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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF PHYSICAL AND APPLIED SCIENCES

Electronics and Computer Science

An MPhil thesis submitted

TOWARDS SMARTPHONE-AIDED ELECTROCHEMICAL DETECTION FOR
POINT-OF-CARE DIAGNOSTICS

by Nikolaos G. Pechlivanidis

A novel portable amperometric bio-instrumentation platform that utilises the process-
ing power of a smartphone is developed. The system rapidly reports the results of
electrochemical measurement and requires small sample volumes (<15 pl). This diag-
nostic platform can be beneficial in developing countries, where there is limited access
to medical centres. This lab-on-PCB system exploits commercial PCB manufacturing
processes to make the system inexpensive. The electronic readout board connects to
an Android-based smartphone for data processing and acts as a power source for the
instrumentation. The results of the electrochemical reactions are reported through a
simple to use, custom designed App. The electronic instrumentation platform has a
wide dynamic range, measuring currents with a range of few nA to +2.5mA, allowing it
to be able to reliably measure a wide range of electrochemical reactions. An automatic
range-adjustment system is also implemented to adjust the input signal range maintain
a high resolution in the system (122 pA resolution for input current range +/- 2.5 pA).
This automatic algorithm provides better results in comparison to the constant range
measurements. Furthermore, different sensing designs are performed investigating the
effect of electrode’s design and size on the system’s sensitivity and accuracy. Finally, the
system is evaluated using NaCl, HoO5 and an enzymatic assay: horseradish peroxidase
acting on the substrate TMB (a common reporter for ELISA colorimetric detection) in
the presence of HoO3. Results show that the amperometric data correlate well with the
colorimetric for the above reaction. The promising results encourage further develop-
ment of the system by adding a more complicated microfluidic design and detecting the

concentration of the IFN-v into solution.
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Chapter 1

Introduction

1.1 Background and motivation

Diagnostic testing devices are essential tools of a health system, providing important
information about the disease and/or treatment of a patient. Over the last decades,
diagnostic devices have been developing rapidly reducing the size and cost of the device
(1). However, these platforms remain expensive and bulky for personal uses. Point
of Care (POC) diagnostic devices are widespread in the medical field with plenty of
applications. POC provides a “first-cut” diagnosis on the patient’s health condition.
According to the World Health Organisation (WHO), POC diagnostic devices should
follow specific requirements such as portability, rapid test results, small sample volume,
robust and be cost effective (see Table 1) (2). These devices are used by clinician experts
for complex analysis or even by patients, if the analysis does not require the presence
of a clinician expert. For instance, diabetes requires daily monitoring of blood glucose
levels. Nevertheless it is almost impossible for a patient to visit a hospital on a daily

basis and therefore a POC diabetes device can easily be used.

POC diagnostic devices find uses in different countries, including both developed and
developing. In tests that take place in a centralised environment, the differences in Lab-
on-a-Chip (LOC) methods are easier to detect than in point-of-care tests performed at
high-income versus low-income settings (3). According to WHO, the most common dis-
eases that threat human life, in high-income countries, are heart and diabetes diseases
(4). In contrast, in developing countries, human lives are threatened by infectious dis-
eases. In 2015 10.4 million people (including 1 million children) suffered by tuberculosis
(TB) whilst 1.8 million died. Surveys have shown that 95% of these deaths occurred in
developing countries (5). Therefore, inexpensive and accurate diagnostics have a high
potential to contribute to the reduction of deaths in low-income countries. For instance,

in the period between 2000 and 2015, TB diagnosis and treatment saved 49 million lives

().
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Particularly in the past decade, interest in TB diagnostic devices has risen, especially
with a focus on developing countries, where deaths are increasing. The diagnostic devices
are classified based on the detection method (Optical, Mechanical and Electrochemical)
(6) as well as the detection sample (Blood, Urine and Sputum) (7). However, current TB
diagnostic applications still face unresolved issues (bulky, expensive, insensitive devices)
that do not allow a market uptake in undeveloped environments (8). Skin test and
serological antibody methods are widely used to detect TB, but both are inaccurate.
On the other hand, fluorescence microscopy and urine methods provide more accurate

results, but still face challenges such as sensitivity and the need for bulky equipment

9).

Electronic-based diagnostic devices based on electrochemical biosensors, are found in
many applications in the medical field. The electrochemical detection can be readily em-
ployed in diagnostic methodologies through the translation of biological reporter signals
to electrical signals, which can then be digitised and processed appropriately. Further-
more, with the inclusion of microfluidic sample processing, electrochemical biosensors
require smaller sample volumes than without the inclusion and demonstrate improved
assay speed through the reduction of required diffusion times. Enzyme-Linked Immuno-
Sorbent Assay (ELISA) with colorimetric detection remains the prevailing technique in
medical diagnostics with the majority of contemporary advancement focusing on high-
throughput sample processing and automation (10). However, reporter components of
enzymatic assays often provide signals detectable by electrochemical means, eliminating

bulky spectrophotometric apparatus.

The capabilities of Printed Circuit Board (PCB) technology allow to solve problems
as the integration of functional electronics and microfluidics on a single device. This
technology is a promising technology in the medical field. Furthermore, PCB is a stan-
dardized platform ideal for complex biosensing process in parallel (11). PCB technology
provides advantages such as high precision, electronics integration, biocompatible (bio-
chemical sensors), microfluidics integration and lower manufacturing cost than other
materials (glass and silicon) (12). Electronics and microfluidics integrations as well as
the manipulation of the signal (signal processing) allow PCB technology to be used as
a Lab-on-a-PCB for POC diagnostic devices, combining all the components into a cost
effective device without any compromises in accuracy. For instance, the cost of the four
layer PCB is almost £0.067 per cm? (13).

Inspired by PCB advantages in medical field and specifically in POC diagnostic de-
vices, this thesis looking to exploit these advantages and to combine them with the
capabilities that a smartphone offers. Herein, this investigation employs microfluidic
amperometric detection of Hydrogen peroxide (H2Osz), Horseradish Perozidase (HRP)
and ”8,3%,5,5- Tetramethylbenzidine” (TMB) using lab-on-PCB (LoPCB) sensors, man-
ufactured entirely by standard commercial techniques, to demonstrate a unique PoC

approach to medical diagnostics. This is supported by recent results showing that the
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ELISA PCB-based TB detection could provide comparable results with the standard

colorimetric detection technique (14).

1.2 Aims

The aim of this thesis is the design and fabrication of a portable, smartphone-integrated
electronic platform towards to reading-out electronic ELISA (eELISA) data from printed
circuit board (PCB)-based sensors. The purpose of this instrumentation is to detect
different concentrations of enzyme product TMB/HRP (TMB product is proportional
to Interferon Gamma target (IFN-v) for TB detection) through amperometry, reducing
the total volume of the sample and the time of the measurement with an external
battery independent of the instrument. Comparing to other relevant projects, this thesis
presents a portable (no external battery requirement), automatic adapted (increasing the
accuracy) smartphone-aided and PCB-based bio-instrument. This instrument measures
different concentrations of biological samples, i.e. HRP and TMB, in real-time, requiring
only 15 ul and total time of 60 seconds, as opposed to recent relevant research that
requires 200ul (15). Moreover, in contrast to other relevant investigations (14)(16),
the significant reduction in volume and detection time, using the same initial sample
volume, allows multiple measurements, resulting in a significant increase in the accuracy
of the measurements. The platform doesn’t require external power supply or a bulky
computer, as the other above relevant investigations. It can be easily connected to a
smartphone through a USB-C port monitoring the data of the measurement in real-
time while powered by the smartphone. Finally, this thesis also investigates how the
size and the design of electrodes effect the sensitivity and distinct detection of sample’s

concentrations.

1.3 Thesis objectives

The PCB manufacturing technology benefits as the low cost, biocompatible and high
accuracy measurements are suitable for POC diagnostic devices. The current bio-
instrumentation platform consists of the electronic board, the Mobile Software Applica-
tion (App) and the bio-sensing platform. Driven by the above, the main objectives of

this thesis are separated into the following pillars:

1. The design and manufacturing of a PCB-based electronic platform. The instru-
ment features eight independent, re-configurable current input channels each con-
sisting of a low-noise transimpedance amplifier (TIA) and filtering stage coupled to
low-noise switch ICs for automatic current range detection. A bipolar, 16-bit reso-

lution voltage-input analog-to-digital converter (ADC) is employed for digitisation
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of converted current values received from the analogue front-end. In addition, a
bipolar, 12-bit resolution digital-to-analog converter (DAC) combined with stan-
dard three-electrode potentiostat provides a wide range of biasing voltages to the
amperometric sensors. The electronic components of the instrumentation board
are chosen having as criterion the coverage of a wide range of current input signals
from few nanoampere (nA) to 2 milliampere (mA) with high accuracy. This range

allows the detection of any possible signals that the biosensor can provide (17).

2. The programming of an Android-based application that receives and processes the
biological measurement data. The resulting data is transmitted by the electronic
platform to an Android-based smartphone via a serial interface. An interface,
which is designed to be easy to use, guides the operator through the detection pro-
cess. The customised Android application (App) provides a real-time monitoring
of the electrochemical cell and stores that return the biochemical data back to the

device once the measurement is complete (18).

3. Finally, the sensing platform comprises of three electrodes (two gold (Au) and
one silver/ silver chloride (Ag/ AgCl) electrodes) converting the biological reac-
tion to a current signal. This sensing platform is designed and fabricated in order
to measure different concentrations of HoOo, TMB and IFN-v solutions. Herein,
H5O4 concentrations measurements are provided using both commercial manufac-
tured and cleanroom-fabricated sensors. The results of both types of sensors are
comparable; however the fabricated sensors provide faster results and decrease the
amount of the total sample (15 pl). Finally, HRP and TMB concentrations are

compared using both colorimetric and amperometric techniques.

1.4 Structure of the thesis

Chapterl: Introduction

This Chapter presents the aims and the objectives of a Smartphone-aided Electrochemical
Detection Platform, providing the main idea and the novelty of this thesis. It also briefly
describes the chapters of this thesis.

Chapter2: Introduction to Point of Care diagnostic devices

This Chapter introduces the Point of Care diagnostic devices and specifically the mate-
rials and methods that the POC devices use in order to detect and analyse the different
types of samples for the different diseases. Furthermore, the main part of this chapter
introduces the POC implementations that are based on the electronic technologies, such

as the PCB, and describes how a smartphone can be used as a tool of a POC device.
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Chapter 3: Smartphone-aided bio-instrumentation platform

This Chapter presents the PCB technology and provides information about the design
of a bio-instrumentation platform. Most importantly, it describes the connection among
the PCB-based sensing platform, the electronic board and a smartphone for real-time
plotting data of the board works and its main components. In addition, this chapter
presents the board’s design using the Altium professional designer program, the App on
a smartphone for the data acquisition and two types of a sensing platform (commercial

manufactured and fabricated for this thesis by individual process steps).

Chapter 4: Characterisation and Experimental measurements

In this Chapter, the characterisation of the electronic board is presented as well as the
sensing platform. Artificial and biological measurements employing the board and ex-
ternal PCB-based amperometric biosensing platform for Sodium chloride (NaCl), HoOg,
HRP and TMB concentrations, are also demonstrated. The measured results are pro-
vided in real-time through an android-based smartphone application. Furthermore, a

colorimetric detection of HRP, TMB and IFN-v concentrations is introduced.

Chapter 5: Conclusions and Future work

This Chapter concludes the accomplished work, the contributions of this thesis and

provides suggestions about the future directions of this investigation.






Chapter 2

Introduction to Point of Care

diagnostic devices

2.1 Point of Care diagnostic devices

POC diagnostic devices is a crucial component of healthcare, informing the patient
about the state of his/her health with high accuracy. POC diagnostic devices have
been developed during the last decades trying to cover the needs of the laboratory
experiments in portable devices (19). Also, there is a tremendous number of applications
that find use in the medical field. The main advantages of this tool that makes it
widespread in the medical world is that is portable and handheld without the presence
of a doctor or an expert being necessary, keeping the cost low (20). The majority
of the POC devices are designed, manufactured and programmed in fact to be easy
to use by everyone. As it is expected, there are several POC applications that cover
different types of needs. For instance, each one of the POC devices are used to analyse
samples; blood sample, spittle, sweat and urine, based on different technologies for
each of those samples (21). Furthermore, except of the technologies, the same sample
can be measured using another detection method. For example, glucose concentration
into the blood can be measured using absorbance photometry, electrochemical biosensor
and reflectance photometry (21). In contrast with the laboratories or hospitals, the
commercial POC devices are usually use specific samples.However, according the WHO,

every POC diagnostic device must satisfy specific requirements (see Table 2.1) (2).

Table 2.1 presents POC diagnostic device requirements according to World Health Or-

ganisation (2).



8 Chapter 2 Introduction to Point of Care diagnostic devices

Requirements Detalils
Cost Effective Low cost (see Appendix C)
Portable Without the presence of an expert
Robust Can be transferred and stored without the need

to refrigerated and maintenance
Sensitivity and Specificity (see Appendix C)

User friendly Can be used by health experts (doctors)
and patients
Rapid test results Reduce the time of the test
Small Sample Volume Reduce the sample volume of the test (few pul)

Table 2.1: POC requirements according to the WHO.

Table 2.2 illustrates few advantages and disadvantages of POC testing (21). The afore-
mentioned main advantages of POC are the portability, no needing of an expert and the
low cost of the device. However, this useful tool has plenty of advantages. The time
taken for the analyses and the detection of a sample depends on many variables as the
sample, the detection method and the material that the POC is based on. However, the
majority of them require only few minutes in order to complete the measurement and
provide the results as the pregnancy test and the glucose concentration device. More-
over, there are POC devices that can be used to measure more than one sample, saving
time. Nevertheless, these devices are more complex and expensive than the previous

ones.

One the other hand, POC testing has also some disadvantages. The need to provide
additional information on the health state of the patient resulted in production of more
complex devices (multi-purpose) keeping the cost high. These types of POC devices
are not easy to use by patients and they are used only by professionals. However, the
majority of the commercial devices that use only one sample are cheap and simple to

use, but they have limited range of measurements.

ADVANTAGES DISADVANTAGES
Portability Limited range of measurements
Low cost Expensive for more

complicated devices
No expert requirement
User friendly
Reduce the time of the diagnostic testing

Table 2.2: Advantages and disadvantages of POC diagnostic devices.
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2.2 Material and method of detections used in POC plat-

forms

POC diagnostic devices differ from each other in the fact that they use different materials
and detection methods between them. POC devices provide immediate information and
use a number of elements that are used in LOC devices in micro scale such as micro-
pumps, micro-filters, micro-valves, microarrays, micro-channels and bio-electronic chips
(22).

2.2.1 Material that are used on POC

Manufacturers are currently using these specific materials, polymer (23), glass (23), paper
(24) or Complementary Metal Ozide Semiconductor (CMOS) (25) in order to fabricate
the above elements for POC implementations (26). Each one of these materials, present
both advantages and disadvantages and are preferred for a unique reason according to

the demands of the application.

Specifically, polymer is preferred in applications that need a transparent, flexible, elastic
or biocompatible material. Furthermore, polymer is a low cost material but it cannot
be compatible to electronics’ integration. Inkjet printed Bio-Field Effect Transistor
(BioFET) technology offers a low cost, portable and electronic integrated system (27).
However, some disadvantages of this technique are the reduction of resolution when
the speed increases and the fact that the printers are quite expensive (28). Another
common material, which is biocompatible and transparent, is the glass but it still has
the same disadvantage as the polymer, meaning that is not compatible with electronics
keeping the cost high for mass production. Paper-based POCs are not compatible with
the integration of microfluidics but the sample is transferred through the capillary using
hydrophilic channels onto the surface, without pumps. In addition, paper is a cheap so-
lution, which is a main advantage for the POC devices and it does not need big volume
of samples (23). CMOS technology differs with the above materials, on the base that
CMOS can be used in more complicated and sophisticated circuits. The fabrication
cost of this technology is low (£0.04 per transistor with 14nm process node) (29). The
minimisation of the process node contributes to: (1) the reduction of the total power
consumption and integrated circuit’s package size, and (2) the increase of the power pro-
cess (high performance). Furthermore, the reduction of the integrated circuit’s package
size affects the reduction of the total size of a PCB (less area required). However, the
fabrication cost of CMOS significantly increases for complete LOCs applications. There
are several factors to consider during the LOC fabrication (chemical interactions, surface
roughness, capillary forces etc.). These factors require complex equipments instead of a

conventional one, which results of the increase of the fabrication cost (30).
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Finally, PCB technology is an alternative POC implementation, which shows an increas-
ing development in the last period of years in this field. Specifically, PCB technology
finds fertile ground in POC diagnostic applications due to the fact that has the ability
to combine the electronic components with microfluidics and sensing components at the
same time (31). An extra advantage of PCB-based technology is that it provides the
result of any electrochemical biological detection with high accuracy holding the cost
low (£0.067 per cm?) (13). This technology develops day by day, a fact that has as a
result the development of applications and the combination of these with smartphones

for further portability and flexibility of the POC diagnostic devices.

2.2.2 Methods of detection using POC diagnostic tools

The detection method that the POC tool uses, depends on the application and the
sample, which will be used. There are plenty commercial biosensors that use different
detection methods depending on the samples such as the electrochemical method or the

colorimetric technique. This chapter provides an overview of electrochemical methods.

Amperometric technique:

Firstly, the amperometric method is the most common on the electrochemical biosensor.
This method converts the biological reaction to current signal allowing to extract and
process data from the reaction. This method uses two (working and reference electrodes)
or three electrodes. When only two electrodes are used, it is difficult to keep stable the
potential between working and reference electrodes in high currents. However, this dis-
advantage can be overcomed by using an extra electrode (counter electrode) with the
same potential as the reference one. Using three electrodes, a constant voltage between
reference and working electrode is achieved and the current flows between the counter
and the working electrode (32). Figure 2.1 shows a basic configuration of the ampero-
metric method (33). Amperometric method is used in many commercial applications. A
most well known application is the glucose biosensor. Furthermore, other applications
that based on amperometric method detect Mycobacterium tuberculosis (34), Malaria,
Chagas disease (35), etc.
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Figure 2.1: Basic Amperometric method configuration (33).

Potentiometric technique:

Another electrochemical technique that finds uses in plenty POC medical applications
is the potentiometric method. Potentiometric biosensors differ from the amperometric
ones converting the biological reaction to a voltage signal. This biosensor consists of two
electrodes (working and reference) in order to measure the potential between them that
is produced by the biological reaction. During the measurement the current that flows
through the electrodes is zero avoiding interference with the reaction. Figure 2.2 shows
how the most common potentiometric biosensor works using an ion selective membrane.
In this biosensor there are two champers, one with a constant concentration of the ion
as a reference and the other chamber, which includes the test solution. The chambers
are separated by a membrane that allows specific ions to flow or to bind on it. An
electrode is sunk in each chamber (Ag/AgCl) in order to measure the potential between
these two using a voltmeter with high-input impedance (36). The potential between
the working and the reference electrodes can be calculated by the Nernst equation (see
Equation 2.1), where EY is a characteristic constant for ion selective electrode (V), T
is the absolute temperature (K), R is the universal gas constant (J K~! mol™1), F is
the Faraday constant (C mol~!), n is the signed ionic charge and A is the concentration
of the chemical species involved in a chemical reaction. In a room temperature the
parameter RT/F' is equal with 0.059 (36). One of the most well-known applications of

the potentiometric method is the pH measurements.

E=E"+ %m[A] (2.1)
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Figure 2.2: Potentiometric biosensor.

Impedimetric technique:

Impedimetric biosensor is another electrochemical biosensor, but less common than the
amperometric and potentiometric biosensors (32). Impedimetric biosensor uses two
interdigitated electrodes applying a small sinusoidal signal (few mV pk-pk amplitude)
(36). Part of this biosensor usually is a Wheatstone bridge that is used as bio-recognition
component for enzyme reactions (urea/urease and amino-acid oxidase reactions). During
the enzyme reaction the biosensor measures the total charge that is produced unless an
ion selective layer is used. The sensitivity of the impedimetric biosensor is measured by
the change of the conductance before and during the enzyme reaction. However, the
sensitivity can be improved using a reference electrode, which incorporates or isolates
an inactive enzyme from the reaction in to the solution (36). Impedimetric biosensor
methods find uses in Samlonella species, E.coli serotypes (36), ethanol level in alcoholic
beverages, ant-human IgG (10 pg.ml in a sample) and in monitoring the hybridization
of DNA fragments by Polymerase Chain Reaction (PCR) (32) detections.

Colorimetric technique:

Finally, over the past two decades, colorimetric method finds uses determining the con-
centration of the assay by measuring the absorbance of the solution in a wavelength
light. This method is preferred due to low cost analysis per sample, the rapid results
of the measurement and the specificity that provides in one chemical species analysis.
However, at the same time there are limitations that this method faces as the cost in-
creases for precise analysis of the solution (tighter wavelength required). Furthermore,
similar colours of interfering substances as well as the present of a light could lead to
error in results (37). Absorbance is the amount of specific wavelength light that the
sample solution does not allow passing through. In Figure 2.3 you can find the steps
of a spectrophotometer setup illustrated. The light source wavelength is separated in
monochromatic wavelengths through a prism. Then this wavelength passes through the
sample and is collected by a detector. The Beer-Lambert law presents the linear rela-

tionship of a sample’s concentration ([C]) with its optical absorbance (A) (see Equation
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U'em™!) and [ is the optical path

2.2), where ¢ is the molar absorption coefficient (M~
length of the sample. However, the linearity of the Beer-Lamber law does not exist in
high absorbance values that are related with the concentration of the sample and the

molar absorbance coefficient (g) (36).
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(Lens) (Slity (Photocell)
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Digital Display
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(Prismor Grating) Solution
(in Cuvette)
Figure 2.3: Absorbance spectroscopy (38).
A =¢l[C] (2.2)

2.2.3 Microfluidics

Microfluidic technique on POC diagnostic devices allows the possibility to handle com-
plicated laboratory experiments, using a small volume sample. The small volume of
fluids leads to size reduction of the device and the time of diagnostic testing. The rapid
diagnosis is resulting from the small volumes of sample and reagents (39). Over the past
years, microfluidic technique has become widely known in POC devices having plenty
applications based on as pH and chemical binding coefficients (40). This technique and
the small volume of fluids provide the ability to use LOC devices miniaturizing the size
and the cost of the device. The common components that the microfluidic system com-
prises are microchannels, micropumps, microvalves and micromixers (41). In particular,
the microfluidic components can be either active or passive. These two categories differ
in fact that the first one requires power from an external source. The available fabrica-
tion techniques for the microfluidic systems can be based on different materials as silicon

(42), glass (42), polymers and paper (23).

In 2000, Wego and Paygel presented a novel PCB-based micropump (43). The PCB-
based micropump comprised of four layers of PCB, two passive check valves and a
thermopneymatically driven volume actuator. The maximum flow rate of the pump
is 530 pl/min requiring only 1 Watt power consumption (see Figure 2.4). This flow
rate is high enough in comparison to other relevant studies (100 pl/min, 135 pl/min
and 138 ul/min) (15; 44; 45) to cover the needs of the current thesis (15 pl/min), as it
is further described in details. Nevertheless, the application requires an external power

source; a fact that is considered as a drawback for POC implementations. In addition, in
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2016 Vasilakis et al. published a Lab-on-PCB electrochemical biosensor integrated with
microfluidic for POC applications (46). This PCB-based microfluidic application is a
passive microfluidic biosensing platform. The platform uses the PCB technique creating
microfluid channels and gold ring as biosensing electrodes. The device is exposed to
oxygen plasma converting the microfluidic surface to hydrophilic one, fact that allows
the fluidic to flow into the microchannel passively. Another device published by the
same group is a microfluidic diluter controlling actively the dilution ratio. This device
consists of a microfluidic network and a metal-oxide—semiconductor field-effect transistor
(MOSFET), which thermally regulates the dilution ratio.

inlet outlet

actuator chamber (air)

heating wire

PCB layer 1

PCB layer 2
membrane layer
PC B layer 3

PCB layer 4

inlet valve pump chamber outlet valve

Figure 2.4: PCB-based micropump (43).

Hydrophilic microchannels allow the aqueous solutions to fill and flow through the mi-
crofluidic network without requiring external power source. The wettability of the sur-
face is characterised as hydrophilic or hydrophobic and depends on the contact angle
between the solution and the surface. The contact angle is higher than 90° for the
hydrophobic surfaces and lower for the hydrophilic ones. The wettability of polymeric
surfaces as Poly-dimethylsiloxane (PDMS), Polystyrene, etc. can be changed from hy-
drophobic to hydrophilic if the surface is exposed for a short period of time to Plasma
(47). Another relevant study showed that a plastic surface can achieve a (more) hy-
drophilic feature through exposure to Plasma, while this feature could last for about 80
days (48).

The wettability of the surface allows the flow of the aqueous solution without an external
power which is the aim of the passive microfluidics. Furthermore, capillary force could
be used in microfluidic method and especially in passive microfluidic pumps. Capillary
pressure on characteristic length creates a driving force that allows the fluid to flow
through hydrophilic channels (49). In addition, the capillary force depends on the shape
and the geometrical parameters of the capillary. In 2013, Madadi et al. designed different
capillary shapes (elongated, circle, diamond and pine) in order to increase the flow rate in
to microcapillary pump. The experiments show that the diamond shape for micropillar
pumps has higher throughput performance than the other one (73% higher flow rate

than circular-based microchannel integrated micropillar pump) (50).
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2.3 Biosensors

Electrochemical sensors detect and measure the chemical or biological reaction convert-
ing one form of energy to another one. Some of the main performance factors of a
biosensor considered to be the accuracy, sensitivity, selectivity, precision and the Limit
of Detection (LoD) (see Appendix C). LoD is the lowest analyte concentration of the
sample (see Equation 2.3), where LoB is the signal in reagent blank, k is the numerical
factor and o the standard deviation of the low concentration sample (lowest detectable
concentration of the sample) (36). As it is mentioned in section 2.2.2, there are different
detection methods based on the technique that the sample is analysed (Optical, Elec-
trochemical, Mechanical etc.). Table 2.3 presents the main advantages and limitations

of some of these methods.

LoD = LoB + ko (2.3)
Method ADVANTAGES DISADVANTAGES
Optical Rapid High power requirement (see Appendix C)
Reproducible Expensive for precise analysis
Sensitive Life time of the reagents
Specific Lower respond time

than Electrochemical sensor

Electrochemical Rapid Low sensitivity
Reproducible Low specificity

Mechanical Rapid Low sensitivity
Low specificity

Reproducibility

Table 2.3: Advantages and disadvantages of Sensor’s methods (51).

In electrochemistry the biological reaction is converted into an electrical signal. This
conversion occurs when an electrode reacts with the solution. The electron transfer
between the electrode and the solution is defined as redox (reduction-oxidation) reac-
tion. Reduction or Oxidation is termed when the molecule receives or loses an electron,
respectively. The electrode, which reacts with the solution providing electrons is called
anode and the other electrode (receives electron) is called cathode. When a potential
is applied to an electrode, a charged layer is formed in its surface attracting opposite
charges. This charged layer (double layer) creates a capacity on the electrode’s surface.
In an actual measurement, when WE’s potential is change, it appears that an oxida-
tion/reduction reaction on the electrode’s surface is producing a high current. Then this
area is expanded to the solution fact that reduces the concentration gradient and the

flow of the sample to the electrode. Equation 2.4 presents that the total current, which
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is measured during an electrochemical experiment, is the sum of the capacitance current
(I¢) and the Faraday current (Ip).

I=1Ic+1Ip (2.4)

Electrochemical cells can be modeled by an equivalent network of passive electrical cir-
cuit elements. These elements can be resistors, capacitors and inductors that simulate
the electrochemical reaction. Figure 2.5 presents the equivalent circuit of a simple elec-
trochemical cell. When a potential is applied to an electrode, attracting forces are
generated between the electrode and the solution, creating different layers (double layer,
diffusion layer and bulk solution layer). The equivalent circuit consists of an uncompen-
sated electrolyte (resistance) in series with the parallel combination of a double layer

(capacitance) and an electron transfer (resistance) (see Figure 2.5) (52).

1
T

A e

Figure 2.5: Equivalent circuit model of an electrochemical cell (Randles circuit)
(52).

Randles-Sevcik equation defines the connection among the scan rate, the diffusion prop-
erties and the current that flows through the sample solution. The equation describes
the dependence of the current-time for linear diffusion control at a working electrode. It
is commonly used in redox reactions by also providing information about the electrode
area. Equation 2.5 presents the calculated current, where n is the number of electrons
that required for the redox, F' is the Faraday constant (C mol~!), A is the area of the
electrode (cm?), C' is the concentration of the solution (mol/cm?3), v is the scan rate
(V/s), D is the diffusion coefficient (cm?/s), R is the universal gas constant (J K~!
mol~!) and T is the absolute temperature (K). At room temperature, the equation is

simplified to equation 2.6.

nFvD

)i (2.5)

ip = 0.4463nF AC(
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ip = 268,600n2 AD2Cv2 (2.6)

2.4 Print Circuit Board

PCB technology first appeared in 1850 using wooden bases and metal strips in order
to connect bulky electric components. Over the years, the electric components became
smaller and wires were used to connect the pads of the components. In 1925, another
method well known as Printed Circuit was developed by Charles Ducas of the United
States using electrical path through the base’s surface. The surface of the board, known
as substrate, is consisted of an insulating material and the printed wires of a conducting
one, transferring the signals that the components provide. Nowadays, this technology
has significantly improved, allowing to print both sides of the board (double-sided) or
to use more than one layer for the PCB devices (multi-layer PCB). PCB technology
uses through holes connecting the above layer with the bottom one or blind vias when
multi-layer technique is used (53). The number of layers on a PCB device differs from
the application. Any implementation needs different functions, which determine the

number of the layers and if the board will be single or double sided.

There are more than one building blocks to manufacture a PCB. When only one layer
is used, the basic building block is an insulating substrate (usually reinforced glass is
preferred, known as FR-4) between two layers of copper, which is used as a conduc-
tor. However, when the application requires more than one layer, another substrate is
used (prepreg) that is impregnated with adhesion epoxy resin and helps to improve the
characteristics of a PCB. The prepreg allows to create a multi-layer board increasing
the functionality of the board by using more components (54). In Figure 2.6, a 4-layer
PCB structure is presented that consisted of two FR-4 substrates and a prepreg sub-
strate among them for their connection. There are metal tracks in each side of the FR-4
substrates connecting the electronic components. Vias holes (blind vias and through
hole vias) connects electrically the layers. Blind and through hole via are used for the
electrical interconnection of the both sides and among the FR-4 substrates, respectively.
Finally, the solder mask is applied to protect the metal tracks of the FR-4 substrate
against oxidation or solder bridges. Independently of the number of the layers, the cost
of the device remains low without any compromises in accuracy. Furthermore, this tech-
nology uses commercially available components, a fact that reduces more the cost for

mass production.
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Figure 2.6: Multilayer PCB Structure.

2.5 POC Implementations

At this section few commercial and laboratory applications are presented, using several
of the above materials and techniques. Firstly, TB diagnostic tests are mentioned based
on different detection methods and samples. Then electronic applications and PCB
based implementations are introduced detecting different targets or diseases. Finally,
the last subsection is focused on POC devices that are based on a Smartphone, using

internal and external components.

2.5.1 TB diagnostic devices

Immunoassay is a common protein assay suitable for point-of-care microfluidic-based
diagnostics that benefits from the interactions among antigens and antibodies in order
to identify protein markers from pathogen or host immune responses. Immunoassays are
valuable for the detection of bacteria, parasites and viruses, etc. A well known technique
for enzyme immunoassay detection is the ELISA. In most cases, the detection methods
that ELISA uses are colorimetric or chemiluminescence-based, having detection limits
(pM range), as a result of enzyme-mediated signal amplification and serial washing.
The main drawback of ELISA is the fact that consists of several steps and after each
step a washing step is required (24). Figure 2.7 shows the four most common ELISA
principles (Direct, Indirect, Sandwich and Competitive) that use different detection
methods. These ELISA methods find uses in many applications as Pregnancy Test, Food
industry, West Nile Virus, Human Immunodeficiency Viruses (HIV) and TB (55; 56).
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Figure 2.7: Common Elisa formats (57).

TB disease is one of the main threats to global health, especially in developing countries.
TB is caused by Mycobacterium tuberculosis bacteria (58). TB can affect the lungs or
throat (pulmonary TB) and it is difficult to be controlled due to the fact that can be
easily transmitted through the air. Another form of TB infectious illness is the latent
TB, in which the bacteria is ”asleep” into the body and it does not pass the TB to others.
However, in latent TB the bacteria could suddenly ”"wake up” bringing any symptom
of the TB disease. WHO has been interested in TB detection using POC diagnostic
devices. Tuberculosis can be detected using detection methods as ELISA and chemical
luminescence immunity analysis (59). Current applications use blood, skin, urine or

sputum as samples for TB detection.

Sputum smear microscopy is a method for pulmonary TB detection. This method uses
sputum sample, which is produced in the lungs. A small amount of this sputum is
placed on glass slide creating a smear. The smear is mixed with series of specific stains
producing signs of TB bacteria that could be checked by a clinician through a micro-
scope. The advantages of sputum smear microscopy are the low cost of the test and
the rapid result of the measurements (several hours). This test provides low sensitivity
(50-60%) that may be decreased for patients who suffer from HIV infection. Finally,
smear microscopy requires laboratory infrastructures with a technician’s presence (60).
On the other hand, an alternative method is the Fluorescent microscopy which improves
the previous limitations. Fluorescent microscopy optimizes the previous technique by
measuring the illumination of the smear with a quartz halogen. This method could
also be optimized using LED fluorescent microscopy providing significantly longer life
than the standard mercury vapour lamps. However, the sensitivity of the fluorescent

microscopy is still low (9).

Serological or serodiagnostic tests is another diagnostic method for the pulmonary TB
using blood sample. This method detects a specific antibody in the blood of patients who
suffer from TB. Serological test still faces difficulties due to the fact that this antibody
may also be detected in healthy people (inconsistent and inaccurate). On the other

hand, serodiagnostic tests are cost effective offering rabid results (61).
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The unsuccessful efforts of antibody-based TB tests lead to the need for different de-
tection markers. Urine lipoarabinomannan (LAM) was the first antigen-based test that
produced promising results. Urine LAM test uses the ELISA method for antigen de-
tection into the urine sample. Pulmonary TB LAM diagnostic test is an inexpensive
commercial available PoC test (Alere Determine TB-LAM) providing rapid results (an
hour). It does not require any special training for uses. On the other side, the sensitiv-
ity of TB-LAM is controversial. Specifically, it shows higher sensitivity in patients who
suffer from both TB and HIV than only from TB (9).

Skin test is a well know diagnostic method for TB. A trained health care worker injects
a small amount of tuberculin fluid in the lower part of the patient’s arm skin (Mantoux
TB test). After 3 days the patient should be checked at these areas looking for a raised
hard area or swelling. If a raised hard area or swelling appears, the clinician expert
will measure the size of this area. The larger the size, the higher the chance that the
patient will suffer from TB. This test is suitable for and widely common, especially in
developing countries, due to its low cost. However, this method is not accurate and does

not provide any information about the type of the TB disease (active or latent) (62).

Finally, Interferon gamma release assays (IGRAs) is a latent TB test based on blood
sample. IGRAs tests are a new type of TB test, measuring patient’s immune response to
TB bacteria. Interferon gamma cytokine is included into patient’s blood and is produced
by its immune system. The presence of the interferon gamma cytokine could be detected
by mixing the blood sample with a specific substance. IGRAs use the optical method
to detect the level of the interferon gamma cytokine into the solution as the colour of
the solution changes when the cytokine is mixed with the substance. In contrast with
serodiagnostic, IGRAs method offers rapid results with high accuracy. However, IGRAs
require bulky equipments and sample preparation before each measurement. Further-
more, this method is suggested only in latent TB and the accuracy of the measurement
is decreased for patients who suffer by HIV, too (63). Comparing to skin test, IGRAs re-
quires only one healthcare visit of the patient. IGRAs test provides the diagnosis within
24 hours as opposed to the skin test that takes about 3 days (64). Studies have shown
that IGRAs can detect patients with active TB among others suspected of having TB,
with the sensitivity and selectivity ranging from 73-83% and 49-58% respectively (65).
Overall, both IGRAs and Tuberculin skin testing TST have shown relatively adequate
skill in detecting Latent tuberculosis infection (LTBI); however, due to the remaining

uncertainty of their performance, results should be interpreted with caution (66).
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Table 2.4 illustrates advantages and disadvantages of different TB detection methods

providing few applications for each method.

Methods Applications Advantages Limitations
Skin test Mantoux TB test Inexpensive No accurate
Sputum smear/ Fluorescence staining, Rapid, Low sensitivity,
Fluorescent Direct and Inexpensive, Bulky equipment
microscopy concentrated Ziehl- Simple
Neelsen
Serological antibody MycoDot, Rapid Inconsistent,
ICT TB, Inexpensive, Inaccurate
Anda-TB IgG User friendly
Urine Determine Rapid, Low sensitivity
TB-LAM Inexpensive,
Minimal training
IGRAs QuantiFERON High accuracy, = Sample preparation,
T-SPOT Rapid detection No suitable in
(within 24 hours) the community

Table 2.4: PoC diagnostic devices for TB (9).

2.5.2 PCB-based applications

This section presents the state-of-the art in PCB based sensing and highlights how the

work in the thesis contributes to challenges in this area.

Sanchez et al. demonstrated a multiplex electrochemical detection of seven breast cancer
biomarkers (67). These cancer biomarkers are amplified through the multiple ligation-
dependent probe amplification technique (MLPA). The device based on PCB technology
is using a gold electrode array integrating with Poly Methyl Methacrylate (PMMA)
microfluidic channels. Figure 2.8 presents a PCB-based 64 gold electrode array sensor
with Pt counter electrode and Ag/AgCl, which are common for the 64-electrode array.
The sensor is consisted by FR-4 glass substrate (1 mm) and 3 pm of Au (electrode’s
material) on a Ni layer (4 um). This system uses an external potentiostat with 4 MUX

module for the electrochemical characterisation.
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Figure 2.8: PCB-based gold electrode array for DNA detection (67).

In Figure 2.9, the assembly of a PCB-based sensor with PMMA microfluidic channels
is illustrated. The instrument is based on the MLPA amplification method of seven
genetic markers for the detection of breast cancer. The amplified markers are immobi-
lized on the sensor’s surface. Then several biological samples are injected to the sensor
through the microfluidic with a wash step after each step (ELISA technique). Finally,
for the simultaneous detection of these biomarkers, the amperometric technique was

used providing high specificity and low limit of detection (25 pM) (67; 68).

Figure 2.9: PCB sensor integrated with PMMA microfluidic channel (67).

In 2013, Bécker et al. (69) presented an amperometric enzyme sensor for the measure-
ment of three different concentrations of glucose, glutamate and glutamine in parallel.
The sensor consists of thin platinum (Pt) electrodes on top of a Si substrate and an
external Ag/AgCl reference electrode (Metrohm) (see Figure 2.10). These Pt electrodes

were coupled with an enzyme membrane creating the biosensor’s surface. Microfluidic
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channel is integrated on the top of the sensor’s surface based on SU-8 technology. Finally,

this sensor chip is connected with a PCB by an ultrasonic wedge bonder.

Glutamate sensor  Glutamine sensor Glucose sensor

Meander-like
electrode :

Inlet of /

fluidic channel

Biosensorchip  Printed circuit board

Figure 2.10: Amperometric enzyme sensor for glucose, glutamate and glutamine
detection (69).

This enzyme sensor shows high sensitivity, 1.47 pA/mM and 3.68 A /mM for the glucose
and the glutamate sensors respectively. Besides, the small size of the sensor chip, a main
drawback of this project is the external reference electrode that is expensive and bulky
for POC diagnostic devices. The linearity of this sensor is up to 10 mM for the glutamate
and 20 mM for glucose and glutamine. Finally, the lower detection limit of this sensor

is 0.1 mM for the glutamine and 0.05 mM for glucose and glutamate.

Clinical chemistry comprises the measurement of an important variety of blood param-
eters (70). The need to reduce turnaround time of diagnostic testing led to the need
for clinical chemistry tests at the point-of-care. Also, POC testing for clinical chemistry
markers can be more accurate by avoiding analyte changes during sample transport to
laboratories. Usually, the number amount of simultaneous reactions increases the com-
plexity of the devices, fact that also increases the size and the cost of the device. For
applications in which only a semi quantitative analysis is needed, paper-based devices
probably appealing. However, the detection method that is preferred depends on the
application (71).

Evans et al. (15; 72) demonstrated a microfluidic PCB-based Elisa PoC diagnostic
device, providing promising results on IFN-vy detection. This project presents a PCB-
based amperomentric sensor integrated with a microfluidic chamber (assay area) that
takes place on Au-plated. The sensing platform consists of a microfluidic channel on Au
surface, 3 Au working electrodes, Au counter electrode and Ag/AgCl reference electrode

(see Figure 2.11). The PCB-based surface was covered by PMMA creating microfluidic
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channels on top of Au or electrodes surfaces. This platform was used in several electro-
chemical reactions, as H202, TMB product and IFN-+, to detect different concentrations

levels of the samples.

The assay phases consist of the sample preparation and the sensing measurement. The
different steps of the assay protocol are located on Au surface of the microfluidic cham-
ber. After each step, sample is moved out of the microfluidic chamber, through an
outlet, to a waste chamber (see Figure 2.11B). When the assay protocol completed, the
sample is transferred to electrochemical sensor, where the electrochemical reaction take

place (see Figure 2.11C).

X
counter 3 working
electordes

reference

outlet

(®)

outlet transfer
‘\

Figure 2.11: A) PCB-based 8 independent assay areas and electrochemical cells,
B) 3D representation of assay area, C) 3D representation of final phase (assay
flow into the electrochemical sensor) and D) 3D representation of electrodes
connections (15).

The platform was used to detect amperometricaly different IFN-vy concentrations. This
system requires 8 minutes for analysis of IFN-v, Strepdavidin-HRP and TMB flow (100
ul/min for each sample). The data shows a nice reproducibility of 108 pg/ml and 325
pg/ml IFN-v concentration detection (estimated accuracy 93-97%). This amperometric
system reaches LoD of IFN-v close to 40 pg/ml. The range of the current measurements
is approximately 90 nA to 160 nA for 2048 pg/ml to 40 pg/ml IFN-v concentration,
respectively.

In this project a previously presented electronic platform was used (16; 73). This elec-

tronic board allows to measure a wide range of £2.5mA with ideal resolution 122nA.
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However, on Figure 5 of this referenced paper (15) illustrated that the electronic board
can detect different IFN-vy concentrations when the signal differs only 10nA. This signal
difference is much smaller than the ideal value that the board can measure. Furthermore,
the sensing platform uses three times bigger working electrode comparing to counter elec-
trode. According to literature, the CE must me much greater than the WE to be able
to provide electrons to WE if this is needed (74). Finally, following the “Sigma Aldrich”
protocol, the TMB tablet must be dissolved into 1mL Dimethyl Sulfoxide (DMSO) and
9 mL deionized water. On Chapter 4.3 of the current report has been proven that the
TMB tablet cannot be dissolved into 10 mL deionised water and 5 uL 30% (by volume)
H202, even when the reagent was centrifuged at 16,000 RCF for 30 min.

2.5.3 Applications based on Smartphone

Several mobile medical applications using smartphone devices have been developed.
Some of them rely on the internal hardware capabilities of the smartphone; whereas

others, need an external component to perform their functionality.

2.5.3.1 Applications based on Smartphone’s components

Nowadays, the majority of the population uses a smartphone to cover their personal
needs. POC size and the possibilities of smartphones lead the manufacturers to combine
them. Smartphones components have found such an increase that are currently being
used in medical factors. Some of the main components that all the smartphones comprise
are the camera and the microphone. These components, unsurprisingly, did not remain
untapped in POC diagnostic detection. Plenty of POC applications, which take place in
a smartphone, are based on in-built smartphone’s sensors as camera and microphone, in
order to detect biological signals and provide a result with high resolution. Nowadays,
the camera on smartphones has significantly improved achieving the range of 5 Megapixel
to 15 Megapixel (High and Full High definition). A smartphone’s camera can be used
in POC application for ophthalmology, dermatology and colorimetric diagnostics (75).
The resolution of the camera can provide a quantitative solution of the detection’s
analysis that is not possible to be visible with naked eye. There is a major number of
algorithms for image processing, which present a quantitative solution from an image.
Furthermore, all the smartphones are equipped with data transmission protocols as
Wireless Fidelity (Wi-Fi), Bluetooth, Universal Serial Bus (USB) and Global System
Mobile Communication (GSM), in order to cover the data transmission between the
phone and other devices in short and long distances. Finally, the advantages of using
only the internal components are that either there is no need for another (external)
device to detect or that the external device includes less components, which solution is

significantly cheaper.
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One of the most common applications that use the internal components of a smartphone
is the Flectrocardiagram test (ECG). The first recording of a heartbeat (ECG) was
100 years ago. Willem Einthoven (Department of Cardiology, Jersey General Hospital)
created a device for a ECG test, which weighed 600 pounds and its size was as big as 2
rooms (76). After a few decades, the size of the ECG tests decreased, having as a result,

that nowadays we need only a smartphone in order to measure our heartbeat.

In 2013, Pal et al. published a heart rate project based on a smartphone (Tata consul-
tancy Service, Kolkata, India). The project uses the camera, the flash led of a smart-
phone and an image-processing algorithm (77). The user put his/her finger in front of
the camera following the application’s advices for better results. Then the App records a
video and process it using an algorithm. In Figure 2.12, it is observed how the algorithm
works having as input the video and counting the average of the red pixels. Finally, a
Finite State Machine rejects the noise of the signal keeping only the heart rate signal.

Figure 2.13 shows the steps of a measurement and the results on the mobile screen using

the App.
Average
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Figure 2.12: Heart rate algorithm based on smartphone (77).
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Figure 2.13: Steps of a heart rate measurement (77).
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In 2012, Shen et al. designed a POC colorimetric detection using as main tools, a
paper based microfluidic and the camera of the mobile phone (seeFigure 2.14) (75).
This application can detect the pH value of a sample, which changes the colour of the
paper after few minutes, by the time is dropped on the paper’s surface. Then the
camera takes a picture of the paper and recognizes the pH value of the test solution.
Specifically, the application detects the pH scale using a reference chart that starts from
1 to 12. The colour of the pH paper changes from red (pH 1) to dark blue (pH 12),
based on the RGB values of images in order to convert the image’s colour to the pH
value. However, the main disadvantage of this technique is that it cannot provide the
qualitative detection, which is reduced to dark colours (75). This disadvantage can be
solved by using CIE 1931 colour space code that uses two parameters to recognise the
colour. In contrast, with the simple RGB analysis, which needs only colorimetric image,
the CIE 1931 relies on another parameter that is the brightness of a colour (75). The
new 2D reference chromaticity diagram can recognise changes in the luminance of a
colour (see Figure 2.15). The main advantage of this technique is the linear response
of the pH measurements into the range 1 to 12. This technique could be used for more
complicated testing than the pH measurement that are not obvious by naked eye as
paper microfluidic immunoassays and ELISA chips. It should be mentioned that the
results of the same sample differed by 5% when they were used by HTC and BlackBerry
phones, which is due to the variety of the cameras that the smartphones had. That can
be solved by re-calibrating the smartphone, but is necessary only once (initial). The

results can also be differed when the light conditions change.
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Figure 2.14: Colorimetric detection for pH based on Smartphone (75).
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Figure 2.15: pH reference table based on RGB values and the intensity of them
(75).

2.5.3.2 Applications based on external components

At the previous subsection POC applications were provided that were based only on the
internal components of a smartphone, as the camera and the microphone. However, the
combination of a smartphone and external components allows the expansion of diagnostic
applications detecting more complicated biological samples and using microfluidic chips
for biosensing. In this subsection several applications are mentioned that use microfluidic

chips and PCB technology.

Firstly, Lillehoj et al. (78) presents a quantitative biomolecular detection application
that uses an external device providing the result of the detection on the smartphone’s
display. Using this device, the user can detect the level of the Plasmodium falciparum
Histdine-rich protein 2 (PfHRP2) in human serum. This system provides a user interface

that is easy for every user (78).

Figure 2.16 presents the device of this application that is based on PCB technology and
uses a second platform for microfluidics. The microfluidic chip uses a PDMS material
in order to drive the samples through the capillary flow. The biomolecular detection
is achieved by using an electrochemical method and specifically a high sensitivity am-
perometric measurement (16 ng mL~!). Moreover, the device is connected with the
smartphone by a micro-USB port in order to transfer and provide the result of the

detection on the display by using a user interface (78).

Specifically, the user drops the sample and reporter solutions on the microfluidic chip
that flows through the chip’s channels and they are merged to produce electrochemical
reaction. This electrical signal is transferred to another chip, which includes a microcon-
troller in order to process the incoming signals. The results of the data processing can

be observed in the smartphone’s display. As it was mentioned before, a micro-USB port
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using the Universal Asynchronous Receiver/Transmitter (UART) protocol, connects the
external device and the smartphone. Finally, the microcontroller processes and sends

the data in the smartphone in real-time.

A

Welcome
Please insert chip
] B

Click NEXT to
CONtiNUE

Biosensor

Figure 2.16: Immunoassay detection PCB device (78).

The microfluidic chip is designed and fabricated for the needs of this device providing
stable flow rate. As it is observed in Figure 2.16, the chip consists of two inlets, a mixer,
a biosensor, a capillary pump and an outlet. The radius of the inlets and outlet is 0.5
mm and the samples can be pipetted or dropped in inlets, simultaneously or separately.
Then the samples flow and mix through the hydrophilic microfluidic channels until they
reach the desired solution. The chip can be filled by the samples using channels with
100 pm height and 400 pm width, in only few minutes. The electrochemical sensors use

gold electrodes that were fabricated on glass substrate (78).

The external device of the application, except the microfluidic chip, is designed using
Altium designer program and it is based on PCB technology. The unoccupied areas
on top and bottom layer of the PCB are covered by a copper and they are electrically

grounded and connected to 3.3 Volts, respectively.

This application detects PfHRP2 following few biological steps. In the beginning,
PfHRP2 capture antibody are immobilized on the gold electrode allowing the PfHRP2
antigen to bind on it. PfHRP2 detection antibody can bind to the gold surface through
the PfHRP2 antigen and capture antibody. The negligible current is generated when the
PfHRP2 detection antibody is absented. As final step, TMB/H2O4 substrate is added
applying a bias voltage to the electrochemical biosensor. Then current is provided mea-

suring the concentration of PFHRP2 protein in the sample.
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Finally, the device can be connected with a smartphone, which is running only Android
Operating System and it can be improved using wireless protocol in order to transfer the
data from the microcontroller to the smartphone. This project outweighs in comparison
with the commercial ELISAs, because it needs significantly less time (15 minutes) than
the other (2-3 hours). Except of the positive and negative readout detection of the
immunoassay, this device can provide a quantitative measurement (78). Furthermore,

this platform can be used to detect malaria infection.

The above application provides an electrochemical detection on a smartphone that is
consisted of two parts, the electronic device and the microfluidic one. Furthermore,
it could use the processing power of the smartphone using less electronic components.
The microfluidic design could change using a different design for the capillary pump
increasing the flow rate a fact that reduces the time of the test. Finally, the main
drawback of this application is the precision of the biosensor. When the same biological
measurement is repeated the measured value is changed (high variability of the data)

fact that does not provide clear changes in adjacent concentration ranges.

One year later (2014), Sun et al. designed another project based on an external device,
which consists of an electronic board and a commercial available screen-printed electrode
biosensor by DropSens.The project focus on the electronics comprising two potentiostats
with different characteristics that are used for electrochemical experiments in order to
detect biomarkers quantitative (79). The device is connected with the smartphone and
is powered by it, through a standard 3.5 mm audio jack. The main advantages of
this project are that leverages the capabilities of the smartphone as the battery, the
computational power and the display. Moreover, the use of the audio jack is preferred for
the connection than the classic USB by allowing the device to be used by any smartphone
without needing to change the hardware. In Figure 2.17, the external device and the

result of the measurement on the smartphone’s display is observed.

Figure 2.17: POC Electrochemical biosensor based on smartphone (79).
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The audio jack connector, which is used for the data transmission is consisted of four
channels (Left and Right channel, Microphone input and Common channel). In this
application, the left channel powers up the device from the smartphone’s battery and
the right channel and the microphone to receive and send data to the smartphone,
respectively. The main electronic components, that the device contains, are the micro-
controller, the potentiostat, the voltage to a specific frequency signal converter and the
power harvest (79). First of all, the power harvest uses MOSFET H-Bridge and Schottky
diode in a specific topology converting the phone’s power to 4V for the microcontroller.
The microcontroller is connected with the phone by the 3.5 mm audio jack, receiving
the trigger to generate a PWM signal and an ADC to control the integrator’s output
(voltage waveform) that is sent to a potentiostat. The microcontroller that is chosen,
receives 4 Volts power supply, uses the internal oscillator and has 10-bit ADC having
4mV resolution. The clock frequency is 500 kHz, keeping the power consumption as
less as possible. Furthermore, the biological reaction creates a potential between the
electrodes. The potentiostat controls the potential of the reaction and measures the
current that is generated. Finally, the voltage waveform is converted to a frequency, in

order to be transmitted to the smartphone by the audio jack (79).

This application presents the comparison of two different potentiostat’s architectures
using a standalone electronic board and a commercial disposable biosensor. One of the
challenges of POC diagnostic devices is the sensitivity, accuracy and repeatability of the
biosensor for complicated biological experiments (couple of steps as the ELISA). The
current biosensor is developed for simple biological experiments without microfluidics
channels for more complicated experiments. Furthermore, this board uses jack connector
which allows to connect the device with any smartphone, but jack connector has limit
at the level of the power that it can be harvested by a smartphone and it is less than
a USB connector. In addition, any smartphone provides different power to an external
device through the jack connector. Finally, the cost of the device is almost $30, which

is still expensive for POC diagnostic devices.

In 2017, Chen et al. developed a smartphone-aided diagnostic platform for the detection
of infectious diseases (80). The platform consists of the microfluidic chip, the hand-held
7cradle” and a smartphone. The smartphone-based instrument has been designed for
the detection of four infectious respiratory diseases (Streptococcus equi, Streptococcus
zooepidemicus, and Equine herpesvirus (EHV-1 and EHV-4)) (see Figure 2.18).

A silicon-based chip (25 mm x 15 mm) was fabricated with 10 parallel flow channels.
Different primers were uniform deposited on channels surfaces for the detection of the
aforementioned diseases. Then a droplet of blood sample (15 pm) was placed through
pipet injection in the microfluidic chip and separated in 10 distributed channels. The
blood sample was mixed with the primers in each microchannel into a mixing chamber
and then was amplified (Loop-Mediated Isothermal Amplification, LAMP) for 30 min-
utes. After the LAMP step conducted on a hot plate, the microfluidic chip was inserted
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Figure 2.18: Smartphone-aided instrument for infectious diseases detection (80).

into the cradle reader on top of its internal heater. Then the smartphone’s camera cap-
tured fluorescent images using crable’s LEDs through an optical emission filter. These
images were analysed by an image processing software, detecting potential infectious
diseases. The software provides a result in few seconds allowing the user to share the
data of the measurement with an expert or store them in a cloud database. Figure 2.19
illustrates analytically the steps of infectious diseases detection using smartphone’s pro-
cessing power and the internal camera. The platform provides rapid results with limit

of detection close to laboratory methods keeping the cost of the device low.

1. Sample
Collection

2. Lysis and Reagent
Mixing Chambers

3. Amplification Chambers

4. Insert Card
and Cell Phone

5. Incubate the complete RT-LAMP
reaction mix in heated amplification
chambers

heating element

Figure 2.19: A simple schematic diagram of Smartphone-based instrument for
infectious pathogens detection (80).
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In 2018, Orth et al. (81) presented a smartphone-based dual-mode microscopy using the
in-built smartphone’s flash and ambient light. This work shows a 3D printed microscope
that allows the capturing of bright and dark pictures without requiring an external light
source (flash). The geometry of the 3D-printed device has been designed allowing the
ambient light to illuminate the sample and creating diffuse transmission illumination
using an internal refection. This geometry allows to observe sample (cells in media etc.)
with refractive index contrast or low absorption fact that prevents the sample from being

detected under a light field operation.

In Figure 2.20, a novel 3D-printed microscope is presented. The microscope uses internal
illumination tunnels without requiring an external LED or electrical connection with a
smartphone. Camera’s flash is transmitted through a tunnel (blue arrows Figure 2.20A-
C) and is reflected on the illusion backstop (gold in Figure 2.20A,D). Then the light is

transmitted back to smartphone’s camera via the sample and the objective lens (green

arrows Figure 2.20A-C).

Figure 2.20: A 3D-printed microscope. A) An internal view of the illumination
tunnel, B) A cross-section view of the illumination tunnel (external of the mi-
croscope), C) A cross-section view of the illumination tunnel (internal of the
microscope) and D) The entire 3D-printed microscope (81).
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Figure 2.21 shows the different steps of the smartphone microscope implementation.
The objective lens is inserted and fitted into the friction-fit recess. The smartphone is
placed into the microscope verifying that the camera is fitted over the objective lens.
Furthermore, the sample slide is placed on microscope under the objective lens (Fig-

ure 2.21E). Finally, the smartphone’s camera mode is activated having enabled the flash.
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Figure 2.21F presents an image of Lilium with scale bar 1mm (scale bar of magnified

image is 50 um).

Ne=r=

Figure 2.21: A 3D-printed microscope and smartphone assembly. A) Insert the
objective lens into the microscope, B) Place the objective lens further into the
recess, C) Verify the objective lens is pushed into friction-fit recess, D) Squeeze
the microscope, E) Insert the smartphone and the sample into the microscope
and F) Observe the captured image using the flash mode of the smartphone’s
camera (81).

This work shows a simple microscope device that exploits the advantage of the integrated
illumination due to microscope’s design. The cost of the device is kept low due to low
cost 3D-printing material and the fact that no external LEDs are required. The 3D-
printed microscope can be used in various applications such as detection zooplankton and
visualization of cell nuclei in unlabelled cells. However, different positions of the camera
depending on where is placed on a smartphone or multi-cameras on new smartphones,

could cause problems between the alignment of the camera and the objective lens.

Zeng et al. (82) demonstrated a PoC smartphone-based Raman analyser with paper-
based surface-enhanced Raman spectroscopy (SERS). This investigation proposes a ny-
lon paper-based SERS chip, which has been created by absorbed silver nanoparticles
within the microporous structure of a membrane. The membrane can be cut in small
pieces and be stuck on a glass slide (see Figure 2.22A). The nylon membrane could also
be used to detect specific molecules. Furthermore, the device consists of a smartphone-
based Raman analyzer (CloudMinds Inc.) using a laser of 785 nm (100 mW and acqui-
sition time 10 sec). Figure 2.22B shows the SERS chip placed into the Raman analyzer,
which is connected to a smartphone. The data are presented in real-time through an
App. The device has been used detecting different concentrations of Rhodamine 6G
(RH6G), crystal violet and malachite green (MG). The measurements of each experi-
ments was repeated 10 times. The LoD is 10 pmol for both crystal violet (standard
deviation 5%) and MG, and 1 pmol for RH6G (standard deviation 11%).
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Figure 2.22: A) SERS chip on glass surface and B) SERS detection with the
smartphone-based Raman analyzer (82).

POC diagnostic devices attract the interest of companies that are investing in them.
These companies produce low cost devices that informs the patient primarily for their
health status. For instance, iHealth features devices as glucose meters ($17), blood
pressure monitors ($80), wireless scales ($70) and fitness (870) (see Figure 2.23) (83).
The products can be connected with a smartphone (android or iPhone) through Blue-
tooth protocol or jack connector. iHealth provides a specific mobile application for each
product allowing to store the data in a history file. Because of the previous, it can be

observed that there is a general interest to invest in an modern health system based on

the devices that are common used (smartphones).

A)

Health

Figure 2.23: Smartphone-aided Health Care Products: A) Blood pressure mon-
itor, B) Wireless scale, C) Glucose meter and D) Fitness (83).






Chapter 3

Smartphone-aided

bio-instrumentation platform

3.1 Design of PCB implementation

This work demonstrates the capability of a portable bioinstrumentation board that
receives amperometric signals from our PCB-based sensors. The signal is then digitised
and relayed to a smartphone by standard serial protocol. The board is powered by the
smartphone and a bespoke App processes received data to display signals in real-time
over a graphical interface. Data can be stored in internal smartphone memory allowing
the user to send or share data with other users or clinical staff. As such, this system
lends itself favourably to the generation of sub-clinical prognostic metadata that could
be evinced through App communication with a central database. The board covers a
wide range of the input signal (from -2.5 mA to +2.5 mA) with adequate resolution, it
is lightweight and portable, and the App can run on any modern Android smartphone

(version 5.0 or later).

The fabricated bio-instrumentation board needs to have certain properties, in order
to fully comply with the requirements of the “eELISA” technique and smartphone in-
tegration. It needs to have relatively small footprint to miniaturise the size of the
board, minute power demands (less than 80mA) and be able to read electrochemical
data accurately and in a low-noise manner (see section 4.1) (73). Taking the above into
consideration, a careful selection of off-the-shelf components has been made. The ana-
logue front-end of the board features eight low-noise amplifiers (low input voltage noise
9nV/vHz) (LMP7704) configured in a standard TIA topology, coupled to low-leakage,
small Rppn resistance switch ICs, able to provide four distinct amperometric sensing
ranges. A fully-differential, eight channel, 16-bit resolution voltage-input ADC has been

employed for the digitisation of the converted current values received from the analogue
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front-end. The ADC operates with a bipolar power supply (+2.5V) allowing the detec-
tion of both reduction and oxidation currents of electrochemical reactions. The digitised
data are subsequently been sent to a USB-to-UART interface chip (FT232R) and then
to the coupled smartphone device. Finally, for the appropriate biasing of the PCB-based
amperometric sensors, a 12-bit DAC (AD5724) has been employed, connected to stan-
dard three-electrode potentiostat circuitry. The components of the current version board
were chosen in order to cover any possible range of measurements (over-engineered) ac-
cording to the literature due to the unknown electrical characteristics of the biosensor

depending on its structure (topology, geometry and material) (73).

The current thesis used the same amperometric topology (TTA), with Papadimitriou
electronic’s board (73), to detect the current signal from the electrochemical reaction.
However, this work improved the system including switches fact that increased the reso-
lution from 122nA to 122 pA. This change allows to detect the small differences among
the concentrations. For instance, several electrochemical reactions on section 4.3 shows
that the step between low concentrations is close to 50nA -100nA. This small step can-
not be detected using 122nA resolution. In addition, this electronic platform is designed
to be powered by a smartphone (portable). It does not need an external power sup-
ply as the aforementioned Papadimitriou board. A simplified schematic diagram of the
proposed circuit architecture can be found in Figure 3.1. The fabricated 4-layer PCB is
shown in Figure 3.2.

PCB-Based
Amperometric
Sensor

Channel 1
°

VREF

2

o Serial
omm.

Real-Time Plotting
& Data Logging

Figure 3.1: A simplified schematic diagram of the fabricated bioinstrumentation
board that interfaces with the PCB-based sensor.
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Figure 3.2: The smartphone-aided “eFLISA” bioinstrumentation board.

Using a 32MHz ATxmega microcontroller, the system is able to constantly monitor the
current ranges of the electrochemical reaction and “select” the optimum detection range
by activating appropriate switch ICs, which employ optimal value feedback resistors
to the TTA setup. All 8 current input channels are fully independent, therefore, they
can read multiple reaction currents simultaneously from different sensors, operating at
different ranges. In addition, the board offers the option to the user to perform a cyclic
voltammetry (CV) calibration before every measurement, if necessary, by sweeping the
voltage of the on-board DAC from positive (4+2.5V) to negative values (-2.5V) and vice

versa. A summary of the board characteristics can be found in the inclusive Table 3.1

Table 3.1: Bio-instrumentation Board’s Characteristics

Input current range (mA) £2.5
Min. current resolution (pA) 122
ADC range (V) +2.5
ADC resolution (bit) 16
ADC sample rate (kSPS) 0.125-8
DAC resolution (bit) 12
DAC output settling time (us) 10 typ.
Board dimensions (mm) 84 x 93
PCB-sensing platform dimensions (mm) 40 x 90
DSP unit ATxmegal28A1 - 32MHz
Total current consumption (mA) ~ 80

Power supply 5V (Battery or USB)
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The board was designed in order to also be connected and send the data to a smart-
phone through a standard 3.5 mm audio Jack connector converting the digital signals
to analogue and following the Frequency Shift keying (FSK) protocol (84). FSK pro-
tocol works converting the digital data to sine waves with discrete frequencies. The
internal DAC of the pC has already programmed to send sine waves with constant am-
plitude and different frequencies (up to 10 kHz) that depend on the digital data (0 or
1). The analogue signal from the internal DAC has tested using an oscilloscope to verify
that the communication between the board and a smartphone will work properly. This
connection allows to exploit smartphone’s capabilities without the need to change the
hardware. However, the small amount of power that the board can harvest from a smart-
phone to powered up without external power source, does not allow this connection for

higher-power systems.

3.1.1 Layout of board

Figure 3.3 shows the top layer of the board, which was designed in Altium professional
designer and how the components were connected to each other. The board uses the
above components for the aforementioned reasons and for proper system operation. In
this layer we can observe the USB, Program / Debug Interface (PDI), UFL (Input /
Output connectors) and JACK connectors, DDC 118, uC, ADS 1198, switches, regula-
tors and inverters. At the right side of the Figure there are 8 UFL connectors (U1l -
U14, U25 — U28) that are connected to the ADS 1198 through switches and amplifiers
converting the current signal to voltage one. Furthermore, at the top side of the Fig-
ure, the connectors U34 — U41 are used as input for the DDC 118 without needing any
conversion. Finally, there are 16 extra UFL connectors in this layer, which are used as

reference and counter electrode for the biological experiments.

The other side of the board is consisted of through holes via, UFL connectors as counter
and reference electrodes, capacitors and resistors (see Figure 3.4). Furthermore, in this
side there are test points that are used to confirm the correct communication of the pC
with the DDC 118 and the ADS 1198.
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3.2 Android-based App

The bio-instrumentation board digitise the sensor’s signal relaying to a smartphone
device. The smartphone device receives the digitised data from the instrumentation
board through a USB port using a Serial interface and then displayed the processed data
through an App. The data are monitored in real-time presenting the actual measurement
of the sensor. In the beginning, IOS was chosen using the Xcode platform. 10S requires
to be an Apple Developer member handling confidential information of Apple devices,
increasing the complexity of the App. On the other side, Android Studio is an open-
source platform providing examples and scripts that are open for everyone. For this
reason, the App was decided to be built on Android Studio. The App can be installed
in any android based smartphones that use version 5.0 or later. Figure 3.5 shows two
snapshots of the designed App for the smartphone-aided “eELISA”. On the left side, the
welcoming screen can be seen, where the user can add and store personal identification
details creating a file with the personal information and the recorded measurements. The
right side illustrates a snapshot of a real-time electrochemical measurement. The App
allows the storage of biochemical data on the device’s internal or external memory, once
measurement is complete. In addition, the App offers the flexibility to the user of sharing
the measurements with private doctors or clinical experts. Once the measurement is
complete, according to the measurement’s value, the App suggests to the user if the
data should be shared with the clinical expert or not. The app does not provide the
probability of suffering by TB. It shares the measurement with an expert and shows the
detected concentration to the patient. Finally, the current version is only in English and
does not detect the location of the user.

Aeroplane mode A 77% ) 10:34

Electrochemical Measurement

2017
Wed, 12 Apr

User: Insert your name

80

60

ID Number Insert your ID Number \

40

Average of previous measurements: -- (pg/mL) ﬁ

20
NEXT H

10 100

Time (sec)

Figure 3.5: Two snapshots of the designed Android-based App. On the left, the
welcoming screen can be seen, while on the right a snapshot of a real-time NaCl
measurement can be found.
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3.3 PCB-Based Sensing Platform

3.3.1 Commercial manufacturing PCB-Based Sensing Platform

The sensing platform was designed by Prodromakis group and manufactured by PCB
manufacturing company (Newbury) (18). This platform consists of working, counter
and reference electrodes embedded at the PCB surface during standard manufacturing
processes. Working and counter electrodes are gold while the silver reference electrode is
converted to Ag|AgCl by treatment with 30% Sodium Hypochlorite, ensuring its stability
throughout the presented experiments (see Figure 3.6A). The PCB-based biosensing
platform consists of 3 working electrodes having square geometry (1 mm x 1.3 mm).
For this analysis a PMMA mould is used to cover the sensing area, while PDMS is
poured onto the PCB to produce fluidic wells. A PMMA cover encloses the system
to generate an amperometric sensing cell. Sample is introduced into the sensing well
through a syringe and remained in the cell until the amperometric measurement is
completed. A laser cutter (Epilog Laser) was used to create fluidic wells on PMMA.
Different values of power or speed created a wider or narrower channel of fluid well. The
optimal parameters to create a 1.3 mm x 8 mm fluidic well on PMMA (3 mm width) are
1200 dpi, vector speed 15% and vector power 20%. Three alternative working electrode
positions are included to improve performance across a wide range reporter component
concentrations. Figure 3.6B shows the bottom side of the commercial manufacturing
sensor that includes UFL connectors in order to transfer the converted biological signal
to the bio-instrumentation board. The whole assembly is clamped within an aluminium

frame (see Figure 3.6C).

The geometry and the size of the commercial manufacturing PCB-based biosensing
platform is not appropriate for high sensitive systems and integration with microfluidics
due to the dimensions of the electrodes. According to the literature, some parameters
of the electrodes as the size, geometry, surface structure and material, play main role in
electrochemistry. Microscale electrodes allow to measure in pico to micro current ranges
(pA - pA) with rapidly response in applied potential changes increasing the sensitivity
of detection in ultralow concentrations (74). Most importantly, the total volume sample
and the time of the measurement that the above sensor’s design requires, are 200 pl and
2 minutes, respectively. As it will be discussed later, the values of theses parameters are

significantly reduced minimizing the size of the sensor.
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Figure 3.6: The proposed PCB-based sensing platform. A) The top view of the
sensor with its three electrodes, B) the bottom view of the sensor with its three
electrodes and C) the final assembly clamped within an aluminium frame.

3.3.2 Biosensors Geometries and Clean-room Fabrication technique

For the purpose of this thesis, in order to investigate the dependence between geome-
try and materials on their sensitivity, accuracy and precision, different biosensors were

designed.

Figure 3.7 shows several cleanroom mask designs with different sensing surface geome-
tries. The sizes of the new electrodes are significantly smaller than the previous ones
(320 pm - 900 pm width of microfluidic channel). These designs consist of two separate
masks, the first one containing the Reference Electrodes (RE) presented in grey, and the
Counter and Working Electrodes (CE and WE respectively), in green. The RE will be
fabricated with silver material. However, the WE and the CE will be fabricated using
gold material. These masks include several size and electrode distance combinations, by

keeping the same geometry, and designs with different geometries.

Figure 3.8 shows the different designed biosensor surfaces. The design in Figure 3.8E is
similar to the aforementioned commercial manufacturing sensing platform in terms of
the size and the distances among the electrodes expecting almost the same sensitivity.
Figure 3.8F keeps the same shape increasing the distance among the electrodes studying
how the distance of the electrode effects the electrochemical reactions. The rest of the
designs have been chosen having as criteria the uniformity of the counter electrode (left
electrode in each sensor) relatively to the working electrode (centre electrode in each

sensor).

Figure 3.8A is a commercial available amperometric technique-based sensor by DropSens

using the same design and size (85). The purpose is to investigate the accuracy and
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sensitivity of a commercial available sensor in the electrochemical reactions of this thesis.
The design in Figure 3.8D is the same as the previous one changing the size of the
counter electrode. The expected result of the sensor is to reduce the sensitivity, since
the counter electrode is much smaller than the working electrode, fact that made the
counter electrode unable to feed the working electrode with the electrons if requested.
In contrast to Figure 3.8A, in Figure 3.8C except the uniformity of the RE and CE with
respect to WE, this sensor keeps the sizes of the RE and CE same. This sensor allows
the analysis of how the size of the RE effects the measurements. Figure 3.8B shows
a sensor with uniform CE and RE relatively to the WE. In this sensor, according to
literature review, the size of the WE has been chosen to be smaller than the CE (74).
Counter electrode should be large enough to provide current to potentiostat keeping
maintain the RE-WE potential difference. Due to the uniformity of the design and
the ration between WE and CE, the sensor in Figure 3.8B was expected to have the
best sensitivity. Finally, an extra reason for choosing these designs is that they can be
fabricated commercially. The purpose is that the biosensor can be a commercial product

without needing facilities and tools of a clean-room laboratory.

imi i ipxl

Figure 3.7: Different Biosensors Geometries (mask size 70mm x 70mm).
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Figure 3.8: Different Biosensors Geometries (mm scale).

For the fabrication of electrodes on the FR-4 material, lift-off and wet-etching techniques
could be used. However, lift-off technique was chosen, since it is much safer than wet-
etching. Furthermore, wet-etching is not recommended for Au material due to the poor
adhesion of the resist masks (86). In the fabrication sensor, an FR-4 material is used
as substrate. The fabrication of the sensor’s electrodes consists of a series of different
steps. The main fabrication steps are photolithography, O2 plasma etching, deposition
and the lift-off process(see Figure 3.9).

¢ Preparation of wafers

The fabrication procedure starts with the cleaning of the FR-4 substrate’s surface. The
FR-4 wafer should be cleaned using acetone and the isopropanol removing all the dust
and particles of the FR-4 surface. Then the wafer is baked into the oven (120 °C) for 10
minutes in order for the surface to dry (dehydration procedure). When these steps are

completed, the substrate (FR-4) is ready for the deposition steps.

e Photoresist deposition

The first step of the lift-off process is photoresist deposition (see Figure 3.9). The pho-
toresist, which is used for the needs of this fabrication process is the AZ 2070 (negative
photoresist). The UV light beam transfers the pattern of the mask to photoresist, keep-
ing the parts of the photoresist after the developing step, parts that were exposed to UV
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UV Light

AR/

Lithography mask

Au evaporation

AR

Lift-off
—

Figure 3.9: Lift-off precess steps.

light (negative photoresist). In contrast, positive photoresist can be dissolved by devel-
oper only in the area that UV light has been exposed. The uniformity of the AZ 2070
deposition is achieved by using the spinner instrument that allows the modification of
the thickness of the photoresist, changing specific parameters as the time and the speed
of the spinning. Spinner’s parameters modified using 3000rpm (revolution per minute)
for 30 seconds for film thickness 7 pm. This thickness of the film has been chosen as it
is significantly thicker than the metal (Au or Ag) deposition thickness (100 nm). This
difference between the photoresist film thickness and the metal deposition one, verify
that the photoresist film, in the final lift-off step, will be removed properly without the
removal of unwanted parts of the metal deposition. After the spinning step the wafer is
baked in the hotplate for 1 minute at 110 °C, drying the photoresist. Then the wafer
is ready for the photolithography step transferring the mask’s pattern to the wafer’s

surface.

¢ Optical lithography

In the photolithography step, a 5 inch maskholder is used as the substrate wafer is 4
inch. In Figure 3.7 with the green colour the fist mask that was used for the patterning
of the working and the counter electrodes can be detected. These electrodes are in the
same mask because they follow the same lithography steps with the same targets. The
lithography step was repeated over 10 times (using different FR-4 wafers), changing the
exposure time (5 sec to 10 sec) and contact modes (between the mask and the wafer)
in order to optimise the transferring of the mask’s pattern to the substrate’s surface.

During these experiments, it was observed that when the exposure time was close to
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5 sec or 10 sec the photoresist was removed less (under exposure-time) or more (over
exposure-time), respectively, comparing to design pattern. The transferred pattern on
the wafer was analysed through a microscope when the developer step ends. Finally, the
best exposure time is 8.5 sec. in hard contact mode (contact force 1,100 mbar). When
the lithography step ends the wafer is transferred to hotplate and is baked under the
same circumstances as above. Finally, the wafer is sinking into the developer (AZ 726
MIF) for 1 minute and then is washed well and blow dried with No gun. Figure 3.10
shows that the lithography pattern of WE and CE were transferred properly on the
wafer using the correct development-time (without distorting the designs due to over or

under development-time).

Figure 3.10: Photolithography pattern of Working and Counter electrodes.

e Deposition of Au electrodes

The following steps of the electrodes’ fabrication are the Os plasma etching and the
metal deposition. The O2 plasma etching is used to clear the deposition area from
any particles that remained from previous steps. Furthermore, hitting the FR-4 surface
with O plasma increases the roughness on the substrate’s surface, a fact that helps the
metal stick better on the substrate. There are two deposition techniques; the evaporation
and the sputtering technique. Each technique provides advantages and disadvantages,
relevant to the energy of atoms, grain size and adhesion (87). As the minimum feature
size of these electrodes are few decades of um, the resolution that is required appears
to be less than the resolution both techniques provide. Both techniques have been used
for electrodes fabrication providing the same uniformity and thickness. However, most
of the times, for the Au deposition the AJA Orion Sputtering instrument was used for
reasons of instrument’s and Au target’s availability. According to literature review, an
adhesive layer of Cr (10 nm) was used between the substrate and the Au deposition film
(100nm) (88). For both Cr and Au targets the deposition rate was 0.1nm/sec.
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e Lift-off process

Finally the wafer consists of the substrate (FR-4), the area of the photoresist that is
exposed to UV light and the metal layer. The final step is to remove the photoresist
keeping only the area of the metal layer, which is attached to the surface and form the

electrodes pattern (Lift-off process). The wafer with the metal layer is sank into the
N-Methyl-2-pyrrolidone (NMP, C5HgNO) compound for 4 hours.

e Ag deposition steps

The same steps that were followed for the gold electrodes deposition was also followed
for the deposition of the Ag electrode (photoresist deposition, hotplate, photolithogra-
phy, development, Sputtering and Lift-off). In Figure 3.7 the second mask for the Ag
electrodes with grey colour is presented. This mask was aligned with the previous elec-
trodes using alignment marks (crosses in different sizes). The alignment marks of the
masks were designed in order to provide the option of depositing Au or Ag as the first
step. The thickness of the Ag layer is 100 nm keeping the Cr (10 nm) as adhesive layer
(89; 90; 91). The sizes of the electrodes in Figure 3.10 and Figure 3.11 are the same
as they are presented in Figure 3.8. Figure 3.11 shows the final step of three different
sensor’s designs. Each sensor consists of two Au electrodes (working and counter) and

one Ag electrode (reference).

Figure 3.11: Fabrication of different sensor’s designs.
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e Electroplating

Finally, the electrodes have been fabricated with thickness close to 110 nm. However,
the biological measurements require thicker electrodes as the electrochemical reaction
has a clear affect on the electrodes surface. This reaction could either remove the
metal electrodes or dissolve them. On the other hand, thicker electrodes can withstand
longer in these phenomena. As the direct metal deposition (few pm thickness) is quite
expensive through the evaporation or sputtering techniques (especially for Au metal), the
electroplating technique was preferred. In both Au and Ag electroplating depositions,
the FR-4 wafer (cathode) and a titanium anode coated with 2.5 yum of Pt were sank in
gold and silver plating solution, respectively. The wafer and the anode net are placed
in parallel into the solution increasing the uniformity of the deposition. Furthermore,
a commercial reference electrode was sank into the solution among the aforementioned
anode and cathode. Figure 3.12 shows the setup of the electroplating process. For
the needs of this process a commercial potentiostat (PalmSens) was used, providing a
constant current between the working and the counter wires (92). The working wire of
the potentiostat (red) was connected to the anode, the counter to the cathode (black) and
the reference wire to the reference electrode (blue). The range of the provided current
varies depending in the deposition area and rate. Both masks of Au and Ag lithography
step, have designed in order to connect the electrodes with a pad. This connection
is necessary for the electroplating step as all the electrodes should characterised by
the same potential. The potentiostat provides current to the area that has the same
potential with the cathode’s pad. Once the electroplating step ends, the connectivity
between the counter and the working electrodes (Au electrodes) is interrupted as the

electrodes should be independent for the biological measurements.

¢ Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is a simple precise contact measurement technique,
which allows the possibility of reaching an atomic resolution. This atomic level resolution
was the fact that the AFM became an important tool, especially in Nanotechnology
(93). In this thesis, an AFM (Multimode Nanoscopoe V, Veeco) was used, providing
information about the surface topology of the FR-4 surface. The area of the sample that
was scanned and captured was 60pum x 60um) (512 scanning lines, 0.6 Hz scanning rate).
Furthermore, an Al-coated Tap300 Al-G tip was used measuring the surface’s topology
(resonance frequency 204-497 Hz, force constant 10-130 N/m). The measured topology
of the area close to the electrode’s surface, provides information about the thickness
of the electrode after the electroplating step. The thickness of the electrode after the
electroplating were measured twice in different wafers. Figure 3.13A and Figure 3.13B
illustrate that the step between the FR-4 surface and the electrode surface is almost

2.5um (AFM images were processed by Gwydditioin software). This slight divergence
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Figure 3.12: Electroplating setup.

of the two measurements could be attributed to the purity of the plating solution or
to the contact between the electrodes of the potentiostat and the wafer. Furthermore,
the roughness at the beginning of the sample could be due to its movement during the
electroplating. This thickness verifies that in the previous electroplating steps, there

was Au and Ag deposition on Au and Ag electrodes, respectively.

2.4 um

0.0 pm

Figure 3.13: AFM height image of an Au electro-deposited on FR-4 substrate
with thickness almost 2.5 pym.
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¢ Final assembly of PCB-based sensing platform

The fabricated sensing platform is a single layer PCB with Au and Ag/AgCl plated
electrodes. On the top side of the sensor’s surface, there is PMMA laser-micromachined
channel comprising of inlet and outlet holes in order to form fluidic. Sample was intro-
duced through a hole in the PMMA cover and removed through another hole integrated
after the sensing area. The flow rate of the sample was constantly 15 ul//min and intro-
duced through a syringe pump (94). The idea was to create a microfluidic channel on the
top of the sensor surface via PMMA. The same laser cutter (Epilog Laser) was used to
create the microfluidic channel, an inlet and an outlet, as in the commercial sensor (see
Figure 3.6). Epilog Engraver was used to design the pattern of the microchannels and
the inlet/outlet on the PMMA surface. Both commercial and fabricated sensors used the
same parameters for the patterning. Various parameters were used to properly transfer
the pattern to PMMA. Parameter changes could cause the channel to leak. In addition,
if the channel is too narrow, it would only be possible to use only part of the sensor.
The optimal parameters are 1200 dpi, raster speed 50%, raster power 20%, vector speed
15% and vector power 20%. Figure 3.14 shows the PCB-based sensor consisting of three
electrodes and the fluidic channel for the solution flow. The PCB-based sensor is the
only disposable part of the bio-instrumentation platform. However, as shown in the next
chapter, the same PCB-based sensor was used several times and purified with PBS after

each use.

Figure 3.14: PCB-based sensing platform.



Chapter 4

Characterisation and

Experimental measurements

4.1 Electronic Board Characterisation

Evans et al. and Papadimitriou et al. present an electronic board instrumentation that
can cover a wide range of measurement (£2.5mA) keeping the range and the resolution
of the measurements constant (16; 73). However, relevant researches show that the
range of electrochemical reactions, as HoOs and IFN-vy amperometric reactions, are
few pA (14; 95). At these ranges a low resolution (few nA or lower) is required to
detect accurately low concentration samples. The constant resolution is a limitation for

detecting low concentration samples and for reaching LoD.

The electronic instrumentation platform of this thesis has been designed and programmed
to read the current input signal and adapt the range, in real-time, optimizing the resolu-
tion. For initial electronic characterisation of the instrument, a high-precision Keithley
6221 AC/DC current source has been used. Primarily, the limits of each current sensing
range have been investigated. Although, Table 4.1 provides the theoretical read-out
limits of the instrument based on the ADC’s capabilities (Vges/(2!° — 1)), it was vital
to identify the actual limitations of the device. Adequate resolution is an important
board’s feature, therefore, in Figure 4.1, low current measurements have been recorded,
using the 4" range of the board (R4=1M®Q). Step changes of 500pA and InA have been
used on a 100nA baseline DC signal. These step changes correspond to a resolution of
0.5% and 1% of the base signal, respectively. The recorded signals demonstrate clear
distinction between each step. In addition, this instrumentation performs a current
sweep experiment. The current source has been programmed to generate discrete steps
from 10nA to 50pA, in an attempt to demonstrate in real-time the automatic detection
range algorithm of the board. This algorithm detects the input signal and automati-

cally changes the range, keeping the resolution high. The results are shown in Figure 4.2.

53
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Furthermore, compared to the aforementioned board instrumentation, the current board

can be actually portable without any external power supply needed.

Table 4.1: Summary of the characterisation experiments

Programmable Current Ranges

Current Range Resolution
R1=1KQ + 2.5mA 122nA
Ro=10K + 250uA 12.2nA
R3=100KQ + 25uA 1.22nA
R4=1MQ + 2.5 uA 122pA
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Figure 4.1: Investigation of the resolution properties of the instrument. The
graphs demonstrate adequate, visible readings with 500pA and 1nA step
changes.

The instrumentation board also consisted of an in-build potentiostat for the needs of the
biological measurements. Figure 4.3 shows the potentiostat’s changes of the provided
potential and the received input signals (by Keithley 6221 AC/DC current source). The
potentiostat has been tested receiving manually (see Figure 4.3A) or by default sine
current input signals (see Figure 4.3B) in several frequencies, while simultaneously the

potentiostat provides constantly different potentials in real-time.

Finally, Moschou et al. shows an PCB-based IFN-vy immunosensor with amperometric
detection using a commercial electronic PCB platform. Compared to this thesis’ instru-
mentation board, the commercial PCB-based platform is disadvantaged because it needs

an external power supply and is expensive for POC diagnostic devices (14).
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Figure 4.2: Automatic adaptation of the instrument’s current reading range, as
the input current increases from 10nA - 50uA.
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Figure 4.3: Potentiostat characterisation: A) Manual current input and B)
Standard sine wave.

4.2 Cyclic Voltammetry

Cyclic Voltammetry is used to provide information about the sensor’s surface, estimat-
ing the electroactive surface’s area on gold electrodes. Potessium Fericyanide compound
is indicated for the study of an electrochemically reversible redox system. Figure 4.4
illustrates the CV of the Potassium Ferricyanide solution (6.4 mM) with voltage sweeps
from 40.1 V to +0.5 V (scan rate 0.05 V/s). The figure shows the peaks of the oxi-
dase/reduction current in reversible reaction. This reversibility of the reaction allows the
disclosure of information relevant to the sensor’s behaviour. Furthermore, there seems
to be no shift of the peak potential after 10 repeats of the Potassium Ferricyanide CV.
Fact that proves the sensor could be used for several measurements as the electrochem-

ically active area of the sensor behaves properly. In this electrochemical reaction as in
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the following reactions, the sensor in Figure 3.8B was used.
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Figure 4.4: Cyclic Voltammetry of gold electrodes in Ferricyanide solution.

Figure 4.5 presents the CV of of 6.4 mM H3O3 in different scan rates. The figure shows
that the increase of the scan rate of the measurement increases the total current too. In
a low scan rate measurement, the diffusion layer will grow further than in a high scan
rate, a fact that reduces the flux to the electrode’s surface (96). In Figure 4.5, for each

scan rate, the experiment was implemented 10 times.

Figure 4.6 illustrates the CV of HyO4 in different concentrations keeping the scan rate
constant (0.05 V/sec) in a log2 dilution scheme. This figure presents that the peak
current is proportional to solution’s concentration as it is expected by Randles-Sevcik
equation (see equation 2.5). The range of the concentrations is 0.4 mM to 12.8 mM

observing higher current as the concentration increases.

The active area of the electrode was calculated and verified through the equation 2.6,
exploiting information of the above electrochemical reaction (see Figure 4.4). In this
experiment, 6.4 * 1075 mol/cm? and 0.05 V/s were used for the concentration of the
solution and the scan rate of the measurement, respectively. In addition, the current of
the reaction (i,) was measured 10~* A. Relevant research shows that cyclic voltammetry
of Ferricyanide reaction uses one electron transferred (n) and diffusion coefficient equal
with 7.25 1075 cm? /s (97). According to the equation 2.6 and the above parameters, the
area of the electrode that occurs on the reaction was calculated 0.0963 cm? (9.63 mm?).
However, the theoretical value of area of the sensors slightly differs (9.4 mm?). The area
on Figure 3.7 was calculated by Autocad designer using only 2 dimensions. This small
variation should be due to the fact that the equation calculates the actual electroactive
surface of the fabricated sensor (3D) instead of the theoretical area provided by the
Autocad.
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Figure 4.5: Cyclic Voltammetry of 6.4 mM HsOs in different scan
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Figure 4.6: Cyclic Voltammetry of different concentrations of HaOs.
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4.3 Biological Measurements

NaCl Measurements

NaCl concentration was assayed amperometrically across a range of concentrations to
complement data showing bio-instrumentation processing of artificially generated sig-
nals. In this experiment, a wide range of NaCl electrochemical reaction attempted to be
covered by randomly selecting 500mM as a high concentration in order to investigate how
the amperometric sensor behaves in this reaction. A 500mM NaCl solution was diluted
across ten samples in a logs dilution scheme. Samples were introduced to the sensor of
Figure 3.6 via the upper port and cleared from the system through a trans-PCB via.
We observed linear relationships between NaCl concentration and current magnitude
for high and low salt concentration schemes (see Figure 4.7). It could be argued that
when viewed together the data suggests an exponential relationship. The linearity of a
sensor usually is preferred because of its mathematical simplicity. However, nowadays
the Digital Signal Processing (DSP) and the microprocessors allow to calculate more
complicate responses of the sensors as an exponential response. The repeatability and
the stability of the sensor are more important parameters for the characterisation of the
sensor. These parameters will be studied further below by presenting experiments with

repeated measurements.
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Figure 4.7: Amperometric measurement of NaCl concentrations (high and low)
with the fabricated board. The system exhibits high degree of linearity with
coefficients of determination (R?) equal to 0.9883 and 0.9950 for the high and
low NaCl concentration measurements, respectively (OPC voltage: -600mV).
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H>05; Measurements

Many colorimetric detection systems employ a TMB substrate converted to a di-imine
product by the HRP enzyme. HRP is conjugated to detect antibodies and is thus
proportional to target biomarker concentrations in immunochemical assay systems. In
the enzymatic conversion of TMB, HRP consumes H2O2, so in excess substrate HoO9
concentrations are also proportional to those of the target biomarker. Using the elec-
trochemical cell and fluidics described previously, we demonstrate amperometric signal
magnitude proportional to titrated HoOs concentrations. HoOo was diluted in 10mM
HEPES buffer from a top concentration of 10mM across six points in a logy scheme
(6.4mM H5O4 highest concentration). Amperometric assessment returns a broadly lin-
ear relationship between HyOs concentration and measured current, as shown in Fig-
ure 4.8. These amperometric measurements show that the sensitivity of the commercial
fabricated sensor is close to 236 nA/mM. Furthermore, the HyO2 measurement was
repeated using the fabricated sensor providing similar linearity between the solution’s
concentration and the measured current, as the commercial sensor (see Figure 4.9). The
sensitivity of this fabricated sensor is 173.1 nA/mM. However, the linearity of the mea-
sured data was increased further when the Open Circuit (OPC) voltage changed from
-600 mV to -800 mV (see Figure 4.10) keeping the sensitivity almost the same 172.5
nA/mM. According to cyclic voltammetry of the HoO9 in 50 mV /s (see Figure 4.6), the
curves show almost constant current in the potential close to -800 mV instead to -600
mV. The variation of the current close to -600 mV OPC voltage effects to the precision of
the measurement. Although commercial sensor measurements (sensitivity 236 nA/mM)
show better sensitivity than the fabricated sensor (172.5 nA/mM), nevertheless the fab-
ricated sensor reached lower LoD (commercial sensor: 0.7 mM and fabricated sensor:
0.3 mM). The electrochemical reactions on Figures 4.8 to 4.10 were performed using 8
replicates of the same sensor (Figure 3.8B) for each experiment. The same fabricated
sensing platform was used for HRP and TMB concentrations, which are presented in

the following sections.
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Figure 4.8: Amperometric measurement of HoOs concentrations, using the com-
mercial PCB-based sensor of Figure 3.6. The system exhibits high degree of
linearity with coefficient of determination (R?) equal to 0.9953 (OPC voltage:
-600mV).

® Seriesl
== ==H202 concentration

R?=0.94552

o
%

Current (pLA)
\
F\—i
\
\
\

o
[
N
w
~
)]
o))
~

[H202](mM)

Figure 4.9: Amperometric measurement of HoOs concentrations, using the fab-
ricated PCB-based sensor of Figure 3.14. Again, the system exhibits high degree
of linearity with coefficient of determination (R?) equal to 0.94552 (OPC volt-
age: -600mV).
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Figure 4.10: Amperometric measurement of HoOs concentrations, using the
fabricated PCB-based sensor of Figure 3.14. The system shows a further in-
crease in linearity with coefficient of determination (R?) equal to 0.98875 (OPC
voltage: -800mV).

The same electrochemical experiment was repeated in sensing platforms with different
geometries using the same highest concentration (logs scheme) and OPC (-800mV). In
section 3.3.2 was described the expected response of each design. Figure4.11 presents
how the different designs effect the amperometric measurements. On Figures 4.11A /B,
an amperometric measurement of a commercially design sensor and a sensor design with
symmetrical RE and CE are presented. The sensors show similar sensitivity (A:131.1
nA/mM and B:123.7 nA/mM) to the above measurements; however, due to the high
standard deviation, the samples concentration steps are not distinguished for both sen-
sors designs. As it can been observed on Figure 3.8, the amperometric measurement
on Figure 3.8C design (see Figure4.11B) shows better linearity (0.9726) comparing to
the others. Figure4.11C presents a distinguished steps for low concentrations; however,
tends to be saturated at high concentrations (sensitivity 71.2 nA/mM). This may be
due to the small size of the CE relative to the WE (see Figure 3.8D). Finally the last
measurements used similar designs, differing only in the distance of the electrodes. Both
sensors cannot detect the low concentrations (sensitivities D: 94.7 nA/mM and E:103.2
nA/mM). Especially, Figure 3.8E shows that the sensor is not able to detect different
concentration at the range 1,5mM - 4mM. The sensitivities of these graphs were calcu-
lated choosing the linear parts from each curve, found the slop for each part and then the
average value (98). The measurements on Figure 3.8 were performed using 8 replicates

of the each sensor.
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Figure 4.11: Amperometric measurement of HoOo concentrations, using dif-
ferent biosensors geometries of the fabricated PCB-based sensors of Fig-
ure 3.8(OPC voltage: -800mV): A)Figure 3.8A, B)Figure 3.8C, C)Figure 3.8D,
D)Figure 3.8E and E)Figure 3.8F.

The total volume sample and the time for each of the aforementioned measurements

are 15 pl and 60 seconds. These parameters are significant lower than the commercial

manufactured sensing platform (200 pl/ and 2 minutes).
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HRP Measurements

Overall, this thesis is targeted on the measurements of concentrations of different bio-
logical samples (HRP and TMB) on a PCB-based biosensor platform using the amper-
ometric technique and reducing the amount of sample (15 pl) and the detection time
(60 seconds). Furthermore, this bio-instrument platform could be also used for more
complicate ELISA-based targets as the IFN-v in a clinically relevant range (14 pg/ml).
An investigation conducted prior to this thesis measured a TMB product and IFN-+
concentrations (16). As a first step in this investigation, a simpler assay (TMB product)
was measured colorimetrically. The TMB assay was prepared adding 5 ul of HoO4 to a
TMB substrate (according to relevant guidelines, TMB tablet (Sigma-Aldritch T5525)
in 10 ml of de-ionized water), and 5 pl 1 mg/ml of HPR solution (R + D Biosystems).
However, following the aforementioned protocol, the colour of the sample did not change
properly, which means there was an incomplete (inadequate) biochemical reaction into
the solution (binding between the HRP and the TMB substrate). According to the pro-
tocol of the TMB substrate (Sigma-Aldritch T5525), the table has to be dissolved in a 1
ml of DMSO and a 9 ml of Phosphate Citrate Buffer (PBS) instead of 10 ml of de-ionised
water (a guide following the above relevant work). The TMB tablet was dissolved in
both a DI water and DMSO allowing an inter-comparison of these two protocols. The
solutions were next centrifuged in 16,000 RCF for 3 minutes. Figure 4.12A shows that
in DI water case, some particles of the tablet did not liquefied in contrast to DMSO
case (see also Figure 4.12B). Figure 4.13 demonstrates the TMB product solutions for
different HRP concentrations (TMB table dissolved in DMSO). The experiment was
repeated 8 times in different rows of standard 96-well plates (see Figure 4.14). HRP’s

maximum concentration is 1.25 pg/ml diluted in a logs dilution scheme.

Figure 4.12: TMB tablet dissolved in: A)DI water and B)DMSO.
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Figure 4.13: Colorimetric detection of HRP concentrations.

Figure 4.14: Biological plate including TMB and HRP solutions.

Figure 4.15 presents the comparison between the colorimetric (see Figure 4.13) and the
amperometric detection method of HRP measurements. The left Y-axis (orange) shows
the absorbance in 450 nm using the colorimetric method and how the colour of the
sample changes for different concentrations. In the other side of the Y-axis (blue) there
is an illustration of the results of the measurements (using amperometric method) and
is also depicted how the current varied from these HRP concentrations. According to
equation 2.3, the LoD of the colorimetric and the amperometric methods are 48.828
pg/ml and 97.65 pg/ml, respectively. Finally, both colorimetric and amperometric data

correlate well with HRP concentrations.
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Figure 4.15: Comparison of colorimetric and amperometric detection of HRP
concentrations.

TMB Measurements

TMB is a common reporter for ELISA colorimetric detection, thus, this detection sys-
tem is appropriate for the replacement of colorimetry in standard TMB-based diagnos-
tics. Figure 4.16A presents the typical Michaelis-Menten curve with TMB as substrate.
Michaelis-Menten curve shows the substrate concentration as function of the reaction
rate. As it can be observed in Figure 4.16A, increasing the concentration of the sub-
strate means an increase of the velocity of the reaction (6 repeats with the same sensor
(Figure 3.8B)). In addition, the curve provides information about the kinetic parameters
of the enzyme, as the Michaelis constant (/) and the maximum reaction rate (Vs )-
K is the concentration of the substrate, when the velocity reaches the half of the V4.
According to the graph, Michaelis constant was obtained 0.25 mM as the maximum ve-
locity is close to 2.5*%107®Msec™!. The measured TMB samples were prepared using
the aforementioned TMB tablet by Sigma (in a logs dilution scheme), with 1 mM Ho09
and 1 ng/ml of HRP. Figure 4.16B shows the Lineweaver-Burk plot of the enzymatic
reaction. Finally, the velocity curve was calculated from time-dependent absorbance

changes at 600 nm.

The same concentration and dilution steps of TMB substrate were repeated measuring
the response of the enzymatic reaction (HRP with TMB/H202) amperometrically. The
reaction that occurs between the TMB solution and the electrode is observed in Equation
4.1. The TMB substrate (mediator) contributes to the electrons transfer between the

enzyme and the electrode, as the direct carriage is not easy (99).
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Figure 4.16: Steady-state kinetic assay and catalytic mechanism of TMB.

TMByy +2H" +2e — TMB,.eq (4.1)

Figure 4.17 illustrates the electrochemical response of the enzymatic reaction. As it
is observed, when the sample flows on the sensor’s surface (0 sec.), a high current is
produced and then is sharply decreased providing a constant current. The graph shows
that by increasing the TMB concentration, a higher constant current is provided, fact
that is also verified by the equation 4.1. Furthermore, this Figure presents the fact that
when the solution passes on the sensor’s surface, takes about 10 seconds in order to
reach the constant value for each concentration. This time is significantly lower than

the colorimetric technique (15 minutes).

In Figure 4.18 the relationship of the TMB concentration is presented against the con-
stant current produced by each concentration (6 repeats with the same sensor (Fig-
ure 3.8B)). The graph shows that there is high linearity between the TMB concentrations
and the current with coefficient of determination (R?) equal to 0.96306. Furthermore,
the measurement presents high sensitivity 289.4 nA/mM and LoD 31.125 pM. These
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Figure 4.17: Current-time curve corresponding to TMB concentrations (31.25
uM - 1 mM).

results are encouraging enough and show that this bio-instrumentation platform can
also be used for more complicated ELISA-based experiments with the amperometric

technique reducing the time and the total amount of the sample.
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Figure 4.18: Amperometric detection of TMB concentrations (15.625 pM - 1

mM).
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IFN-v Measurements

As a next step, a commercial IFN-vy assay kit produced by R+D Biosystems (Human
IFN-y DuoSet ELISA) was used to measure different concentrations of IFN-v target.
This assay uses the sandwich ELISA method consisting of several steps (see Figure 4.19).
Following the protocol of the previous investigation, the experiments take place in stan-
dard 96-well plates using 100ul volumes based on a standard ELISA analysis. Fig-
ure 4.20 shows several repeats (different colours) of a IFN-+ target detection at 450 nm
absorbance using the Promega GloMax spectrometer. Figure 4.20A presents a small
absorbance range with optical density of about 0.2 using maximum concentration of
IFN-v 2,048 pg/ml. This range was due to the fact that the concentration of the detec-
tion antibody (220 ng/ml) was 4.5 times lower than the protocol’s suggestion (1 pg/ml)
which results into less bindings between the detection antibody and the assay target
(IFN-v). After several repetitive experiments, it is observed that the standard curve
reaches the linear portion, but it does not reach the saturation one. The protocol of the
DuoSet kit suggests as a maximum IFN-vy concentration of 1024 pg/ml. However, all
the experiment at Figure 4.20 have as highest concentration 2048 pg/ml except from the
results in Figure 4.20C, which have maximum at 4096 pg/ml (4 times higher than the
concentration in the DuoSet kit). The problem was overcome as at the TMB product
assay when the TMB tablet was dissolved in a DMSO solution. Finally, Figure 4.21
shows the standard curve of the colorimetric detection of the IFN-vy concentrations in a
logs dilution scheme (maximum concentration at 1024 pg/ml). Figure 4.21 presents the
curves of the IFN-v assay following the same protocol’s steps, yet dissolving the TMB
tablet in a DI water and DMSO. When the tablet was liquidated in DMSO, the curve
reached the saturation segment, in contrast to having the tablet liquidated in the DI
water, which reached only part of the linear portion of the standard curve. Further-
more, Figure 4.21 highlights the fact that the DMSO samples are more sensitive to the
DI water samples, especially in low IFN-v concentrations. Figure 4.21 experiment was
performed using 4 replicates of the same sensor (Figure 3.8B) for both DMSO and DI.
Finally, according to the clinical range of this target, which is 0.35 IU/ml (14 pg/ml),
the Limit of Detection and the high sensitivity in low concentrations of the IFN-vy are

important for diagnostic devices (100).
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Figure 4.19: Standard ELISA detection method.

A) T T T

02

0.18

To.16
c
@

Q01
®

n 012
<

o 01
o
[

2008
5

8006
<

0.04

0.02

0

10’ 102 10°
INF-+ Concentration (pg/ml)
C) 05

s o °
P =
& = &

b
w

o
o

Absorbance (OD at 450nm)
o o
& R

o

=
=
&

o

10! 10 10°
INF-+ Concentration (pg/ml)

10! 10? w?
INF-+ Concentration (pg/ml)

10 10? 10°
INF-+ Concentration (pg/ml)

=
° = ° o o
= > = = >

Absorbance (OD at 450nm)

S

O
=

Absorbance (OD at 450nm)
o © © o © o © o
v @ A o > N ® ©

o

o

Figure 4.20: Colorimetric measurements detecting different IFN-v concentra-

tions.



70 Chapter 4 Characterisation and Experimental measurements

<o e ot
EN o)} o

Absorbance (OD at 450nm)

o
[N

0 PR | n n n n PR | n n n n PR |
10’ 102 103
INF-. Concentration (pg/ml)

Figure 4.21: Colorimetric measurements detecting different IFN-v concentra-
tions dissolving TMB tablet in DMSO and DI.

4.4 Comparison with other relevant studies

In this thesis, a Lab-on-PCB platform for PoC diagnostic devices is demonstrated. The
platform consists of a PCB-based electronic board, microfluidics and amperometric
topology sensor. The platform was used to measure different concentrations of vari-
ous samples (such as NaCl, HyOy, HRP and TMB) and further to provide the real-time
results on a smartphone through an App. Similar investigations have been performed

based on the same approach (Lab-on-PCB platform).

In Evans et al. (15) the current range of the IFN-y measurement was 90 nA to 160
nA (2048 pg/ml to 40pg/ml IFN-v concentration, respectively). However, the demon-
strated data shows 10 nA signal different among the concentration range, when the ideal
resolution of this electronic platform is 122 nA (much higher than the signal different).
Furthermore, the TMB tablet was dissolved into 10 ml of deionised water instead of
DMSO (DMSO suggested by ”Sigma Aldrich” protocol), a fact that it does not allow
the TMB tablet to be properly dissolved (the tablet is only partially dissolved). The
current thesis platform outweighs the above platform due to higher signal resolution
(122 pA), smaller sample volume (15 pl instead of 200 ul), no need for a power supply

equipment (powered by a smartphone while monitoring the data in real-time), and a
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”Sigma Aldrich” protocol to properly dissolve the TMB tablet. Another similar ap-
proach by Moschou et al. shows a PCB-based platform for TB diagnosis that uses a
commercially available IFN-v assay. This approach demonstrates the limit of detection
of IFN-+ measurements using both colorimetric (LOD=28.22 pg/ml) and amperometric
techniques (LOD=126.75 pg/ml). The LOD of the amperometric technique is 5 times
higher than the colorimetric one, but this can be improved by minimizing the dimen-
sions of the sensor (74). Nevertheless, this project requires a lab equipment to read the
electronic signal that the PCB-sensor produces and lacks of microfluidic channels to set
a complete Lab-on-PCB application such as a PoC diagnostic device. In contrast, this
thesis presents a Lab-on-PCB platform that is independent of an external power supply
equipment and uses a PCB-based microfluidic channel, which is necessary for an IFN-~

PoC diagnostic device due to the various sample steps (ELISA protocol).

Nowadays, the most common commercially available TB diagnostic test is the Skin Test
(Mantoux). TST is an inexpensive diagnostic method to detect TB. A small amount of
tuberculin is injected intradermally to the lowest part of the patient’s arm. After 48 to
72 hours, the patient should visit again the clinician expert to check if a hard or swelling
area appears. In the case that the skin changed in that area, the clinician expert will
measure the size of that hard or swelling area (101). TST is the predominant method
for TB detection, since it does not require bulky lab equipment and is low cost (2£-5£
in India) (102). However, this method does not provide information about the type
of the TB disease (active or latent), is inaccurate (false positive and negative results)
(9; 103) and requires 3 days for the results. In contrast, IGRA method can provide the
result in 24 hours, has higher accuracy, is specified for latent TB and does not require a
second visit for the patient. Especially, this thesis addresses the limitations that other
IGRA applications have: 1) uses a portable Lab-on-PCB platform that consists of PCB-
based electronic, microfluidic and sensor instrumentations, and 2) uses an android based
smartphone (no external power supply or another bulky equipment). Furthermore, this

platform keeps the cost low due to the inexpensive PCB material.






Chapter 5

Conclusions and Future work

5.1 Overview and Contributions of the accomplished work

This thesis presents a portable diagnostic framework suitable for measurements of HyOa,
HRP and TMB concentrations, relevant to industry’s standard colorimetric assay proto-
cols. The connectivity of a smartphone with an electronic platform through the phone’s
USB port using a standard serial interface is demonstrated. The device is portable
and power overheads are easily satisfied with the use of a standard smartphone bat-
tery. Amperometric measurement capability is demonstrated in four distinct regions
between -2.5mA and +2.5mA. The electronic instrumentation platform is programmed
to identify in real-time the input signal and change the range optimizing the resolution
of the measurements (up to 122 pA). The associated App was designed to be easy-to-
use. The successful demonstration of amperometric sensing cells, signal digitisation and
processing via the bio-instrumentation platform, smartphone integration read-out, con-
firm the feasibility of a future fully integrated PoC diagnostic technology, including the
PCB-based microfluidics.

Furthermore, in this thesis, the fabrication and the characterisation of the PCB-based
electrochemical biosensors (see Figure 3.8) are performed. The purpose of these designs
is to study the effect of the size and shape of the electrode on accuracy and sensitivity.
The design shows the best performance with sensitivity 172.5 nA/mM and standard
deviation allowing the distinct detection of different concentrations (see Figure 3.8B).
This design uses a much bigger CE compared to WE, which allows the CE to provide
electrodes to WE, if this is needed. However, all the other designs use a CE that is
equal to or smaller than WE. These designs show significantly lower sensitivity (close to
100nA /nM) and higher standard deviation, which does not allow the concentration to

be accurately detected.

73
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The amperometric measurements of these designs show that minimizing the electrode
size and creating microfluidic channels on the top of the sensor’s surface results in in-
creased sensitivity of the sensor and measurement of lower concentrations. Furthermore,
the minimization of the sensor’s size reduces the total amount of the sample (15 pl) and

the total time of the measurement (60 sec.) of each measured sample.

In comparison to other relevant studies, this investigation presents a really portable bio
-instrumentation platform exploiting smartphone’s capabilities without requiring any ex-
ternal power supply. The ergonomic App allows to monitor, store and share in real-time
the data of the biological measurement. Furthermore, the electronic instrumentation
platform is designed and programmed to optimise the results of the measurements in-
creasing also the resolution. An automatic detection range algorithm is programmed
to recognise the input signal and automatically change the range keeping the resolution
high (from 122nA to 122pA). Finally, a PCB-based electrochemical biosensor is fabri-
cated and characterised. The uniformity of the design on the sensor’s electrodes as well
as the minimization of the sensor’s size increase the limit of detection of the measure-
ment reducing significantly the reaction time and the total amount of the sample. The
reduction of the sample’s volume and the detection time allows multiple measurements

in few minutes, affecting the optimization of the accuracy.

5.2 Future work, ideas and applications

The experimental results of HoO2, HRP and TMB concentrations encourage further
biological detections using the amperometric technique. The aforementioned platform
performs a high sensitivity on the enzymatic reaction results, fact that motivates for

further and more complicated ELISA-based enzymatic reactions.

In order to further improve the current platform, this thesis suggests the

following:

e This bio-instrumentation platform could be used on similar biological enzymatic
reactions, such as for TB disease, detecting different IFN-v concentrations. Ac-
cording to the standard commercial available colorimetric technique, the concen-

tration of the IFN-v into solution is proportional to the enzymatic reaction.

e Furthermore, the electronic instrumentation platform offers 8 independent inputs
allowing to detect 8 different or the same samples in parallel. This stimulation de-
tection could be used for further improvement of the accuracy of the measurement

(same sample), or for different samples reducing further the total detection time.
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In order to further extend the current platform by adding new features, this

thesis suggests the following:

e A future development could address a more complicated microfluidic design. This
microfluidic device could incubate all the solutions of an ELISA process including
also the wash steps. This design allows to run the whole process of an enzymatic

reaction in a single device without an external intervention.

e The same sophisticated design could be utilised using passive microfluidic channels.
This channels permit the solution to flow passively, without any requirement for

external forced energy.

e The App could be improved by adding different languages (given the App is in
developing countries) and requesting feedback at the end of the measurement for

further improvement.

Finally, relevant studies showed that PCB-based PoC diagnostic devices, provide simi-
lar results to the conventional commercial colorimetric techniques. This thesis further
enhances the capabilities of the PCB technology by combining the capabilities of a smart-
phone. The results of the biological measurements can be displayed on smartphone’s
screen through the App and exploit the aforementioned advantages of smartphone’s

potential.
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Publication record

Conference Contributions:

e “Towards a smartphone-aided electronic ELISA for real-time electrochemical mon-
itoring”, Nikolaos G. Pechlivanidis, K. I. Papadimitriou, D. Evans, N. Vasilakis
and T. Prodromakis, International Symposium on Circuits and Systems (ISCAS)
Conference, IEEE, Baltimore, MD, USA, 2017. (Oral presentation)
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Appendix B

Schematic of the

bioinstrumentation board

Schematic diagram illustrates the connections among electronic components in a unique
way. This connection could be presented used different schematic sheets declaring the
inputs/outputs of each schematic sheet (see Figure B.1, Figure B.2, Figure B.3, Fig-
ure B.4, Figure B.5, Figure B.6, Figure B.7).

Figure B.1: Schematic diagram of the TTAs (Input Channels 1-4).
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| B s v 7 . 5 v
Current Input Signal (Ch 5 & 6) -> Voltage Output Signal (Ch § & 6) Current Input Signal (Ch 7 & 8) -> Voltage Output Signal (Ch 7 & 8)
5 VD33 5 Vop33
R P RIS
2 L comr nar - N
W o) = W
L) 9 SRS 1 1000F = 1000F
4 oo 16 Tk
s e ot ] e |
Wy =
g ) CaqpuuE
el 5 el 5 —
LA . LA
i fot <SG L SWITCH 13
s . e
21 cow e Hi 2 cow ya Hi
m v W o T
cfjos 2 ot euienn] e = cyjors na fot mrE
£ e vee - Lo £ 6w vee -
S T
"
muas i —— ] et L Sy L[] Py
o f——— L—={m | S R — = [ — | —
" = T« 2 na L _J; a2 " | =3 T« o IND T« o4 I
i i . . m i I i i . or v, L i 1
I it v v v [ it i it it v v v [ it i
} woe e | , . T | .
o[ T we 1 o oo T T S K Y
mua [og - | o> muons [ - | Couma>
i e
s N N 26 N .
comn na cow e -
W o w o F—
capon il . cup oy ol
L) 9 k] 1000 L) 9 7
cow e Hir cow ye Hr
’_I_HKV_I o mo 01 o mo
caps e ot cops e et
y = « .
e capur
o ) wd s
A Nl A o
et NI fot
5 21 cows nex [ by 24 comz nex [
_I_HYV_I_‘ v mo _I_VKV_I_‘ vy mo
o e ot cytos |18
ik o2 ik o2 [
£ oo vee 4 o vee
S e
o o
Power Link
G D
28— ]
Vb33 | e
s wp.33
DIGGND (]_W—"pw, Power Supply for the ADS1198, LMP7704 & DAC(AD5724)
o -
e s A
0 k0w
T esion
oo fe
0 =
=L W ot
oo
D%
L oo n . m
1 o wo
Ao
e o
Comman> A Y
[Commar>
o> AT o0
Comae> Porwer Suply for the ADS1198 and ATxmegal 28A1
O it - ADS 5 v
o> ;
Comman>- 3 It
oo . o
* e psion
g g 3 ] 33
;xc ™ 15 o som) o
Toa P T P TP i
v e |
Zo T T
c
Power Supply for the DAC(ADS724), USB_MINI & DDCI18
oo Power Link -
w2 0 o>
Inverter (+2.5 025 V) for ADS1198 & LMPT704 - g
e oo (2 T 21
5o MT‘“ 1 e Voo v
—r v 2 r o our [ «
JE ) T —le sk
. oo w e I = o
. el o our 25 "
over L T o »
o T
1 1 1 e
G =y -
= = T
n
o e
I | | | | | Hie T i

Figure B.3: Schematic diagram of ADC and Power Supplies/Inverter.
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Figure B.6: Topology of the potentiostat and CE/RE connectors.
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Appendix B Schematic of the bioinstrumentation board

83

Uss U3S U3s c108 o,
18 TUTI1UTI2 - = - < T U Ut EEe 02
mo 79 C; [=)
3)
ol T
3 + + N
X log USt—irs (S
3 M B O B3 ek
o S us.
- W A B T
° 75 = g
L = UNIVERSITY OF
o :E"/ Im South
- ra w
-l
N - (e
2
y
4 7
{: =3 Y \\ le cc7718
=3 C7,
oz
= =
A 8
0
T13
g
1
Ly
o 8%.
(] |8
3 e
N C
ol 11 _f

————— : @ 95 P0I

S¥)

U1él

u3ss Uso ym

Figure B.8: 4-Layers layout of the bioinstrumentation board.






Appendix C

Biosensor Parameters Definitions

e Accuracy: describes how close is the measured value to the actual (true) value
(36).

e Precision: describes the reproducibility of multiple measurements (36).

e Sensitivity: is the slope of a linear transfer function. It can also be described as

the probability of test to be positive when disease present (36).

e Selectivity: presents the ability of the sensor to discriminate the needed response

from the interfering inputs. (104).

e Limit of Detection (LoD): is the lowest concentration of an analyte, which it
could be reliably distinguished and detected (105).

e Low Cost: is defined as less expensive than laboratory testing. (106).

e Low Power Consumption: is defined as power autonomy device. The device
could be power free, powered by battery handheld or powered by a smartphone.
(107).
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