

Signal enhancement = %X 100%

1

(16)
Where [, is the current obtained before sample incubation and I, is the current obtained after

sample incubation.

3.4.2 Calculating the Limit-Of-Detection

The Limit-Of-Detection (LOD) was determined using the expression:

LOD = 3'30-10W_COIIC.
m

(17)
Where 0joy conc. is the standard deviation of the sample with low levels of analyte concentration

and m is the slope of the linear regression line [99].
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4 Design considerations and rationale

In this section, the design considerations and rationale that informed the development of the
proposed solution are described. First, factors that influenced the overall shape of the device
such as the substrate, geometry of the electrode, and addition of microfluidic connections are
discussed. The use of insertable wires is evaluated, including their composition and placement.
Finally, preliminary flow testing is conducted to verify enhancement of biosensor function under

flow.

4.1 System geometry

4.1.1 Device substrate

Heat shrink polyolefin film was used as a simple and cost-effective method to create the tubular
shape for a flow-through electrochemical system. Due to the pre-stressed nature of the polymer,
a phenomenon known as the ‘memory effect’ occurs when heating the material above the glass-
transition temperature where the film is able to relax and change confirmation [100]. The
polyolefin film used in this study exhibits an approximately 80% shrink in both the longitudinal
and transverse directions when exposed to temperatures greater than 127°C as shown in Figure
4-1 (a). While the film shrinks along the direction of the plane, its thickness increases by a factor
of 20 from 0.0254 mm to 0.50-0.53 mm. This shrinking property allows for both the
miniaturization of the tube and increases its stiffness, as well as induces wrinkling of the gold
electrode layer (discussed in detail in Section 5.1). The now rigid tubing allowed for the

incorporation of inlet/outlet connections and prevented unwanted collapse of the channel.

Sealing of the tube as described in Section 3.2.1 results in a tear-drop like shape of the inner
channel (Figure 4-1 (c)). Alternative sealing patterns such as shown in Figure 4-1 (d) can be used
but are limited by the material properties of the film as excessive curvature from small channel
radii causes the seal to fail upon shrinking, whereas the tear-drop like shape minimizes the stress
the on seal and allows for smaller channel sizes. Ultimately, the tear-drop like shape was used in
this study due to its consistent reliability, ability to make smaller-diameter channels, and ease of

fabrication.
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(a)
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Figure 4-1. Tubular device with electrodes on polyolefin. (a) The device before and after
shrinking for 10 minutes at 150 °C, displaying an 80% decrease in size. (b) Close-up of the shrunk
device with three longitudinal working electrodes. External contact pads are connected through
the seal line, allow for electrochemical detection with the portion of the electrodes inside the tube.
(c) Device cross-section displaying the ‘tear-drop’ shape due to sealing, allowing the smallest
channel size tested. (d) Device cross-section displaying an alternate sealing method that allows
for increased circularity at the cost of increased strain on the sealed area.

4.1.2 Electrode geometry

The electrode geometry consists of rectangular sections along the inner length of the tube acting
as working electrodes. The electrodes are connected to contact pads accessible on the exterior
of the tube via rectangular strips that cross the heat-sealed section. As a portion of the
connection between the working electrode and the contact pad resides inside of the tube, it is
beneficial to minimize their surface area and therefore their impact on the

functionalization/performance of the system. However, it was found that reducing the size of the
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connecting sections smaller than approximately 0.2 mm resulted in consistent breaks of the

electrodes during the heat-sealing process.

Both longitudinal and circumferential electrode designs with equal surface area were tested, and
the longitudinal design was chosen due to its improved performance and ease of manufacturing
compared to the circumferential design. In particular, the circumferential electrode arrangement
caused issues with electrode functionalization as a result of the hydrophobic region created by
the wrinkles acting as a barrier. The longitudinal electrodes created a hydrophobic region
spanning only a small arc of the total perimeter and thus facilitated the insertion of fluid into the

device.

Furthermore, 2- and 3- electrode versions were tested, as shown in Figure 4-2. The 3-electrode
version allowed for triplicate measurements within a single device. Due to the fixed volume of
the tube, a 50% increase in the concentration of the functionalization solution was added to

account for the 50% increase in electroactive surface area from the additional electrode.

2 longitudinal 3 longitudinal 3 circumferential
electrodes electrodes electrodes

N - Rya L\ /|

Figure 4-2. Overview of working electrode designs with 2 and 3 longitudinal electrodes or 3
circumferential electrodes.

Additional exploration of the electrode geometry beyond the simple rectangular shape would be
beneficial. Electrode geometries could be optimized for maximal analyte capture or be designed
for specific applications such as the production or release of one species at a first electrode and
subsequent detection at a second, downstream electrode [101], [102]. The number of electrodes
could also be increased; however the geometry and placement of the electrodes would need to

account for the increased hydrophobic effects within the tube (further discussed in Section 5.1).
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4.1.3 Tubing connection

Without adequate sealing, the solution in the system preferentially exits near the inlet or outlet
connections instead of flowing through the outlet tubing, necessitating a sealant for proper use.
The chosen adhesive would need to overcome two main problems: 1) Polyolefins have low
surface energy and excellent chemical resistance which prevents bonding with many traditional
adhesives [103], and 2) Surface tension and interaction with the tube geometry causes low

viscosity adhesives to wick into the tubing, inhibiting sensing.

Common adhesives such as cyanoacrylate (‘super glue’) have low viscosity and spread over the
electrodes before curing and fail to properly bond without additional surface treatment. Flexible
materials such as of polydimethylsiloxane (PDMS) and other silicone polymers exhibit higher
viscosity and could act as a gasket to prevent leaks, however the relatively long cure time
prevented localized application and would not adhere to polyolefin. Standard two-part, UV-cure
resins exhibit higher viscosity and faster cure time, however still fail to adequately adhere to the

polyolefin or tubing.

It was found that specially formulated methacrylate adhesive gels designed for bonding low
energy plastics (such as Loctite AA 3035) satisfied both conditions. Upon testing, the adhesive
successfully prevented leaks at the pressures experienced at high flow rates of several millilitres
per minute. A more thorough review of adhesives and surface modification is needed to ensure

biocompatibility and improve manufacturability [104].

4.2 Inserted wire
Addition of wire was used to create 2-electrode and 3-electrode cells for electrochemical
detection. Figure 4-3 demonstrates the main variations used when inserting wire, however exact

wire placement and materials used varied with the experiment and is discussed below.
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2-electrode cell 3-electrode cell
E _—
( f’
Working electrodes (tube) + J Working electrodes (tube) +
combined counter/reference (wire) separate counter & reference (wires)

Figure 4-3. Schematic of 2- and 3- electrode electrochemical cells with inserted wire(s) for
analysis. Left: 2-electrode cell consisting of one of the working electrodes and a single wire acting
as both counter and reference. Right: 3-electrode cell consisting of a wire acting as counter and a
separate wire acting as reference.

4.2.1 Effect of inserted reference/counter electrode wire material

To complete the electrochemical circuit, a minimum of two electrodes are required to act as the
source and sink of the current being measured. Within the geometry of the tube however, there
is insufficient space to accommodate commercial reference/counter electrodes commonly

employed in electrochemical cells. Two solutions were considered:

The first option would be to include a dedicated reference/counter electrode(s) in the fabrication
process. Screen-printed-electrodes can easily achieve this through swapping of screens to create
the different electrode geometries and utilizing different conductive inks (such as Ag/AgCl for a
reference electrode) to tailor the electrode properties based on their desired application. A
similar technique could theoretically be achieved in a sputter deposition system; however this
would necessitate specialized equipment not available at the time of this research. Manual mask
and sputter material exchange is possible but would greatly increase device fabrication time. A
system capable of changing masks to dictate electrode geometry/location and possessing
multiple material deposition targets would greatly facilitate the fabrication process. Creating the
reference/counter electrodes internally however poses an additional problem when introducing
the biorecognition element during electrode functionalization. Due to the confined space within
the tube, the capillary action causes the solution to be deposited to indiscriminately cover all
electrodes. Only slight control of solution positioning longitudinally within the tube can be

achieved by varying the volume of solution introduced into the system.
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The second option is to functionalize the working electrodes inside of the tube before addition
of the reference/counter electrodes to prevent unwanted binding on these surfaces.
Commercially available wires are offered in sizes that can be inserted into the tubing (12.7 - 250
um) and can be obtained relatively inexpensively to make single-use electrodes. Various
materials were tested as counter/reference electrodes in a 2-electrode system. The results are

shown in Figure 4-4.
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Figure 4-4. Comparison of reference/counter electrode materials on measured current. A tube
containing 2 working electrodes functionalized with capture ssDNA (3 uM overnight, followed by
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10 mM MCH for 10 minutes) was incubated for 20 minutes with 10 ul of 100 nM reporter ssDNA
under no-flow conditions for hybridization. (a) Representative electrochemical response of the
electrode upon measurement with SWV versus the commercial Ag/AgCl reference electrode.
Before addition of the reporter ssDNA, no peak is observed. After hybridization, a clear methylene
blue peak can be seen. (b) Peak signals were obtained by sequentially varying the
reference/counter electrode in the order shown (left-to-right). Plotted current was normalized to
the values obtained with the external commercial Ag/AgCl reference and platinum counter. All
SWV measurements were done in a solution containing 25 mM phosphate buffer solution with 25
mM NaCl at room temperature. Abbreviations — Ag/AgCl: Silver/Silver-Chloride, Au: Gold, Ag:
Silver, HCI: Hydrogen Chloride, KCI: Potassium Chloride, NS: Nanostructured, Pt: Platinum.

The investigation consisted of measuring the peak SWV current of a single 2-electrode tube
following target hybridization according to a variation of the protocol described in Section 3.3.9,
with the exception that the reporter was allowed to hybridize under static conditions. The tube
was first dipped in a solution with a standard Ag/AgCl reference electrode and platinum wire
counter electrode. A measurement was obtained as a baseline to identify if any signal decrease
was observed throughout testing. After obtaining the baseline, a total of 6 reference/counter
options were tested. Wire placement was kept as consistent as possible between measurements
to avoid any impacts related to wire positioning. Excluding the baseline signals, all measurements
were carried out as a 2-electrode cell with the working electrode inside the tube and the

additional electrode under investigation acting as both the reference and counter electrodes.

First, the ‘other working electrode’ configuration was evaluated by connecting one of the tube
electrodes as the working electrode and the other was connected as the reference/counter. The
resultant peak current was considerably lower than the first measurement, approximately 38%
of the signal that was obtained using commercial Ag/AgCl reference electrode and platinum wire
counter electrode, and a similar value was obtained by swapping the electrodes. The low signal
is likely attributed to the polarization of the reference/counter electrode leading to inaccurate

characterization of the system [29].

Next, both nanostructured (described in Section 3.2.2) and unmodified gold wire were evaluated.
The nanostructured gold wire resulted in 397% and 408% increased signal over the commercial
Ag/AgCl reference and platinum counter, whereas the bare gold wire exhibited no significant

effect with values of 105% and 92% that of the commercial setup. The surface area of the wires
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may explain the large discrepancy. The relatively low surface area of the smooth, bare gold wire
may have limited the system compared to the high-surface area nanostructured gold wire. A
significantly negative potential shift was observed, believed to be due to the gold shifting the

reference potential [105].

Different variations of silver wire were subsequently tested. Unmodified silver wire resulted in a
256% and 235% increase over the commercial Ag/AgCl reference and platinum counter. A
possible reason for the increase in signal compared to the bare gold wire could be related to the
surface area effect described previously, due to the larger diameter of the silver wire, but the
cause was not further investigated. A reference/counter made from a silver wire that was
chlorinated in a 1 M potassium chloride solution (as described in Section 3.2.2) produced 394%
and 395% signal over the commercial Ag/AgCl reference and platinum counter, while a silver
electrode chlorinated in a 1 M hydrogen chloride solution following a similar protocol yielded a
370% and 359% signal response. Similar to the nanostructured gold wire, the chlorinated silver

wires exhibit high surface area due to the rough surface texture.

The final measurements with the commercial reference and counters resulted in 91% and 89%
signal magnitude compared to the average of the initial measurements, suggesting that a slight
loss of signal occurred throughout the measurements. As this difference is relatively small and
the differences in signal magnitude between reference/counter configurations was quite large,

the information gained is still useful for consideration.

The results suggest that high surface area nanostructured gold and both Ag/AgCl electrodes
would be viable reference/counter electrodes capable of being inserted after working electrode
functionalization. The Ag/AgCl made in a potassium chloride solution was of particular interest
due to the ease of handling compared to hydrogen chloride. The nanostructured gold wire
yielded good results, however was more expensive to produce. The unmodified gold and silver
wires offered few benefits (namely ease of fabrication) that were overshadowed by the
performance enhancement of the modified wires. Finally, connecting one electrode inside the
tube as the reference/counter, while commonly used with IDEs, was not well suited to Faradaic

current measurements. Such an arrangement would be particularly useful for impedance and
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capacitive measurements and would warrant further investigation if the biosensor was designed

with these attributes as the main detection mechanism [106].

4.2.2 Effect of wire position on readout signal

The influence of the wire location in relation to the working electrode was investigated. A 2-
electrode system was constructed using a Ag/AgCl wire and a tube with circumferential working
electrodes to better control the relative distance of the wire and to highlight any effect observed.
SWV measurements were recorded following target hybridization according to the protocol
described in Section 3.3.9. The wire was positioned first by insertion from the left side of the tube
and held approximately 1Imm from the left-most working electrode. After measurements were
obtained on all three electrodes, the wire was positioned from the right side and the

measurements were repeated. The resultant data is plotted in Figure 4-5.
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Figure 4-5. Effect of reference/counter wire positioning on measured current. A tube containing
3 circumferential working electrodes functionalized with capture ssDNA (4.5 uM overnight
followed by 100 mM MCH for 10 min) was incubated for 20 minutes with 500 ulL of 100 nM
reporter ssDNA recirculating at 50 ul/min for hybridization. Square-wave voltammetry was
performed in a solution containing 25 mM phosphate buffer solution with 25 mM NaCl while
varying the position of a Ag/AgCl wire acting as both reference and counter. All measurements
and hybridization steps were conducted at room temperature.
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The influence of wire positioning on the obtained signal was significant: the electrode closest to
the wire resulted in the highest current, followed by the middle electrode, and finally the furthest
electrode. This result is consistent with the phenomenon of ohmic resistance due to the
electrolyte solution [107]. Therefore, consideration had to be taken to properly position the

system’s electrodes to minimize factors such as ohmic drop.

Next, optimal wire positioning of a 3-electrode system was evaluated within the LIT device.
Possible wire positions consisted of either being placed along the tube’s length or perpendicular
by piercing through the tube. The wires could then be connected as either the reference, the
counter, or a reference/counter combination. The SWV current for each of the 4 combinations
possible was recorded for a set of longitudinal tube electrodes, as shown in Figure 4-6. Current
density was normalized to the ‘wire-along’ arrangement for comparison purposes as this was the

previously used configuration.
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Figure 4-6. Comparison of various Ag/AgCl wire reference & counter electrode arrangements
inside the LIT device. A tube containing 3 longitudinal working electrodes functionalized with
capture ssDNA (4.5 uM overnight, followed by 100 mM MCH for 10 minutes) was incubated for
20 minutes with 500 uL of 100 nM reporter ssDNA recirculating at 50 ulL/min for hybridization.
Square-wave voltammetry was performed in a solution containing 25 mM phosphate buffer
solution with 25 mM NaCl while connecting different combinations of Ag/AgCl wire as either
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reference, counter, or both. All measurements and hybridization steps were conducted at room
temperature. Plotted current density was normalized to the results of the previously used status
quo ‘wire-along’ arrangement acting as both counter and reference. Abbreviation — Ref:
Reference.

The ‘wire-across’ orientation resulted in significantly lower signal at 23% of the ‘wire-along’ value.
This result is believed to be due in part to the non-ideal placement of the wire, increasing the
ohmic drop due to the greater distance between the bulk of the working electrode area and the
wire [107]. Both configurations using dedicated reference and counter electrodes resulted in
higher signal with a 165% increase for the ‘reference across, counter along’ and 141% increase
for the ‘reference along, counter across’ orientations. This result is believed to be due to the
more ideal 3-electrode setup allowing for better measurement of the redox reaction occurring
at the surface of the working electrodes through dedicated reference and counter electrodes
[29]. As such, the ‘reference across, counter along’ arrangement was used as the optimal

placement within the LIT device as shown in Figure 4-7.

Figure 4-7. Sample image of a LIT device in a 3-electrode cell configuration with ‘reference
across, counter along’ wire placement. A counter electrode is placed along the top of the channel.
The reference electrode can be seen piercing the tube, positioned such that it is located near the
end of the working electrodes.

4.2.3 Silver/Silver-Chloride Reference Electrode

The Ag/AgCl reference is the most commonly used electrode due to its simplicity, reproducibility,
lack of toxic components, and simple fabrication methods [27], [35]. These attributes also make
it a good candidate for use in low cost, disposable, POC sensors and was therefore used in the
LIT device. The references electrodes were prepared according to methods outlined by Zoski et

al. [27] and is described in Section 3.2.2.
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As the reference electrode is in contact with the solution flowing through the device, the
concentration of ions surrounding the Ag/AgCl electrode will vary with the composition of the
solution. Due to this variability in ion composition (particularly chloride and silver), the Ag/AgCl
wire is polarizable and acts as a pseudo (or quasi) reference electrode [108]. To minimize the
effect of chloride ion concentration on the electrode’s potential, ssDNA capture experiments

were conducted with a consistent 25mM NaCl concentration [86].

The Ag/AgCl electrode is incorporated into the final 3-electrode electrochemical system by
piercing the sidewall of the tube and inserted perpendicular to the direction of flow. From the
results in Section 4.2.2, the ‘reference across, counter along’ orientation displayed the highest
resultant signal. Piercing through the sidewall of the tubing allowed for consistent positioning
while avoiding shorting issues with either the inserted counter electrode wire or working
electrodes. Furthermore, this method of keeping the reference electrode physically separated
from the system until after the functionalization of the working electrodes prevented unwanted
deposition/contamination. As only a small section of the Ag/AgCl wire is exposed however,
overall surface area is comparatively low, potentially negatively affecting the reference

electrode’s long term stability [109].

4.2.4 Nanostructured Gold Counter Electrode

A nanostructured gold wire is used as counter electrode within the final 3-electrode LIT system.
As the counter electrode acts as the current/sink of the electrons within the system, the surface
area must be kept higher than that of the working electrode to not be a limiting factor in the
reaction taking place at the working electrode surface [35]. The nanostructuring was performed
to increase the surface area of the bare gold wire greater than that of the wrinkled working
electrodes. The wire is inserted into the tube and is positioned in the ‘tip” of the teardrop-like
shape of the tube (Figure 4-1 (c)). This arrangement was used to keep a consistent distance to

the working electrode. Fabrication details are described in Section 3.2.2.

45



M.A.Sc Thesis — J. L'Heureux-Haché; McMaster University — Biomedical Engineering

4.3 Preliminary flow testing

4.3.1 Numerical approximation of device behavior under flow

Numerical modelling was used to gain a more intuitive understanding of the effect of flow rate

on biosensor performance. Values presented here are not intended to be fully accurate

representations of the system's behavior. Rather, they are approximations meant to provide a

better understanding of potential outcomes. Many of the values used in this section are

estimates meant to approximate the result within 1-2 orders of magnitude.

The parameters listed in Table 3 encompass the geometric dimensions of the device (width and

length for both the electrode and channel) as well as a diffusion coefficient and binding site

density appropriate for bound and free-floating ssDNA. Approximate association and dissociation

coefficients were obtained from similar ssDNA systems [110]. An analyte concentration of 100

nM was used as an intermediate between typical LOD and saturation values.

Table 3. Parameters used for numerical modeling.

Parameter
Electrode width
Electrode length
Channel width
Channel height
Initial concentration
Density of water
Viscosity of water
Diffusion coefficient
Binding site density
Association constant

Dissociation constant

Value
600
4000
700
700
1.00E-07
1000
1.00E-03
100
4.50E+12
2.40E+04
2.00E-02

Unit

Pas

Reference

[111]
[112]
[113]
[114]
[110]
[110]

First, the Reynolds number was estimated to verify if the flow regime was laminar. Using Equation

(3), a Reynolds number of 48 was obtained for a volumetric flow rate of 2000 pL/min. As the
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value of Re « 2300, the system remains well within a laminar flow regime for the expected flow
rates. Only approaching flow rates on the order of 96600 pL/min would result in turbulent flow.

The system can therefore be modelled without the influence of turbulence or chaotic behavior.

Next, the impact of flow rates ranging from 1 pL/min to 10000 pL/min on the crucial operational

characteristics identified in Section 2.3.3 is evaluated.

Both channel and shear Peclet values were much greater than 1 for all flow rates examined
(Figure 4-8 (a)). The high channel Peclet indicates that a depletion zone smaller than the height
of the channel is created (Figure 4-8 (b)), while the high shear Peclet suggests that the depletion
zone is thin relative to the electrode length [81]. This can be imagined as a small region of low-
concentration directly above the electrode as a result of binding depleting the local analyte faster
than it can be replenished through mass-transport. Only the analyte within the height of the
depletion zone has the possibility of interacting with the electrode, as this height corresponds to
the same amount of time needed to reach the electrode via diffusion as it would for the analyte
to convect past the electrode due to flow. As mass transport of analyte to the electrode surface
is inversely related to the height of the depletion layer, it is advantageous to increase flow rates
to decrease the time needed for capture (until the limits of reaction kinetics are reached).
Conversely however, high flow rates result in poor overall capture efficiency. Even at the low flow
rate of 1 uL/min, only the solution within 110 um of the electrode out of the 700 um tall channel
has a chance to be captured while the remaining analyte is carried downstream. It should be
noted that the Peclet number and depletion zone depend only on system dimensions and the
diffusivity of the target analyte and are therefore indicative only of mass-transport related

effects.
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Figure 4-8. Numerical modeling of mass transport effects. Dependence on flow rate is shown for
(a) Channel and shear Peclet numbers, and (b) Depletion zone thickness.

The effect of flow rate on capture kinetics of the system is shown in Figure 4-9. Collection rate
increases with flow rate, however only weakly: a 10-fold increase in collection rate necessitates
a 1000-fold increase in flow rate. The collection rate signifies the mass transport brought to the

electrode surface and is therefore the upper limit for the electrode binding rate.
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Figure 4-9. Numerical modeling of capture kinetics. Dependence on flow rate is shown for (a)
Upper limit of the collection rate, and (b) Damkohler number. Abbreviation — Da: Damkohler

The Damkohler number, representing the ratio of the reaction rate to the mass transport rate,
decreases with flow and indicates that the system is becoming a reaction limited regime when
Da = 1. Two sets of Damkohler numbers were obtained depending on the binding site density,
with values corresponding to a planar electrode plotted on the primary vertical axis and the

values for a wrinkled electrode plotted on the secondary vertical axis. The planar electrode
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system is shown to reach a reaction limited regime (Da ~ 1) at approximately 2000 pL/min after
which increasing flow would no longer increase binding kinetics. The wrinkled electrode system
however does not reach a reaction limited regime for the given flow rates and would benefit
from further increases. The wrinkled electrode system would necessitate flow rates greater than
100000 pL/min to become reaction limited, at which point the system would be turbulent and

the mathematical model would no longer apply.

The number and density of available binding sites, along with the association and dissociation
constants, significantly influence the predicted behaviour of the system. For the flat electrode,
the density of ssDNA probes used a value previously observed for thiol-bonded ssDNA [114]. In
order to account for the 20x increased electrode surface area of the wrinkled electrode in the
same geometric footprint as the flat electrode (as later discussed in Section 5.1.2), the binding
site density for the wrinkled electrode was similarly increased by a factor of 20. It should be noted
that the true flow behaviour of the system is likely to differ as a result of the 3-dimensional
wrinkles. Additionally, the rate constants used were that of a 20 base pair strand under similar
conditions however real-world behavior could deviate substantially [110]. Rate constants for
DNA hybridization are difficult to predict and depend highly on factors such as binding site

density, temperature, and presence of ionic species [115]-[117].

Overall, the results of the numerical modeling suggests that increasing the flow rate would
increase mass-transport, leading the faster capture kinetics. For flat electrodes, an estimated
optimal flow rate of 2000 uL/min was obtained. For wrinkled electrodes with a greater number

of available binding sites, even higher flow rates are likely optimal.

4.3.2 Flow enhancement of ssDNA capture

To confirm the predicted increase in capture due to increased mass transport, LIT devices were
subjected to flow of target solution. Tubes with 2 working electrodes were functionalized as
described in Section 3.3.7 however using a modified 3 UM capture probe and 10 mM MCH
concentration. SWV measurements were conducted according to Section 3.3.9 using a
combination Ag/AgCl wire reference/counter electrode. At the time of the experiment, no

adequate adhesive was found for sealing so the system was not able to support high flow rates.
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As such, three flow rates were investigated as a proof-of-concept: 0 pL/min, 5 pL/min, and 50
uL/min. The experiment was performed at room temperature with an incubation time of 20
minutes, after which the current was measured. The current was normalized to the no flow case

and the results are shown in Figure 4-10.
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Figure 4-10. Flow enhancement of peak signal due to flow. Tubes with two working electrodes
functionalized with capture ssDNA (3 uM overnight, followed 10 mM MCH for 10 minutes) were
incubated for 20 minutes with 100 nM reporter ssDNA at the given flow rate (non-recirculating).
Square-wave voltammetry was performed in a solution containing 25 mM phosphate buffer
solution with 25 mM NaCl versus a Ag/AgCl wire connected as both reference/counter electrode.
All measurements and hybridization steps were conducted at room temperature. Current values
were normalized to the average peak value of the no-flow measurements.

The use of 50 puL/min flow resulted in a significant increase in peak current of 253% compared to
the static case. This increase is attributed to the increased mass transport to the electrode
surface. Without flow, the surface-bound capture probe relies on diffusion alone to bring the
target ssDNA into sufficiently close proximity for hybridization. From equation ( 8 ), it can be
estimated that only analyte within approximately 0.5 mm of the electrode surface could diffuse
to the surface in the incubation time of 20 minutes, suggesting that a significant volume inside
the 0.7 mm diameter tube did not have a chance to be captured.
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Interestingly however, the 5 pL/min flow case was not statistically significantly different to the
no flow case. The increased mass transport may have been insufficient to be distinguishable from
the static scenario. It is possible that the effect would be perceptible at either low target
concentrations (lowering the LOD) or high target concentrations (increasing the measured signal)

however more investigation on the system’s behaviour is required.

4.3.3 Optimization of capture probe concentration

The capture probe concentration was investigated to better obtain information on the system
performance in subsequent experiments. Due to the high total surface area of the 3 electrodes
inside of the tube and the limited volume of the enclosed space, relatively high ssDNA
concentrations compared to prior work on screen printed electrodes were utilized to achieve
proper coverage [118], [119]. A total of 3 capture probe concentrations were investigated: 4.5
UM, 6 UM, and 7.5 uM. These values were obtained from scaling similar ssDNA functionalization
efforts on nanostructured planar electrodes, maintaining the amount of moles of ssDNA per
square centimeter of electrode area [114]. Tubes were functionalized as described in Section
3.3.7, differing only in the deposited concentration of capture probe, and the results are shown

in Figure 4-11.
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Figure 4-11. Comparison of capture probe concentration on measured peak current for 50
uL/min and no flow conditions. LIT devices were functionalized with the given capture ssDNA
concentration overnight and passivated with 100 mM MCH for 20 minutes. 130 nM reporter was
introduced to the device at the specified flow rate. SWV was performed versus a Ag/AgCl wire
connected as both reference/counter electrode. All measurements and hybridization steps were
conducted at room temperature.

The 4.5 uM concentration produced the highest peak current, followed in decreasing order by
the 6 uM and 7.5 uM concentrations. This trend was applicable to both the 50 puL/min flow case
as well as the static case. These results suggest that at the higher capture probe concentrations,
fewer barcodes can hybridize with the capture probe, thereby producing less current. A likely
explanation would be due to the steric hinderance and electrostatic repulsion caused by an overly
dense capture probe layer. High amounts of capture probe immobilized on the surface would
prevent barcode hybridization due to insufficient room caused by closely packed arrangement
[75]. Further testing of device operation under flow was carried out using the 4.5 uM
concentration as it resulted in the highest measured signal. Continued optimization using lower
capture probe concentrations could further increase the degree of hybridization, but efforts were

focused on assessing overall device performance under flow, as discussed in the next chapter.
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Overall, testing and iterative design of the LIT device resulted of a flow-capable platform for use
as a biosensor. Heat-shrink polyolefin substrates allowed for an 80% reduction in device size.
Longitudinal working electrodes embedded in the tubing wall, combined with an inserted
Ag/AgCl wire as reference and nanostructured gold wire as counter electrode, allows for the
successful electrochemical detection of a flowing analyte. Numerical modelling suggests flow
would result in increased capture of target nucleic acid sequences using flow rates up to several
millilitres per minute, and preliminary testing of the device at 50 pL/min confirmed the

enhancement due to mass transport.
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5 Biosensor characterization and evaluation under flow

This chapter builds on the knowledge gained in the previous section and examines the
biosensor’s physical characteristics, electrochemical response, and biochemical capture
performance under flow conditions. Physical characterization includes examination of the
surface morphology by SEM, evaluation of the electro-active surface area, and assessment of
electrode wettability. The electrochemical response of the bare sensor was investigated using
Ferrocyanide/Ferricyanide redox couple solution and dopamine was used to evaluate sensor
response for continuous monitoring applications. Finally, capture performance of ssDNA as a
function of time and volume was investigated, under both pump-driven and vacuum-driven flow
conditions. All electrochemical studies use the 3-electrode cell configuration with Ag/AgCl
reference and nanostructured gold counter electrode as shown in Figure 5-1 unless otherwise

specified.

Rya

.

Figure 5-1. Primary LIT design used for characterization and performance evaluation. The
design consists of three longitudinal working electrodes, a Ag/AgCl reference electrode pierced
through the tubing, and a nanostructured gold counter electrode inserted along the top of the
tube parallel to the working electrodes.

5.1 Physical characterization of the wrinkled electrodes

Physical characterization of the electrode was performed to obtain a better understanding the
material properties and surface effects that influence biosensor performance. Capture and
transport of biomolecules within a biosensor are influenced by the surface features of the
electrode, while the surface area dictates the amount of material available for reaction,

potentially leading to higher reaction rates and greater efficiency.
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5.1.1 Scanning electron microscopy

The electrodes were first examined using SEM to gain qualitative insight on the surface
topography. Imaging was conducted as described in Section 3.3.1. The working electrode images
(Figure 5-2) show the expected hierarchical wrinkling pattern of metal thin-film buckling similar
to the effect previously reported on heat-shrinkable polystyrene substrates [120], [121]. The
wrinkled gold on polyolefin exhibits bi-axial wrinkling within the bulk of the electrode surface.
The wrinkling effect can be observed spanning several orders of magnitude ranging from <1 um

to 100 um features.

Figure 5-2. SEM images of the hierarchically wrinkled electrode morphology. Electrodes
consisting of a 40 nm gold layer on polyolefin buckle upon shrinking, resulting in wrinkles that
span many orders of magnitude in size. From left to right, magnification is 100x, 1000x, and
10000x.

Images of the prepared gold wire counter electrode reveals the surface area enhancing
nanostructures (Figure 5-3). The electrodeposition parameters chosen (-0.2 V, 10 mM HAuCla)
resulted in jagged, spike-like structures perpendicular to the wire surface. Previous studies have

described the effects of deposition parameters on the nanostructure morphology [122]. The
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coverage and size of the nanostructures provided an increased surface area without fragile, high-

aspect-ratio features that would often break off during wire insertion into the LIT device.

Figure 5-3. SEM images of nanostructured gold wire displaying high surface area features.
Surface modification was achieved by applying a constant -0.2 V potential in a solution containing
10 mM HAuCls and 0.5M HCI. Image magnification is 1000x (top) and 10000x (bottom).

The Ag/AgCl wire, used as reference electrode, displays a roughened texture with globular
clusters on the wire surface (Figure 5-4). The electrochemical anodization of pure silver in a KCl
bath resulted in a layer of approximately 1 um silver chloride particles on the wire surface. Similar
morphology has been observed when creating Ag/AgCl electrodes using a commonly employed

bleach exposure technique [123].
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Figure 5-4. SEM images of the silver/silver-chloride wire showing globular silver chloride
particles. Surface modification was the result of a constant application of 25 uA-cm in a solution
of 1M KCl, allowing the chloride ions to interact with the silver surface. Image magnification of
the vertically oriented wire is 500x (top) and 5000x (bottom).

Considerable research has been conducted on understanding and controlling thin film buckling
on elastomeric materials [124]—[127]. Amongst the simplest modifications can be achieved by
changing the thickness of the deposited gold, altering the characteristic wavelength of the
wrinkled surface [128]. Tunable electrode surface properties show promise to improve biosensor
performance as morphology and porosity have a screening effect on biological molecules. Small
pores can increase sensor performance versus large, non-specific targets by acting as a filter for

particles larger than the pore opening [129].

In microfluidic systems, wall roughness can have a significant impact on the behavior of the fluid
flow; however, optimization is complicated by inconsistent and contradictory results reported in
literature [130]. Understanding the effects within microfluidic biosensors interacting with
complex biological media is further complicated due to non-Newtonian behaviour of samples
such as whole blood [131]. Optimization of wrinkle size would be beneficial on a per-target basis

in complex media under well-established flow conditions.
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5.1.2 Electro-active surface area

Cyclic voltammetry scans were performed to determine the electroactive surface area according
to the method outlined in Section 3.3.3 and a representative sample scan of the 3 electrodes is
shown in Figure 5-5. The electrodes display well-defined current peaks due to the oxidation of
gold in the potential region of +1.0 V to +1.5 V and a reduction peak around +0.75 V. Differences
in signal magnitude can be observed due to the varying electrode area within the tube, with the

smallest area corresponding to the top electrode, and the largest area with the bottom electrode.
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Figure 5-5. Representative cyclic voltammetry scans of the LIT electrodes in 0.1 M H>504 for
determination of the electroactive surface area. Peaks in the potential region of +1.0 V to +1.5
V signify the oxidation of gold while the peak around +0.75 V is the subsequent reduction of the
surface. The area under the reduction curve was used for determination of the electroactive
surface area. All measurements were conducted at room temperature.

The electroactive surface area was calculated and compared to the geometric footprint to assess
area enhancement. The area of the bottom electrode was chosen for comparison purposes and

is shown in Figure 5-6. The geometric surface area of the before-shrinking electrode design was
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0.797cm?. Upon shrinking, the polyolefin film experiences an approximately 80% shrink in both
dimensions, as confirmed using both manual caliper measurements of the entire device and
electrode measurements on scale-calibrated optical microscope images. The resultant after-
shrinking geometric footprint can therefore be estimated as (1 — 0.8)? * 0.797 ~ 0.032 cm?,
while the electroactive area was found to be 0.687 + 0.049 cm?. The surface area enhancement
when comparing the electroactive surface area to the geometric footprint is 0.687/0.032 =
21.5. Comparing the original before-shrinking footprint to the electroactive area, 0.687/0.797 =
0.86, a 14% decrease is observed. This decrease in surface area can be attributed to the wrinkling
process causing certain areas (‘pockets’) to be inaccessible to oxidation reaction, as previously
described [120]. These calculations assume that the gold film is flat and uniform, however
deposition conditions and underlying surface properties affect the roughness of the sputtered

gold film [132]-[134].
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Figure 5-6. Comparison of geometric and electroactive surface area of the LIT electrodes. The
before shrinking footprint size is dictated by the chosen electrode geometry during the mask
fabrication stage. Upon heat-shrinking of the substrate, electrode dimensions are reduced by
approximately 80% as measured by optical microscopy. The electroactive area, calculated by
integrating the area under the gold oxide reduction peaks during cyclic voltammetry, remains

59



M.A.Sc Thesis — J. L'Heureux-Haché; McMaster University — Biomedical Engineering

comparable to the original size, with a slight decrease attributed to inaccessible regions between
wrinkles.

The use of a shrinkable substrate allows for a simple and effective method to fabricate high-
surface area electrodes. The technique can be used to miniaturize feature dimensions beyond
the that of the mask’s fabrication technique limits. The shrink ratio is dependant on the polyolefin
shrink properties, and the resultant wrinkle structure can be controlled by film thickness. Further
enhancement of surface area can be achieved by techniques such as nanostructuring [135] or

electrochemical roughening [94].

5.1.3 Electrode wettability

The rough morphology induced by the surface wrinkling alters the electrode wettability,
potentially impacting its ability to interact with liquid samples. The degree of wettability is
determined by the contact angle, which is the angle formed between the tangent line to the
liguid-solid interface and the solid surface. A small contact angle indicates good wettability
(hydrophilicity), where the liquid spreads over the surface and forms a thin film. A large contact
angle indicates poor wettability (hydrophobicity), where the liquid forms droplets or beads on
the surface and does not spread [136]. Figure 5-7 displays the hydrophobicity of a water droplet

placed on a wrinkled gold surface.

Figure 5-7. Sample images displaying high hydrophobicity of the surface using a water droplet
placed on wrinkled gold without surface modification. (a) 45-degree angle top-view, where the
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small area in contact with the surface can be seen through the liquid, (b) Side- view displaying the
large contact angle.

To characterize the wettability, contact angle measurements of water droplets on the gold film
were obtained as described in Section 3.3.2 at the various stages of electrode functionalization

using both planar (non-shrunk) and wrinkled electrodes and the results are summarized in Figure

5-8.
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Figure 5-8. Evaluation of electrode surface wettability using water contact angle
measurements performed at various stages of the biosensors functionalization for both planar
(unwrinkled) and wrinkled electrodes. Measurements were conducted at three stages relevant
to the device fabrication process: after cleaning of the bare (unfunctionalized) electrodes, after
the surface was modified overnight with 2.5 uM, 20 base pair capture ssDNA via thiol bonding,
and after passivation of any remaining exposed surface using 10 mM MCH for 10 minutes.

The increased hydrophobicity due to wrinkling is evident from the 143° contact angle obtained
from the wrinkled surface versus the 81° observed on the planar surface. The effect is believed
to be due to the inaccessible pockets of air trapped between the ridges of the wrinkles, as

described by Cassie-Baxter or mixed Cassie-Wenzel models of wetting [137], [138].

Upon functionalization with the capture ssDNA, both surfaces become increasingly hydrophilic,

with contact angles of 44° and 81°, for the planar and wrinkled surfaces, respectively. Following
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passivation, the wettability of the planar electrodes does not change significantly. This is in
contrast to the wrinkled surface which displays a further increase in hydrophobicity with a
contact angle of 29°. SAM formation has been used to modify surface properties to control
solvent-substrate interactions through a combination of end groups and changes in the
nanoscale roughness of the surface [139], [140]. The SAM formed by ssDNA on the planar gold
surface may have had a sufficient packing density to be unaffected by the addition of the smaller
MCH whereas the wrinkled electrode experienced further increase in hydrophilicity from the

addition of MCH.

These results indicate that the wrinkling of the electrode surface significantly increases
hydrophobicity, to the potential detriment of a biosensor reliant on solvent-substrate
interactions for efficient detection. Functionalization of the electrode surface however resulted
in increased hydrophilicity, showing increased wettability over the non-wrinkled surface with the
same surface modifications. Further investigation and optimization of the wrinkle structure and
SAM formation should be pursued to improve biosensor performance, particularly for complex
media necessitating anti-fouling properties. In particular, exploration of robust SAMs for
continuous monitoring is needed such as through the incorporation of zwitterionic head groups

to reduce baseline drift and increase system stability [141].

5.2 Electrochemical response under flow

Electrochemical characterization of the bare (non-functionalized) wrinkled electrodes was
performed to better understand how the electrode morphology and flow of solution impact its
ability to participate in electrochemical reactions. This information can then be used to

understand and better control the biosensor’s performance.

5.2.1 Ferrocyanide/Ferricyanide redox couple flow characterization

The effect of diffusion of redox species under static and flow conditions was assessed using
Ferrocyanide/Ferricyanide redox couple solution. The electrodes were immersed in a solution
containing 2 mM KsFe(CN)s, 2 mM KaiFe(CN)s, and 25 mM Phosphate buffer, and cyclic

voltammetry was performed from -0.3 V to 0.5 V while varying scan rate from 10 mV/s to 200
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mV/s and flow rate from 0 pL/min to 100 puL/min. A subset of the study results is shown in Figure

5-9.
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Figure 5-9. Cyclic voltammetry curves of bare (unfunctionalized) electrode surfaces to assess
electron transfer rates under flow conditions. A redox capable solution consisting of 2 mM
K3Fe(CN)s, 2 mM KsFe(CN)s, in 25 mM Phosphate Buffer was used to for (a) No flow (0 uL/min)
scan rate study, (b) Flow rate study at 10 mV/s scan rate. All measurements were conducted at
room temperature.

The cyclic voltammetry scans in Figure 5-9 (a) show the expected ‘duck-like’ oxidation and
reduction peaks resultant of the electron transfer of the Ferrocyanide/Ferricyanide solution [30].
A peak-to-peak separation of approximately 150mV was obtained, whereas the theoretical value
for a single-electron transfer at 25°C is 57-59mV [27], [30]. The lack of adequate ions in the
supporting electrolyte could induce ohmic drop, resulting in increased peak-to-peak separation
[35], [142]. Addition of sufficient electrolyte (such as of 100mM NaCl or KCl) would decrease the

solution resistance and bring the experimental results closer to the theoretical value.

The peak magnitude is shown to vary with scan rate, as indicated by the Randles-Sevcik equation

[30].
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(18)
Where i, is the peak current (A), n is the number of electrons transferred during the redox event,
F is the Faraday constant (C-mol?), A is the electroactive surface area (cm?), Cpy is the bulk
concentration of the analyte (mol-cm3), v is the scan rate (V-s!), D is the diffusion coefficient

(cm?-s1), R is the gas constant (J-K-mol?), and T is the temperature (K).

For a planar diffusion case (no flow), the Randles—Sevcik equation indicates that the peak current
should be linearly proportional to the square root of the scan rate [30]. This linear dependence
indicates that the system is under a diffusion-controlled regime. Plotting the peak current versus
the square root of the scan rate in Figure 5-10, a linear relationship for both the anodic (R?=0.997)
and cathodic (R>=0.983) peaks was observed, suggesting the system is diffusion limited under no-

flow conditions.
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Figure 5-10. Plot of peak current vs. square root of scan rate to assess electron transfer regime

according to the Randles—Sevcik equation. Both forward and reverse peak magnitudes for the 0
uL/min and 100 uL/min flow rates were highly linear, suggesting a diffusion limited regime.
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The Randles-Sevcik equation assumes linear diffusion (‘freely diffusing’) which is only applicable
for non-flow applications [29]. Under hydrodynamic conditions, the current can be better
explained by the Levich equation, which describes the limiting current of an oxidation/reduction

reaction at a rectangular electrode inside a flowing channel [143][144].

I = 0.9251F Cpy D?/3V /> (h2d) 3w/
(19)
Where Ij 1y is the limiting current (A), Vr is the volumetric flow rate (cm3-s1), h is the half the
channel height (cm), d is the width of the channel (cm), w is the width of the electrode

perpendicular to the direction of flow (cm), and x,is the length of the electrode in the direction

of flow (cm).

Figure 5-9 (b) shows the current response of the FOCN/FICN couple under flow conditions ranging
from 0 pL/min to 100 pL/min. As flow increases, the distinct reduction/oxidation peaks become
less pronounced and instead the curve approaches a sigmoidal shape. This is particularly
apparent for the 100 puL/min flow case, where the peak is effectively eliminated. The Levich
equation does not describe the phenomena that occurs at low flow rates where natural
convection within the solution is an appreciable fraction of forced convection due to flow [143].
Interestingly however, plotting the results of the 100 uL/min flow in Figure 5-10 still results in a
linear relationship for both the anodic (R? = 0.989) and cathodic (R? = 0.986) peaks. As the LIT
system was operated under low-flow conditions not defined by either the Randles-Sevcik or
Levich equations, proper interpretation is difficult and may be more suitably explained by

simulation.

Due to the periodic nature of the peristaltic pump used to circulate the solution, oscillations could
be observed in the resultant measurement signal (Figure 5-11). A custom MATLAB script utilizing
a Savitzky—Golay filter was written to smooth the data and extract the peak information.
Improvements could be made to obtain more reliable data by refining implementation of the
signal processing algorithm or simply the use of a larger volume of the (inexpensive) solution

injected by a syringe pump to avoid the oscillations in flow.
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Figure 5-11. Sample cyclic voltammetry measurement during flow demonstrating periodic
oscillations due to peristaltic pump. The original curve (green) shows fluctuations, particularly in
horizontal areas. Savitzky—Golay filtering was applied to remove the oscillations (blue curve),
allowing for baseline region extraction (red curve) and subsequent identification of peaks (red
circles).

The results of the ferrocyanide/ferricyanide redox couple flow characterization suggest that the
system operates under a diffusion-controlled regime at low flow rates. Approaching 100 pL/min,
the system appears to transition towards a transport-limited regime better explained by the
Levich equation, where the current response is related to the volumetric flow rate. Repeating the
experiment with higher flow rates would allow for a better understanding of the transition
between diffusion-limited and transport-limited flow regimes, and therefore better optimization
of the system. By modifying the inner diameter of the system, it is possible to achieve different
flow velocities for the same volumetric flow rate, allowing control over the desired regime

depending on the desired application.

5.2.2 Electrochemical detection of dopamine
Dopamine, a neurotransmitter frequently studied for its role in motor function, motivation, and

response-reward stimulus [145], was used as a target for a continuous monitoring system using
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the LIT device. Dopamine is capable of reducing and oxidising without the use of additional redox
couples or enzymes [146]. As such, the detection can be carried out directly from a bare

(unfunctionalized) electrode surface.

A sample chronoamperometry scan for the detection of dopamine is shown Figure 5-12 using the
protocol described in section 3.3.4. Each injection of solution results in a spike in current, which
quickly decays to a baseline value. The value of the decayed current increases with the dopamine

concentration and returns to its original baseline upon removal of the target.
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Figure 5-12. Sample chronoamperometry signal response of bare electrodes with serial
injections of 0 to 260 uM concentration of dopamine. A constant potential of 0.3 V vs. Ag/AgCl
wire acting as both reference and counter electrode was maintained while 50 ulL of varying
concentrations of dopamine was injected using a pipette at 50 second intervals. The oxidation of
dopamine resulted in a measurable increase in current, proportional to the injected
concentration. All measurements were conducted at room temperature.

Even in the blank solution, a slight spike can be observed before the current decays back to the
baseline. This is believed to be the result of the sudden flow of injected solution momentarily
increasing mass transport of ions to the electrode. Additionally, the Ag/AgCl wire may have been

disturbed during injection from the physical contact of the pipette tip, contributing a noise-like
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spike in current. A volume of 50 puL was used to ensure a complete exchange of solution within

the 10 pL volume of the LIT device.

In order to avoid any influence of the solution velocity from the manual injection, current values
after 50 seconds were taken for measurement. The process was repeated using all 3 electrodes

inside a tube and the results are shown in Figure 5-13.
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Figure 5-13. Calibration curve from sequential injection of 50 uL of dopamine into the LIT device.
A linear correlation between dopamine concentration (0 - 260 uM) and the measured current
after 50 seconds is obtained. Inset: magnified view of the lower concentration range (0 - 20 uM).
All measurements were conducted at room temperature.

A highly linear correlation was obtained within the tested range of 0-260 uM
(y = 3.2449x+54.002, R = 0.9974) with a LOD of 18.76 uM, using the method described in Section
3.4. Physiological dopamine concentration varies depending on the region of the body, with
circulating dopamine found in concentrations ranging from 10 pM to 10 nM [147]. As such, the
LIT device would need further improvement for use as a biosensor for circulating dopamine.
However, this detection limit obtained is in the same order of magnitude as the work by authors

Kim et al. who demonstrated a LOD of 5.83 uM using cylindrical gold nanoelectrodes [146].
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Concentrations in the nanomolar range were achieved by Kagie et al. with a 530 nM LOD using
tube-based implantable biosensor [93], while Atta et al. attained a detection limit of 0.6 nM with

an electrode modified with an ion-selective synthetic polymer and gold nanoparticles [148].

These results show promise of the LIT device as a continuous or pulsed monitoring biosensor.
Additional enhancement would be obtained by minimizing the surface fouling of the electrode
as a result of the oxidation and subsequent adsorption of dopamine [148]. The use of biological
fluids introduces interference, particularly from ascorbic acid and uric acid due to overlapping
detection signals from the similar redox characteristics [148]. Furthermore, the use of
chronoamperometry for detection in complex media may not be advisable due to its constant
potential. Instead, techniques that involve varying the potential could be used to help repel

adsorbed species between measurements.

5.3 Affinity-based biosensing using DNA:DNA systems

This section reports the LIT’s ability to capture and detect a ssDNA strand as a target analyte. As
affinity-based biosensors are the key to developing highly sensitive and specific devices for
continuous monitoring, such an approach provides a simplified system to assess performance
over more complex samples. The results of capture kinetics under flow, evaluation of biosensor
response under fixed volume and time constraints, and assessment of limit-of-detection as well
as repeatability are presented. These results contribute to a better understanding of the working
principles of the affinity-based biosensor operated inside the LIT system and its potential as a

reliable tool for the detection and quantification of analytes.

5.3.1 Capture kinetics of ssDNA under flow

In order to assess the feasibility of device operation for a wide variety of medical tubing
applications, compatibility with high flow rates as well as both short- and long-duration assays
were evaluated. Preliminary flow experiments in Section 4.2.3 using the initial device design
showed promise of increased capture for flow compared to static conditions. The sealing of the
LIT device allowed for operation at higher flow rates without leaks or bubble formation,

supporting the ability to conduct longer assays under high flow conditions.
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A 500 pL sample of 100 nM target ssDNA was made to recirculate at 2000 pL/min using a
peristaltic pump as described in Section 3.3.5. Initial measurements were conducted in non-
flowing solution containing 25 mM phosphate buffer and 25 mM NaCl, and upon introduction of

the target, measurements were performed at 5-minute intervals in the flowing target solution.
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Figure 5-14. Capture kinetics of ssDNA under recirculatory flow. A volume of 500 ulL of 100 nM
reporter ssDNA was recirculated at 2000 ul/min. (a) Representative square wave voltammetry
response of hybridized ssDNA with methylene blue redox label. Signal processing included
background subtraction and smoothing to remove noise. (b) Corresponding magnitude of peak
current for each measurement time-point. All incubations and measurements steps were
conducted at room temperature.

The results of the high-flow testing are shown in Figure 5-14. The LIT device withstood the
duration of the experiment (70 minutes) without leak in either the polyolefin seal-line or at the
inlet/outlet connections. The measured current shows a near linear increase with time till
approximately 60 minutes, after which the signal plateaus. As the signal after 5 minutes (36340
nA) was significantly higher than the pre-target current (29+19 nA), this suggests that the device

is capable of detection at lower-concentration and/or shorter-duration at the tested flow rate of
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2000 pL/min. Modification of the capture probe packing density could be done to achieve faster

capture (discussed in Section 2.2.4).

5.3.2 Effect of flow rate on device performance under fixed time and fixed volume constraints

Next, the influence of flow rate on the LIT device is examined to determine the effect of flow rate
for capture of ssDNA. As flow allows for higher volumes of target (and therefore, higher number
of target molecules) to interact with the sensor surface over a given time, it is difficult to
determine the role of each factor on the resultant signal. For this purpose, two experiments were
conducted to examine the significance of flow rate on device performance. The first involves
performing a measurement after a fixed time, allowing varying amounts of solution volume to
pass the electrode surface. The second experiment involves flowing a fixed volume of target
solution and measuring the signal. For both tests, flow rates of 10, 100, 500, and 2000 uL/min
were evaluated using 500 uL of recirculating 100 nM target ssDNA as described in Section 3.3.5.
Solution flow was paused during the measurements to reduce the impact of additional target

solution on sequential measurements.

In addition, polyT ssDNA with methylene blue and the same number of bases was used as non-
complementary sequences to verify non-specific adsorption and the influence of in-solution
redox events for both the low (10 puL/min) and high (2000 puL/min) flow rates. The proximity of
methylene blue in solution near the surface or temporarily adsorbed during measurements could
participate in the redox reaction (described in sections 2.1.2 and 2.2.3) and incorrectly be

attributed to hybridization.

Signal enhancement was observed with increasing flow rate for the 20 minute fixed time trial, as
shown in Figure 5-15. All flow rate measurements showed successful capture of the target ssDNA,
as shown by a signal increase versus the averaged pre-target signal (calculation described in
Section 3.4.1). Compared to the 10 puL/min flow rate, there is a 3.81-, 20.64-, and 31.25-fold
change for the 100, 500, and 2000 pL/min flow rates, respectively. For the non-complementary
target, a non-statistically significant signal decrease was observed for the at 10 uL/min flow rate.
This may be in part due to surface contaminants present in the pre-target measurement, which

were partially removed during flow. The 2000 upL/min, non-complementary condition
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experienced a signal increase compared to the pre-target measurement, however the resultant
signal magnitude was approximately 5% that of the complementary target at the same flow rate.
The effects of non-specific adsorption or the increased mass-transport of flowing, non-hybridized
target near the electrode surface could explain the slight signal increase observed at the 2000
uL/min flow rate. Overall, however, the comparatively small signal of the non-complementary
target at both the low and high flow rates suggests that increased hybridization of the target due

to flow is responsible for signal enhancement.

6000%

@ Complementary
5000% - @ Non-complementary

4000% -

3000% -

2000% -

Signal change (%)

1000% +

0% 1 =B T -

-1000%

10 100 500 2000
Flow rate (uL/min)

Figure 5-15. Effect of flow rate on signal for fixed time constraint. A volume of 500 uL of 100 nM
ssDNA was recirculated at the specified flow rate for 20 minutes. A SWV measurement was then
performed in the target solution to determine the amount of hybridization that occured for
different flow rates. To assess the influence of the unbound ssDNA in solution on the resultant
signal, both complementary (all flow rates) and non-complementary (10 and 2000 uL/min flow
rates) sequences were tested. All incubations and measurements steps were conducted at room
temperature. Signal change was calculated as the difference of the pre-target and post-target
measurements, divided by the original pre-target value.

To verify the if the signal enhancement was due to the increased volume of target solution,
measurements were performed after 500 uL of target flowed through the device and the results
are shown in Figure 5-16. Despite the experiment duration spanning orders of magnitude from

50 minutes to 15 seconds, the signal change compared to the average pre-target signal did not
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significantly differ between the tested flow rates. These results suggest that the increase in
volume, and therefore number of target molecules, passing through the device is largely
responsible for the signal enhancement. Similar to the fixed-time study, the presence of target
in solution near the electrode surface or non-specifically adsorbed did not appreciably contribute
to the measured signal, as a slight decrease in signal was observed with the non-complementary

sample at both the 10 and 2000 pL/min flow rates.
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Figure 5-16. Effect of flow rate on signal for fixed volume constraint. A volume of 500 uL of 100
nM ssDNA was made to flow at the specified flow rate until the entire volume passed through the
device. A SWV measurement was then performed in the target solution to determine the amount
of hybridization that occurred for different flow rates. To assess the influence of the unbound
ssDNA in solution on the resultant signal, both complementary (all flow rates) and non-
complementary (10 and 2000 uL/min flow rates) sequences were tested. All incubations and
measurements steps were conducted at room temperature. Signal change was calculated as the
difference of the pre-target and post-target measurements, divided by the original pre-target
value.

The large standard deviations present at both the 10 and 2000 pL/min flow rates make it difficult
to draw further conclusions without further investigation or statistical analysis. Repeating this

experiment would aid in conclusively determining the role of sample volume and flow rate.
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5.3.3 Blood collection tube limit-of-detection and repeatability

The use of a blood collection tube utilizes existing, low-cost equipment to generate flow instead
of a pump. This solution is particularly attractive as an option for point-of-care diagnostics due
to its compatibility with well-established blood collection techniques. To test the LIT device with
a blood collection tube under such conditions, the system must handle high flow rates of several

millilitres per minute while maintaining diagnostic ability at clinically relevant concentrations.

A combination study was utilized to test both the system’s limit-of-detection and repeatability
under blood collection tube-induced flow conditions. A 6 mL solution of ssDNA target, sufficient
to fill the blood collection tube, was prepared for each of the following concentrations: 0.1 nM,
1 nM, 10 nM, and 3 sets of 100 nM. The system was configured and operated as described in
Section 3.3.6, with an average flow rate of 2000 pL/min over the course of the 3-minute

aspiration. The results of the blood collection tube aspiration is shown in Figure 5-17.
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Figure 5-17. Study of LIT system operation using blood collection tubes for pressure-driven flow.
A 6mL sample of reporter ssDNA at the specified concentration was allowed to flow through the
device into the blood collection tube (a), taking approximately 3 minutes. (b) Peak currents
obtained from SWV measurements in 25 mM NaCl and 25 mM Phosphate buffer in response to
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various concentrations of reporter ssDNA. Inset: calibration curve with linear trend. All
incubations and measurements steps were conducted at room temperature.

Utilizing the blood collection tube for flow, the system demonstrated a highly linear correlation
between resultant signal and tested concentration (y = 10.298x+7.365, R = 0.9991) with a LOD
of 0.54 nM, using the method described in Section 3.4.

Despite the fast test conditions, device to device variability remained low, as shown by the results
from individual electrodes within the tubes challenged with 100 nM target (Figure 5-18). The
average current across all electrodes was 1035 nA with a standard deviation of 135 nA, resulting
in a Relative Standard Deviation (RSD) of 135/1035=13.1%. When comparing across electrodes
sharing the same position however, the top position exhibited a RSD of 4.0% (1186+47 nA), the
middle electrode 5.4% (871+47 nA), and bottom 2.1% (1048+22 nA). The low variability between
electrodes in the same position indicates that the devices have highly reproducible responses
under fast flow. These results are very promising for incorporation into existing medical tubing
such as with blood collection tubes (10-100 mL/min) [149] or dialysis (100-1000 mL/min) [150],
[151].
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Figure 5-18. LIT device repeatability test under the blood collection tubing operation. The peak
current obtained from SWV of 3 devices exposed to 6 mL of 100 nM reporter ssDNA, are plotted
by device (left) and by electrode position (right), demonstrating high repeatability. SWV
measurements were conducted in 25 mM NaCl and 25 mM Phosphate buffer. All incubations and
measurements steps were conducted at room temperature.
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6 Conclusions, key findings, and future work

6.1 Thesis summary and key findings

This thesis demonstrates the development of a flow-capable electrochemical biosensing platform
that utilizes simple and scalable fabrication techniques. Through a roll-seal-shrink methodology,
tubular devices with integrated electrodes were achieved. Due to the thin-film buckling
experienced during shrinking, the electrodes exhibited a hierarchically wrinkled morphology
allowing for increased interaction with flowing analyte. Coupling the sensing electrodes with
modified wires allowed the creation of a 3-electrode electrochemical cell, enabling stable and
sensitive measurement of reactions at the electrode surface. We conducted characterization of
the device’s innate properties and verified effect of flow on capture performance using DNA as
the analyte. In the course of this project, considerable obstacles had to be overcome to create a

novel platform capable of rapid analysis and continuous monitoring.

In Chapter 1, an overview and context for the development of biosensors for POC diagnostics is
provided, with emphasis on the benefits of incorporating microfluidics. It highlights the growing
need for rapid, accurate, and cost-effective POC diagnostic devices for improving patient
outcomes. The section also discusses some of the challenges associated with biosensor

development and outlines the motivation and approach used for this research.

In Chapter 2, a background is provided on the fundamental principles and techniques related to
electrochemistry, biosensing, and microfluidics, and the current state of the art is explored. The
various components of electrochemical systems are introduced, along with the fundamentals of
reduction and oxidation reactions and relevant electrochemical analysis techniques. Biosensing
is discussed with an emphasis on biorecognition techniques, DNA biosensors, redox reporters,
and sensor surface preparation. The section also highlights the role of microfluidics for biosensing
applications and the importance of flow phenomena such as turbulence, Poiseuille flow, and
mass-transport/reaction limited regimes. This background information serves as a foundation for

the development of biosensors for flow-based point-of-care diagnostics.

In Chapter 3, a detailed description of device fabrication and experimental methods employed is

provided. Fabrication processes for both the device and wires is given, including necessary
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materials. The protocols used for device characterization are presented, along with electrode

functionalization, data collection, and analysis.

In Chapter 4, initial design considerations and decisions were discussed, and rationale was

provided for strategies utilized. Certain parameters were optimized during development and key

findings are as follows:
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Fabrication of flow-compatible devices was enabled through the use of heat-shrinkable
polyolefin film. An 80% reduction on device size is achieved upon heating, causing the
electrode patterns deposited on the film to undergo buckling. Shrinking enables the
miniaturization of features, allowing for the design of features at a larger scale using
benchtop techniques, thus simplifying the fabrication process. Electrodes situated inside
the tube are accessible to the exterior surface for interfacing with detection equipment
via contact pads that cross the heat-sealed region. Given the hydrophobicity of the
wrinkled surface, longitudinal strip electrodes were found to allow for easier
functionalization compared to circumferential designs. Interfacing to other fluidic
equipment necessitated adding tubbing connections and sealing using viscous adhesives
formulated for low-surface energy applications, enabling leak-free operation.

Addition of wires into the flow region allowed for selective functionalization of the
working electrode without affecting the reference/counter. In a 2-electrode system
configuration, device response was highly dependant on both the positioning and
properties of added reference/counter electrode. It was shown that the wire electrode
should be placed in close proximity to the working electrode as distance between
electrodes was inversely proportional to the resultant signal. Furthermore, the choice of
wire surface structure and positioning in the 2-electrode system greatly influenced
measured current. The wires featuring surface modifications that increased the exposed
surface all performed similarly, suggesting a dependence on electroactive area. By
inserting a wire through the side-wall of the device, perpendicular to the direction of flow,
more optimal positioning of a 3-electrode system with dedicated counter and reference

electrodes could be achieved without shorting.
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Preliminary flow results suggested improved biosensor performance under flowing
analyte. Given the system dimensions, flow is expected to remain laminar and until
approximately 96600 uL/min. Additionally, numerical modelling of mass-transport and
binding kinetics suggest that the system benefits from increasing flow rate until the
system becomes turbulent and the assumptions are no longer valid. Initial testing showed
improved ssDNA capture under flow compared to static conditions. Basic optimization of
the deposited capture probe concentration was done for the flowing system prior to

further testing.

In Chapter 5, characterization of the lab-in-a-tube biosensor is performed, focusing on the

physical characteristics, electrochemical response, and biochemical capture performance under

flow conditions. Key findings are summarized as follows:
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Shrinking of the polymer substrate results in the creation of wrinkled gold electrodes with
morphological features spanning several orders of magnitude, as shown by SEM. The
heat-induced wrinkling allows for a 20-fold increase in surface area electrodes for a given
geometric footprint, enabling the creation of high surface area electrodes in the small
form factors necessary for POC diagnostics. A potential hinderance of the wrinkled
electrodes is the increase of hydrophobicity compared to planar electrodes.
Measurement of the water contact angle was 143° after wrinkling, however was reduced
to 81° upon functionalization with ssDNA and 29° upon passivation of the electrode
surface with MCH.

Electrochemical characterization of the bare electrode indicates that the surface reaction
behavior of the system remains predominantly diffusion-controlled until at least 100
uL/min when interrogated with a flowing ferrocyanide/ferricyanide redox couple. Further
characterization of hydrodynamic properties is required however to understand the role
of mass-transport to the wrinkled electrode surface. Device performance under pulsed
addition of dopamine is promising for continuous monitoring applications when

combined with antifouling techniques.
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e The lab-in-a-tube device displayed fast capture kinetics of 100 nM ssDNA under 2000
uL/min recirculating flow conditions. Both the heat-seal that defines the tubular shape
and the inlet/outlet adhesive showed no signs of leaking throughout the 70-minute of
flow. It was determined that for a fixed time duration, increasing the flow rate resulted in
higher detection signal. The relationship was shown to be strongly dependant on the
volume of sample passing through the device. Furthermore, it was shown that the
wrinkled electrode surface did not result in appreciable non-specific adsorption of
mismatched ssDNA. Interestingly, results from a fixed sample volume were shown to yield
similar signal magnitudes despite orders of magnitude faster analysis times by
proportionally increasing the flow rate. This rapid sample processing was demonstrated
with low-cost blood collection tubes to induce flow, showing great promise for

incorporation into existing medical tubing.

6.2 Future work
In order to create a truly simple POC biosensor platform, further development should focus on

addressing a number of challenges that impede usability and performance.

One of the first areas interest is improving the manufacturability of the device to facilitate further
research. Currently, development is limited by the fabrication yield despite the rapid (<1 day)
fabrication time. The current limiting factor is the working area of the available the sputter
deposition equipment as it is ill-suited for lab-in-a-tube fabrication due to the (relatively) large
initial size of devices before shrinking. Use of equipment with larger deposition areas would
greatly increase device production. Specialized sputtering equipment with features such as
airlocks for sample interchanging or roll-to-roll sample processing could also address this
problem. Alternatively, exploring alternative electrode fabrication methods such as screen-
printing or solution-processing techniques is desirable. The use of wires as counter and reference

electrodes could be eliminated, further simplifying the fabrication process.

Further research should be done on understanding the effect of the wrinkled surface on
biosensing. Currently, little is known about the flow profile as it interacts with the 3-dimensional

electrode surface. Furthermore, it is not clear how analytes in solution interact with the wrinkled
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geometry. Diffusion from the outer extremities of the electrode into the depths of the folds may
have considerable influence on mass-transport properties. Similarly, it remains unknown to what
degree the electrode functionalization is uniform. Deposition of biorecognition elements may be
distributed in a gradient within the depth of the wrinkles, leading to different capture kinetics

that vary with the morphological features.

An additional avenue worth investigating is the use of computational modeling and simulations
to better understand sensor characteristics and to optimize performance. By conducting
computational fluid dynamics simulations, insight into the behavior of mass transport into the
wrinkled electrode could be obtained. Simulations could also be used to predict sensor
performance under different flow conditions, aiding to optimize the design for improved

sensitivity and specificity.

Both the electrode and contact pad shape could be optimized to better suit their purpose.
Biosensor performance could be enhanced by tailoring the electrode geometry to the specific
assay type and flow rates expected of the system. For example, an assay featuring electrodes
that release a marker upon interaction with a specific analyte could have capture electrodes
placed in an optimal location for downstream collection. The contact pads could be designed
alongside an external unit to interface with a portable potentiostat to enable real-time analysis

and remote monitoring at the patient’s bedside.

Future work could explore the integration of sample processing elements to improve
functionality and handling of complex samples. For example, the biosensor could be combined
with microfluidic components that perform cell lysis, purify the sample, or add reagents to

improve detection capability.

Finally, validation of the platform’s performance using clinical samples is imperative. Although
the sensor has shown great promise using spiked samples, real-world samples may contain
interfering substances that could impede biosensor function. By using clinical samples,
researchers can evaluate the interaction between device and sample and further developments

could be made to minimize unwanted effects.
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