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Abstract

Electrochemiluminescence (ECL) consists of three words, Electro, Chem, and Luminescence,
denoting electrical stimulation, chemical reaction, and emission of light, respectively. In this
context, ECL is the property of a material to emit light over the surface of the electrode on the
application of the external voltage. Miniaturized ECL systems are widely recognized as a high-
detection, user-friendly, and turnkey strategy to develop point-of-care devices (PoC). The ECL
sensing approach provides numerous advantages over other conventional sensing
methodologies, such as photoluminescence, chemiluminescence, and electrochemical (EC).
The key features of ECL based sensing approach is it does not require any external light source
to initiate the ECL reaction, the intensity of ECL signal can be easily controlled with applied
external potential, it provides higher selectivity, selectivity, and less electrode fouling. In
addition, it also provides a wide linear range. Hence, ECL systems are widely used in a range
of applications such as water and food analysis, bio-warfare agent detection, immunoassay,

environmental detection, pharmaceutic analysis, to eventually realize PoC devices.

PoC diagnostic devices can potentially improve the healthcare facilities even in the remotest
corner of the world through an early diagnosis, and therefore lead to timely intervention and
remediation for multiple diseases and disorders. These low-cost and portable devices can
potentially benefit a large population in developing countries that do not have direct access to
conventional diagnostics. In addition to easy accessibility, the PoC devices offer options for
continuous monitoring of a particular biomolecule or analyze that can be tracked through a
smartphone-based application over an extended duration. Various bioanalytes have
traditionally been used for diagnosing human health due to their direct correlation with multiple
diseases and health conditions. The irregularities in the biomarkers can cause potential ailments
in humans. Biosensors open a new window for researchers to develop miniaturized PoC
devices to detect various diseases at the early stage, which helps cure patients and ultimately
reduces the treatment cost. Compared to the traditional testing approaches, biosensors have
provided numerous advantages such as fast response, less sample volume, inexpensive, and

on-site or near patient diagnosis can be possible.

In this work, a variety of Bioanalytes, such as Glucose, Lactate, Choline, Dopamine, and
Cholesterol, have been thoroughly studied and detected using the ECL approach. Glucose is a
type of sugar that serves as the primary source of energy for the body cells. It is particularly

important for the brain, which relies almost entirely on glucose for its energy needs.



Maintaining stable blood glucose levels is crucial for overall health and is particularly
important for people with diabetes. Lactate is a byproduct of anaerobic metabolism that can
accumulate in the body during exercise or other forms of strenuous activity. While high levels
of lactate can cause muscle fatigue and discomfort, it also has important functions in the body,
such as helping to regulate blood pH and serving as a source of energy for certain cells.
Cholesterol is a type of fat that is found in all cells in the body. While high levels of cholesterol
can increase the risk of heart disease, cholesterol also has important functions in the body, such
as helping to produce hormones and aiding in the digestion of fats. Choline is a nutrient that is
important for brain function, liver health, and cell membrane structure. Dopamine is a crucial
neurotransmitter that plays a critical role in several essential functions of the brain and body,
including reward and pleasure, motivation, movement, attention and learning, and mood
regulation. Overall, these biomarkers play important roles in many biological processes and
are crucial for maintaining good health. However, it is important to note that excessive or
insufficient levels of these substances can have negative effects on the body, so it is important
periodically check these biomarkers for better health. The conventional ECL systems are costly
and difficult for on-site applications because they comprise photomultiplier tube or CCD
cameras, an electrochemical setup, and a personal computer. Modern Android smartphones
offer a wide range of features, storage, excellent cameras, and high processing capabilities,
making them the ideal option for use in visual ECL analysis. Thus, a portable smartphone
assisted by ML-based approach is in great demand in order to accelerate ECL detection,
increase work efficiency, and make it a comprehensive ECL system. In addition, Al and ML
are enriching MEMS by improving their design, performance, reliability, and maintenance,
making them more effective in a wide range of applications such as sensors, actuators,
microfluidics, and PoC.

In this context, the first phase broadly gives an idea about the designing, fabrication,
optimization, and validation of the PoC systems and their use to detect numerous bioanalytes.
Different low-cost microfabrication methodologies, including laser assisted methods and three-
dimensional printing (3DP), were comprehensively discussed and used to fabricate
miniaturized ECL devices. The last phase provides an in-depth understanding of how the
prediction of different biomarkers can be made using the Machine Learning (ML) approach.
Different ML regression models such as Huber, Random Sample Consensus (RANSAC),
Theil-Sen, Support Vector Machine Regression (SVR), K-Nearest Neighbor (KNN), Decision



Tree, and Random Forest, Adaptive boosting, Gradient boosting, Extreme Gradient boosting

were used to predict the concentration of various biomarkers.

Overall, in this work, taking into consideration the advantages of PoC devices, we have
successfully developed a cost-effective, pocket-sized ECL system integrated with smartphones
using 3D printing technology. The developed innovative system was assisted by ML and
successfully tested for various bioanalytes which includes glucose, lactate, choline, dopamine,
cholesterol, vitamin B> and C. The ML approach was not only used to improve the overall
accuracy of the ECL sensors but also to provide fast diagnosis results. Following are the key
features of the developed ECL platforms: 1) smartphone integrated, 2) no requirement of
external power supply, 3) can performed testing in open environment, 4) have user friendly
Graphical User Interface, 4) integrated with android application using that one can take real
time ECL images, calculates intensity for region of interest, share/stores data, plot calibration
plots, and also performs predictions using ML algorithms. We have successfully completed
lab-based testing using developed ECL platform for various bioanalytes and achieved
Technology Readiness Level (TRL) four.

Keywords: Electrochemiluminescence (ECL); Point-of-Care (PoC); Biomarkers; Sensors;
Laser Assisted; Three-Dimensional Printing (3DP); Machine Learning
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Chapter 1. Introduction
1.1  Background and Need

Point-of-Care (PoC) diagnostic devices can potentially improve the healthcare facilities in the
remotest corner of the world through an early diagnosis, and therefore enable timely
intervention and remediation for multiple diseases and disorders. These low-cost and portable
devices can potentially benefit a large population in developing countries that do not have
direct access to conventional diagnostics [1][2]. In addition to easy accessibility, the PoC
devices offer options for continuous monitoring of a particular biomarker or analysis that can
be tracked through a smartphone-based application over an extended duration. Biomarkers
have traditionally been used for diagnosing human health due to their direct correlation with
multiple diseases and health conditions [3][4]. Biosensors open a new window for researchers
to develop miniaturized PoC devices to detect various diseases at the early stage, which helps
cure patients and ultimately reduces the treatment cost [5][6]. Compared to the traditional
testing approaches, biosensors provide numerous advantages, such as fast response, less sample
volume, inexpensive, and possibility of on-site or near-patient diagnosis [7][8]. The relative
comparison between conventional lab-based testing and PoCT devices is shown in Fig. 1

Laboratory Based Testing

s SR

Blood Sample Sample Sample Sample Result
Transportation Pretreatment Analysis

.. SR = Time Saved
A =
N /dﬂ\: -

PoCT

Admit/Discharge

Figure 1.1 Time taken by conventional lab-based testing and PoCT devices for diagnosis.

1.2 Introduction to Electrochemiluminescence (ECL)

Recent research work indicates that biosensors can be easily integrated with electrochemical
[9], electrochemiluminescence (ECL) [10][11], and colorimetric sensing methods [12][13]. In
recent times, ECL-based biosensors have gained immense popularity because of their high
sensitivity and selectivity [14][15], extensive operating range, minimum set-up requirement,

low or minimum background signal, and reasonable control over the generated ECL signal



[16]. In addition, ECL biosensors are being explored as faster, inexpensive, and more efficient
alternative to traditional solutions based on conventional detectors, such as the photomultiplier
tube and charge-coupled devices, for biomarker detection. In brief, electrochemiluminescence
is also called electrogenerated chemiluminescence due to the fact that on the application of an
external potential, the light gets generated on the electrode surface because of chemical
reactions [17][18].

1.3  ECL Reagents

Two major ECL reactions, luminol and ruthenium [Ru (bpy)s 2*] have been widely considered
for biosensors application based on enzymes and DNA sensing, respectively [19]. When
Ruthenium gets reacted with its co-reagents Tripropylamine (TPA), ECL signal get generated
having a wavelength in between 600 nm to 700 nm. Similarly, when Luminol gets reacted with
its co-reagents hydrogen peroxide (H202), ECL signal get generated having a wavelength in
between 355 nm to 540 nm. Table 1. Represents the most reported ECL reagents with their co-

reactant and respective wavelength [20]-[22].

Table 1. 1 Basic ECL Chemical Reactions Reagents

ECL Reagents Ruthenium Ru(bpy)s?* Luminol based
based
Wavelength 600 nm — 700 nm 355 nm — 540 nm
Co-reactant Tripropylamine (TPA) H202

Luminol (Fluorescence) and Ru(bpy)s?* (Phosphorescence) are both chemical compounds that
exhibit luminescence, which means they emit light when excited. However, they differ in the
type of luminescence they display. Fluorescence and phosphorescence are both types of
photoluminescence, which means they involve the emission of light by a substance that has
been excited by absorbing light of a certain wavelength. However, they differ in several
important ways: 1) Lifetime of the excited state: The excited state in fluorescence typically
lasts for a very short time (on the order of nanoseconds), while the excited state in
phosphorescence lasts much longer (milliseconds to seconds). This is due to the different
pathways by which the excited state returns to its ground state: in fluorescence, the energy is
typically lost through the emission of a photon almost immediately, while in phosphorescence,
the energy is often transferred to another molecule or undergoes other energy-dissipating



processes before a photon is emitted. Both luminol and Ru(bpy)s2* are highly efficient emitters
of light, making them valuable tools for a variety of applications. Their photophysical
properties, including their absorption and emission spectra, as well as their quantum yields and
lifetimes, are critical factors that influence their performance in various assays. In summary,
while both luminol and Ru(bpy)s** emit light when excited, they do so in different ways.
Luminol is fluorescent and emits light quickly, while Ru(bpy)s?* is phosphorescent and emits
light more slowly. The reaction mechanism of the pro-duction of ECL using Luminol/H20-
and Ru(bpy)s?*/TPA is shown in following Figure 1.1.
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Figure 1.2 (a) and (b) The reaction mechanism of the pro-duction of ECL using
Luminol/H202 and Ru(bpy)s?*/TPA.




14 ECL Systems
The reported ECL systems can be roughly classified in two categories: bipolar electrodes (BPE-
ECL) and single electrode (SE-ECL)[23]. The bipolar and single electrode based ECL system

schematic is shown in Figure 1.1.

ECL Systems
Bipolar Electrode (BPE) l Single Electrode (SE)
|

* !
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R 0

£ Liminol + 1,0, by
. Qi

Luminol + H,0, MY

Luminol + 1,0, Y

(b)
Figure 1.3 Different ECL systems. (a) Open bipolar electrode based ECL device. (b) Closed
bipolar electrode based ECL device. (c) Single electrode based ECL device.

1.4.1 Bipolar electrode based ECL device

Recently, BPE-based ECL systems have sparked the interest of researchers because they offer
several key advantages over conventional three-electrode systems, including low cost, ease of
operation, miniaturization and portability, and amenability to high throughput, making them
ideal for PoC applications [24]. As shown in Figure 1.1 (a) and (b), such BPE-ECL systems
can be further classified into open BPE (O-BPE- ECL) based and closed BPE (C-BPE-ECL)
based ECL systems. The BPE-based ECL device utilizes only one electrode, which acts as
both the anode and cathode without a direct electrical connection to applied external potential
as compared with the conventional three-electrode systems [25]. In the case of O-BPE-ECL,
the BPE is completely immersed into the channel, and two driving electrodes (DEs) are
connected at the end of the channel. A channel is defined as a place where ECL reagents
(usually luminol or ruthenium) can be dropped in conjunction with the analytes to be sensed.
One of the unique facets of BPE-ECL devices is that the orientation of poles of the BPE has
opposite polarity to the DEs. After applying a sufficient voltage to DEs, an electric field gets

generated across the channel, leading to a redox reaction (reduction and oxidation) at the



opposite poles of the BPE (working electrode). At the anode and cathode of the BPE,
simultaneous oxidation and reduction occur, and an ECL signal is generated at the anode. The
intensity of the generated ECL signal is highly reliant on the electric field. For the O-BPE-ECL
device, Equation (1) manifests the relation between change in the electric field and applied
potential [26][27].

L
AEgLEc = Etot( BPE/

where, AEg;gc IS a change in the electric field across BPE, Eit is the total applied voltage

channel)

across DEs, Lepe and Lchannel are the length of BPE and channel, respectively. The working
principle of the O-BPE-ECL device is illustrated in Figure 1.1 (a).

In the case of C-BPE-ECL, the poles of the BPE electrodes are physically separated by the
supporting (SC) and reporting channels (RC). The anode and cathode of BPE can be found in
RC and SC, as shown in Figure 1. 1 (b) [25]. Equation 2 shows the relation between change in

electric field and applied potential [28].

LC2+ Lae
LCC+L(1C

AEg1ec = Egor|

1.4.2 Single electrode based ECL device

| R )

Wenyue Gao et al. [29] reported the SE-ECL systems for the first time and successfully
demonstrated their applications. In contract to the BPE systems, SE devices consist of only one
electrode to perform the ECL reaction. The working principle of the SE-ECL device with two
rectangular driving electrodes (DEs) and the channel is illustrated in Figure 1.1 (c). In the SE-
ECL, an external voltage is applied to two DEs, resulting in a potential difference between the
two DEs, which produces an electric field across the channel, initiating the redox processes at
the surfaces of the anode and cathode of the DEs. The potential difference between (DES) two
DEs in an SE-ECL device is given by Equation (3), where Vtot denotes total applied external

potential and Lc and Le are the channel and DE lengths, respectively [30].

AE, =TI L 3)

15 ECL fabrication techniques and their applications in PoC
For the PoC, there is a growing concern in developing low-cost portable and miniaturized ECL

platforms for a variety of applications such as water testing, disease diagnostics, environmental



monitoring, and food safety [31]. Since then, the most commonly used methods for the
fabrication of ECL devices have been screen printing, photolithography, 3D-printing, and laser
writing. All those fabrication methods with in-detail explanation are describe in the subsequent
chapters.

1.6 Benchmark research work reported on ECL devices

Based on the diversified work accomplished to develop miniaturized ECL devices by
leveraging different fabrication methods, Table 1. 2 covers the summary of research work on
miniaturized ECL devices. Accordingly, several research gaps have been identified and

possible solutions, which are summarized in the next section.

Table 1. 2 Benchmarking of the research work reported on Miniaturized ECL Devices

Mater | Type | Chemical Enzym | Fabric | Applicat | LOD | Detecti | Refer
ial of used es Used | ation ion in uM | on ences
used | Elect techniq Method
for rode ue ology
device
fabric
ation
Filter | O- Ru(bpy)s®*/ | - Screen- | Dopamin | 0.5 Smartph | [32]
paper | BPE | TPrA printing | e one
O- Luminol/ - Screen- | TPrA 8.7 CCD [23]
Filter | BPE | H20: printing | and
paper and
Ru(bpy)32+/ H.0> 46.6
TPrA
C- Luminol/ GOD Screen- | TPrA 85 CCD [33]
BPE | H2O2 printing
Cloth and H202 24
Ru(bpy)s**/
TPrA Glucose | 195
Filter | O- Luminol/ GOD Screen- | H202 1.75 Smartph | [34]
paper | BPE | H20: printing one
Glucose | 17
O-U- | Luminol/ GOD Screen- | H202 24 CCD [35]
Cloth | BPE | H20: printing | Glucose | 23
O-U- | Luminol/ COx, Screen- | H202 0.424 | CCD [36]
Filter | BPE | H20: LOx printing | Choline | 0.573
paper and Lactate | 3.132
ChOx Choleste | 7.418
rol




ITO C- Ru(bpy)s®*/ | - Screen- | HL-60 80 CCD [37]
glass | BPE | TPrA printing | cancer cells/
cells mL
O- Ru(phen).d | - Screen- | DNA of | 10 PMT [38]
Paper | BPE | ppz]**/ printing | Listeria | copies
TPrA monocyt | /ul
0genes
O- Luminol/ GOD Screen- | TPrA 1.265 | CCD [21]
Cloth | BPE | H202 and printing
Ru(bpy)s?'/ HO, |27
TPrA Glucose |32
- Ru(bpy)s®*/ | - Screen- | 2- 0.9 Smartph | [39]
Paper TPrA printing | (dibutyla one
mino)-
ethanol
(DBAE)
Nicotina | 72
mide
adenine
dinucleot
ide
Paper | - Luminol/ LOx Screen- | Lactate |5 PMT [40]
H20, printing
ITO - Luminol/ GOD, | Photolit | Glucose | 14 CCD [41]
glass H20:> COX hograp | Choline | 97
and hy Lactate | 40
LOX
O- Luminol/ GOD LIG H202 5.87 | Smartph | [42]
Pl BPE | H202 one
Glucose | 0.138
SE Luminol/ No LIG H202 1.71 Smartph | [43]
Pl H202 enzyme Glucose |1 3.76 one
s used
Xanthine | 1.25
Dopamin | 3.40
e
O-U- | Luminol/H2 | No LIG H202 4.36 | Smartph | [10]
Pl BPE | O enzyme Glucose | 251 one
s used
Choline | 4.01
Lactate 5.32
O-U- | Luminol/H2 | No LIG Vitamin | 0.107 | Smartph | [44]
Pl BPE | O enzyme B12 nM one
and s used and
SE 0.094
nM
ITO SE Luminol/Hz | - Other H202 0.27 Smartph | [45]
glass 02 one




ITO SE Luminol/Hz | - Other H202 0.26 PMT [30]
glass 02
3DP O- Luminol/ GOD Other H20: 0.069 | Smartph | [46]
BPE | H02 and 0, 0.15( | one
Luminol/ mg/L)
Oz CO; 0.45(
mg/L)
Glucose | 0.31

O-BPE = Open bipolar electrode, C-BPE = Closed bipolar electrode, ITO = Indium tin oxide,
SE = Single electrode, O-U-BPE = Open U-shaped bipolar electrode, Pl =Polyimide, LIG =
Laser-induced graphene, GOD = Glucose oxidase, COx = Choline oxidase, LOx = Lactate
oxidase, ChOx = Cholesterol oxidase. CCD = Charge-coupled device, PMT =
Photomultiplier tube

1.7  Gaps in existing research and possible solutions

Various researchers have made significant efforts in recent years to develop a miniaturized
ECL framework suitable for diversified real-world applications. Even though a lot of work has
been reported to realize miniaturized ECL devices, still, there is a significant gap to make such

devices commercially viable:

e Screen-printing technique has been widely used to fabricate paper and cloth-based ECL
devices. As the screen-printing method necessitates a number of fabrication steps, one-step
fabrication of ECL devices using screen-printing methodology is not possible, resulting in
a complex and time-consuming process.

e In most cases, the PMT and CCD have been employed to capture the ECL signal. As the
cost of such a detector is very high, the overall cost of the ECL imaging system increases.

e Several studies have reported that an external power supply is required to power the ECL
device as well as to the ECL image capturing systems (PMT or CCD), which makes the
overall ECL system bulky and prevents such systems from being used as a portable system.

e To the best of our knowledge, no one has reported sensing of more than one analyte using
a single ECL platform.

e For the most part, people have used ImageJ or MATLAB-based coding to analyses of ECL
signals (to calculate the ECL signal intensity). This is a time-consuming process that

necessarily involves the use of professionals to measure the ECL signal intensity.

To address the aforementioned challenges, the following possible solutions are proposed:



Laser written and 3D-printed ECL platforms would be the best solution because they offer
several advantages over traditional fabrication methods, including fast prototyping and
one-step fabrication with high repeatability and reproducibility.

Low-cost, quick-response multichannel ECL platforms based on smartphones imaging
systems would be the best solution for simultaneous sensing of multiple analytes.

Hence, 3D-printed or Laser written miniaturized, portable, and low-cost platform
embedded with a smartphone to perform a variety of functions should be developed. The
smartphone can power the ECL device, capture the ECL signal, and calculate the ECL
signal intensity value by using a customized application which can transfer data
wirelessly/loT to a medical practitioner.

Addition of Machine learning approach would be the revolutionary to predict the
concentration of biomarkers based on intensity values. Fig. 2 is the proposed schematic of

the ECL system to overcome the aforementioned challenges.

Data Transfer / Analysis
* Machine Learning
* |loT Enablement

ﬂCloud Server

Uses of Smartphone
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* Image Processing of ECL Signal
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Medical Practitioner

|
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« ECL Device Admitted/Discharge
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Figure 1.4 Proposed schematic of ECL system to overcome the challenges.



1.8 Objectives of the Ph.D. thesis work

This study intended to develop a cost-efficient, miniaturized, portable smartphone based ECL
system to detect various biomarkers such as glucose, cholesterol, dopamine, choline, lactate,

and vitamins (C and B1..) The overall objectives of this work are as mentioned below:

I.  Fabrication of microfluidic ECL device for biosensing applications.
ii.  Characterization and optimization of microfluidic ECL devices for various biosensing
applications.
iii.  Use of Machine Learning approach to reliably predict the unknown concentrations of
various biomarkers.
iv.  Prototype development and sensing of various biomarkers using a portable and PoC

ECL system.

1.9  Organization of Ph.D. thesis

In this Ph.D. thesis, aligned with the objectives, the methodology, results and discussions are
provided here and arranged as chapters. The contents of the thesis have been organized into 6
chapters as described:

Chapter 1: The thesis begins with establishing the background and need for the work. The
chapter further describes various fundamentals pertaining to the detailed work. Fundamental
of ECL, different ECL systems are explained in this chapter. Existing research gaps and
probable solutions followed with objective of the Ph.D. work are are thoroughly explained in

this chapter.

Chapter 2: In this chapter, comprehensive discussion is carried out on Laser-Induced Graphene
based ECL Devices. In depth explanation regarding material selection, fabrication,
characterization, and validation is provided in this chapter. Open bipolar, closed bipolar and
single electrode LIG-based ECL devices and their applications are thoroughly explained in this
chapter. How the fabricated LIG based ECL devices were used to detect H2O2, and Glucose

are explained in-depth.

Chapter 3: Here, thorough discussion is carried out on three-dimensional printing based ECL
devices. In depth explanation regarding material selection, fabrication, characterization, and
validation is provided in this chapter. Closed bipolar and single electrode 3DP ECL devices

and their applications are explicitly explained in this chapter.
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Chapter 4: In this chapter, in-depth discussion is carried out on paper based ECL devices.
Detailed explanation regarding material selection, fabrication, characterization, and validation
is provided in this chapter. Paper based single electrode ECL devices, and their applications
are explicitly explained in this chapter.

Chapter 5: This chapter describes the fabrication of 3DP ECL devices, and their application in
the field of biomarkers detection. Regression based machine learning (ML) algorithms were
effectively used to predict the different biomarkers and compared the performance of different
ML algorithms based on different regression metrices. Finally, the device performance was

validated by doing the real sample analysis.

Chapter 6: In this chapter, important findings are summarized, and inferences are described.
The limitations of present work along with the future scope have also been discussed in the

concluding chapter.

1.10 Summary

This chapter lays foundation for the thesis. The chapter begins with the background and need
of the work carried out as a part of this thesis. The fundamentals of ECL and its salient features
have been discussed thoroughly. Followed by fundamentals of ECL various ECL system, such
as bipolar and single electrode-based systems, have been explained in detailed. Later different
fabrication methods were introduced followed by benchmark research work reported on ECL
devices. At the end of the chapter, the objectives, work plan and organization of the thesis work
have also been discussed. With this chapter dealing with introductory discussion, the following
chapter covers fabrication of ECL systems using by exploring various fabrication methods to

detect various biomarkers.
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Chapter 2. Laser-Induced Graphene Based ECL Devices

In this chapter, comprehensive discussion is carried out on Laser-Induced Graphene Based
ECL Devices. Detailed explanation regarding material selection, fabrication, characterization,
and validation is provided in this chapter. Open bipolar, closed bipolar and single electrode

LIG-based ECL devices and their applications are also thoroughly explained here.

2.1 Introduction to Laser-Induced Graphene

Laser assistant processing techniques have proven to be a powerful tool in different
applications from surgical pathology to manufacturing materials. Laser-based devices have
increased the attention of the researchers because of their high performance and high capacity
of patterning [47][48]. At an ambient temperature and optimized parameters (speed and
power), Laser-Induced Graphene (LIG) material is produced by ablating CO. laser directly
over a relevant material [49]. LIG provides several benefits like high thermal steadiness, huge
surface area and very high conductivity. Taking advantage of those properties provided by LIG,
now such devices are used in wide applications, such as sensing, energy harvesting and

electrocatalysis even in miniaturized or microfluidic scale [50][51].

Recently, polyimide (PI) has gained huge acceptance for CO. laser ablation as it provides
graphene in a single step with remarkable morphological, electrical, chemical and
physicochemical properties [50]-[52]. By carbonization, CO. laser transforms the
nonconducting surface of Pl into conducting zone. Accordingly, LIG is produced when sp-3
carbon atoms get converted into sp-2 carbon atoms due to the ablation of CO> laser over Pl
surface. The CO- laser directed polyimide material is used in several applications such as
electromechanical systems, energy harvesting and biomedical. Furthermore, the fabrication of
devices using CO: laser directed P offers many advantages such as low-cost fabrication, more
relativity, greater stability, easy reproducibility and rapid prototyping [53][51].

2.2 L1G-Based Open Bipolar Electrode ECL Device

Bipolar electrode (BPE) based ECL sensing devices have become popular and received much
attention because of the absence of background signal, high specificity, good selectivity,
simplified instrumentation and good controllability. In addition, BPE-ECL based devices have
added advantages like fast processing, ease-of-use and multiplexing [19][23]. The open BPE-
based ECL device have only one electrode, which acts as both the anode and cathode without

a direct electrical connection to applied external potential as compared with the conventional
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three-electrode systems [25]. In the case of O-BPE-ECL, the BPE is completely immersed into
the channel, and two driving electrodes (DEs) are connected at the end of the channel. One of
the unique facets of BPE-ECL devices is that the orientation of poles of the BPE has opposite
polarity to the DEs. After applying a sufficient voltage to DEs, an electric field gets generated
across the channel, leading to a redox reaction (reduction and oxidation) at the opposite poles
of the BPE (working electrode). At the anode and cathode of the BPE, simultaneous oxidation

and reduction occur, and an ECL signal is generated at the anode.
2.2.1 Fabrication flow for L1G based Open BPE-based ECL device (LIG-BPE-ECL)

Fabrication process of the device is displayed in Figure 2.1. First, the required design was
drawn in CorelDraw X7. By choosing an appropriate power and speed of CO> laser, LIG has
been produced over Pl material. The formation of L1G over PI surface is highly depends on the
speed and power of CO- laser and it varies application to application. In various applications
such as energy harvesting [50], [53] and biomedical sensing [54] different speed (4.5 %) and
power (6.5 %) of CO- laser have been used. When CO laser was induced over polyimide sheet,

with carbonization process, the non-conductive surface turns to be conductive surface.

Polyimide sheet was glued CO, laser ablation on Pl with Microchannel over PI
to glass substrate optimized speed and power to sheet

form microchannel l
(d)

(e ?}

Captured ECL signal with an BI?E devige microchannel
android smartphone with required reagents

<4

Engraving to form driving
electrodes and bipolar
electrode using CO, laser with
optimized speed (80%) and
power (50%)

Figure 2.1 Fabrication Process for LIG-BPE-ECL Device. (a) Polyimide (PI) sheet (250 um
thickness). (b) Laser induced graphene. (c) Formation of microfluidics channel over PI. (d)
fabricated engraved microchannel with DE and BPE. (e) Pipetting microfluidic channel with
required ECL reagents. (f) Detection of ECL signal using mobile phone.
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Subsequently, after numerous trials, for fabricating a microchannel, the CO> laser was again
induced over PI surface with optimized power (50%) and speed (10%) as revealed in Figure
2.1 (b). Then, PI surface was cleaned using acetone and DI water, and kept for drying at room
temperature for 5 min. Therefore, with the optimized parameters of CO: laser, a microchannel
has been crated over PI surface as shown in Figure 2.1 (c). In the proposed work, after
numerous trials the optimized speed (80 %) and power (50 %) was used to form LIG over the
surface of PIl. With optimized power and speed of CO: laser, engraving process has been
accomplished to form the DEs and BPE over microchannel shown in Figure 2.1 (d). Once the
channel is filled with required reagents and on application of optimized voltage, ECL signal

gets generated over the surface of BPE electrode, shown in Figure 2.1 (e) and (f).
2.2.2 Materials and Reagents

Commercially available Polyimide sheet (250 pm thickness) was procured from Dali
Electronics India. A CO; laser (VLS 3.60 from Universal Laser System, AZ, USA) was used
to fabricate LIG BPE-ECL device. eHUB DC-DC 5V to 1.2-24 V USB step-up step-down
adjustable power supply module boost buck converter was used to provide external voltage to
LIG BPE-ECL. An android smartphone was used to capture ECL signal as well as to drive the
adjustable power supply using an OTG cable adapter.

Luminol 97%, Hydrogen Peroxide (H202) 35%, D- Glucose, and Glucose Oxidase (GOx), from
Aspergillus Niger were procured from Sigma Aldrich, India. The additional analytical grade
reagents such as Sodium hydroxide (NaOH), Phosphoric Acid, acetone, isopropyl alcohol and
were purchased from SRL Chemicals, India. All the chemical preparations were accomplished
in DI water. 10 mM solution of luminol stock solution was prepared in 50 ml DI water. As
luminol is not soluble in water, but it is soluble in base, 0.1 M base solution was prepared with
the help of Sodium hydroxide (NaOH). Then, 47 mL DI water, 3 mL base solution and luminol
were mixed to form 10 mM luminol concertation. As ECL signal is highly dependent over
luminol concentration, so for optimization, different molar concentration luminol were
prepared using stock solution. ECL signal intensity is also highly dependent on pH
concentration, hence luminol solutions with different pH values have been prepared by using
base (NaOH) and acid (Phosphoric Acid). For the detection of glucose, GOx (Glucose oxidase)
has been immobilized over bipolar electrode [28]. Here, 5 uL. GOx solution has been drop
casted on the surface of BPE anode and kept for 5 min at room temperature for immobilization.

Enzymes are important biological reagents that are widely used in various applications,
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including diagnostic assays, therapeutic treatments, and research studies. The cost, stability,
and shelf-life of these reagents are critical factors that can impact their suitability and
effectiveness for different applications. The cost of enzymes can vary widely depending on the
source, quality, and quantity required. Stability and shelf-life are also important considerations
for enzymes. Enzymes can be susceptible to denaturation and degradation over time, especially
if they are exposed to unfavourable conditions such as high temperature. Antibodies can also
be subject to degradation, as well as to changes in conformation or binding affinity over time.
It is important to store enzymes and antibodies under appropriate conditions, such as at the

appropriate temperature and pH, to ensure their stability and prolong their shelf-life.

For the real sample analysis, the random blood samples were taken with a blood sugar of 109
mg/ml (5.9 mM) calculated using GOD-POD (glucose oxidase-phenol-4-aminophenazone
peroxidase) method. In the GOD POD method, a sample of glucose is combined with a solution
of phenol-4-aminophenazone and GOx (Glucose Oxidase). The reaction between glucose and
GOx produces H>O, which, in the presence of peroxidase, interacts with phenol-4-
aminophenazone to produce a colourful product. A spectrophotometer may be used to detect
the intensity of the colour produced, which is directly proportional to the concentration of
glucose in the sample. This test and sample collection was carried out at the Medical Center of
BITS Pilani Hyderabad campus, India. This was performed using semi-automatic analyser
(ERBA CHEM -7 Biochemistry Analyzer for Hospital Use) and centrifuged for at least 15
minutes at 2200 RPM for serum separation. Prior to experimentation, it was further diluted in
PBS (0.1 M, pH =7).

2.2.3 Data acquisition and analysis

In this work, no external power supply was used to drive LIG BPE-ECL device. Commercially
available eHUB DC-DC 5V to 1.2-24V USB step-up step-down adjustable power supply
module boost buck converter was used to provide external voltage to LIG BPE-ECL. An
android smartphone was used to drive the DC-to-DC buck boost converter. The smartphone
was connected to DC-to-DC buck boost converter through USB data cable. The output of DC-
to-DC buck boost converter was fed to LIG BPE-ECL device. The different values of voltages
were obtained by using DC to DC buck boost converter and ECL signal intensity was
calculated.
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Figure 2.2 (a) 3D Printed black box with device holder. (b) LIG-BPE-ECL imaging sensing
platform.

For data acquisition and analysis, the same Android smartphone and ImageJ Software (open
ware free imaging software) were used. To capture image, the smartphone was perfectly
aligned over anode of the bipolar electrode. For better analytical performance it is very essential
to optimize the distance between BPEs and smartphone. Initially, it was observed that if the
distance between BPE anode and smartphone was less than 10 cm, blur images were captured.
On the other hand, if the distance between smartphone camera and BPE was more than 10 cm,
low intensity ECL signal was captured. Hence, for reported work minimum distance between
BPE anode and smartphone was kept at 10 cm. After capturing the ECL signal by the
smartphone, the captured JPG images were analysed using ImageJ Software. Then to calculate
the ECL intensity, each desirable image was cut into single picture and 2000 pixels high
intensity area was considered for analysis and the mean gray value was obtained. The ECL
imaging system is depicted in Figure 2.2.

2.2.4 Assay optimization for LIG-BPE-ECL device

Luminol/ H2O> based electrochemical reactions were carried to validate the performance of
ECL device. Following device fabrication, chemical preparation few important parameters
were optimized on which ECL intensity is highly dependent. Width and length of BPE
electrode, channel length, applied voltage, luminol concentration and pH were thoroughly
studied. First, it was observed that increasing the width and length of microchannel,
consumption of reagent and applied voltage will increase. Hence, it affects the stability of
electric field. This aspect should be kept in consideration, accordingly herein, the total channel
length (including length of driving electrode and BPE containing channel) was optimized to 32

mm.
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The ECL signal intensity is highly dependent on luminol concentration, hence optimization of
luminol has been carried out by varying it from 1 mM to 7 mM as shown in Figure 2.3 (a). As
can be seen, the ECL signal intensity increased linearly in the luminol concentration window
of 1 to 4 mM, which may be because the rate of luminol endoperoxide formation has increased
with the increased concentration of luminol. In the absence of luminol, the obtained ECL signal
was equivalent to the background signal. Here, the highest ECL signal intensity was obtained
at 4 mM luminol concentration. As the concentration of luminol increased above 4 mM, it was
found that ECL signal intensity reduced, this was because of assertion of self-quenching
phenomenon due to higher concentration of the luminol [55]. The ECL signal intensity was
measured in the relative light unit (RLU). RLU refers to the amount of light that is available at
a specific area or region, compared to the amount of light that would be present in the
standardized conditions. In scientific terms, relative light intensity is often measured in lux or
foot candles and is a way of quantifying the amount of light that is available for various
applications. Moreover, RLU intensity is an important factor in the field of ECL, which is a
technique used to detect and quantify targeted analytes based on their luminescent properties.
In ECL, a luminophore is attached to an electrode surface, and when an electrical potential is
applied to the electrode, the luminophore undergoes an electrochemical reaction that results in
the emission of light. The intensity of the light emitted by the luminophore is proportional to
the amount of the target analyte present in the sample being tested. The RLU in ECL is
important because it directly affects the sensitivity and detection limit of the technique. The
presence of higher RLU promotes to quantify the even the trace amounts of the target analyte

with greater accuracies, and vice versa.

The concentration of luminol was taken as 4 mM during the subsequent experiments. For the
optimization of luminol, H20, was kept constant at 1 mM, applied voltage was taken 7 volts
and luminol value was varied from 1 to 7 mM. Figure 2.3 (b). illustrates the graph between pH
and ECL signal intensity where pH values varied from 7 to 12. It was observed that at pH value
of 7, the obtained ECL signal was nearly equivalent to the background signal. As the pH value
increases from 7 to 9, the ECL signal intensity also increased linearly which happened because
of luminol based ECL reaction being more efficient in alkaline media. As the value of pH
concentration increased above 9 it was found that ECL signal intensity has been reduced which
was due to strong alkaline conditions leading to a decrease in the luminous quantum yield of

the phthalate ion [56]. Hence, throughout the experimentation, pH value was kept as constant.
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For the optimization of pH value, luminol concentration was kept to 4 mM, H,O2as 1 mM and

applied voltage was chosen to be 7 volts.
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Figure 2.3 (a) Luminol (mM) Vs ECL Intensity (RLU); Luminol =1, 2, 3,4, 5, 6 and 7 mM;
H202: 1 mM; Applied Voltage = 7 V. (b) pH Vs ECL Intensity (RLU); pH = 7, 8, 9, 10, 11
and 12; H,O2 = 1 mM; Luminol = 4 mM; Applied voltage = 7.0 V. (c) Applied Voltage (V)
Vs ECL Intensity (RLU); Applied voltage = 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10 and 11 V; H20>
=1 mM; Luminol =4 mM; pH = 9. Error bar representing the standard deviations for three
independent experiments.

The driving voltage is one of the principle factors influencing the ECL signal for the given

sensing network. Figure 2.3 (c). illustrates the relation between the applied voltage and the
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ECL signal intensity. It was found that no chemical reaction took place between luminol and
H>02 when applied voltage was less than 3 V, and therefore no ECL signal was detected. When
the applied voltage varied from 3 V to 7 V, the ECL signal intensity increased linearly. This
happens because of an increase in the EC oxidation rate of luminol to form 3-aminophathlate.
When the voltage was increased above 7 volts it was found that ECL signal intensity began to
reduce [25][56][57]. This was because of the initiation of the background reaction, such as
oxidation of water, due to application of high applied voltage. Oxidation of water forms oxygen
that interferes ECL emission, both chemically and physically. For the optimization of applied
voltage, luminol concentration was kept to 4 mM (pH=9), H20.as 1 mM and applied voltage

was varied from 3V to 11 V.

2.2.5 Sensing of H202 and Glucose using LIG-BPE-ECL device

Figure 2.4 (a) replicates the relationship between H>O and ECL signals. H20> is widely used
in cosmetics such as hair shining products, mouth fresheners, hand sanitizer, etc. But the excess
concentration of H2O» can affect the health of the human being. Here, both glucose and H>0>
detection are possibly due to intuitive nature of the ECL reaction mechanism. For the
determination of H202 or Glucose, the luminescent reaction is widely applied which is based

on Luminol/ H202. The reactions of luminol and H20- are given below.

Luminol — e” — H" — Diazoquinone (1)

H20: + Diazoquinone — Luminolendoperoxide (2)
Luminolendoperoxide — N2+ 3-aminophthalate* 3)
3-aminophthalate* — 3-aminophthalate + hv 4)

Different concentrations of H>O> (5 uM to 5000 uM) were taken and with respect every
concentration ECL signal intensity has been calculated. ECL signal intensity increased linearly
for the range of 5 uM to 100 uM as illustrated in Figure 2.4 (a). As a result, the limit of detection
(LOD), was obtained to be 4.8729 uM (R? = 0.9658, n=3). This value of LOD is much less
than the other materials i.e., Paper and cloth used for ECL sensing with the limit of detection
24 uM, 41 pM and 7.57 puM respectively [19][58][59]. For H»O» sensing, luminol
concentration was kept to 4 mM (pH=9), H>O; was varied from 1 uM to 5000 puM, applied
voltage kept constant to 7 volts. H2O2 sensing is the basics to determine glucose during ECL

reaction.
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The presented device has been successfully used to detect D-Glucose. Figure 2.4 (b) replicates
the relationship between ECL signal and D-Glucose. To determine glucose, anode of BPE was
modified with 3 uL. GOx (1 mg/mL) and the device was kept at room temperature for 5 minutes.
Then, equal amounts of glucose and luminol were dropped into channel. The ECL signal
intensity was linearly proportional to the concentration of glucose. The concentration of
glucose was varied from 1 uM to 100 uM by keeping luminol (4 mM, pH=9), H,O, (1 mM)
and applied voltage (7 V) constant. The limit of detection (LOD) for the available data was
calculated using prevailing techniques and for the developed device the LOD to detect glucose

was found to be 0.138 uM (R? = 0.9875, n=3).
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Figure 2.4 (a) H202 (uM) Vs ECL Intensity (RLU); H>0> : 5, 10, 30, 50, 100, 1000, 2000,
3000, 4000 and 5000 uM; Luminol = 4 mM; pH: 9; Applied Voltage = 7 V. (b) Glucose Vs
ECL Intensity (RLU); Glucose: 1, 10, 20, 30, 40, 50, 60, 70 and 100 uM; Luminol = 4 mM;
pH: 9; H.O, =1 mM; Applied Voltage = 7 V. Error bar representing the standard deviations
for three independent experiments.

2.2.6 Real sample analysis of H202 and Glucose using LIG-BPE-ECL device

Finally, real sample analysis has been performed using LIG-BPE-ECL system. The random
blood sample was taken, and blood glucose was measured which was found to be 106 mg/dl
(5.9 mM). Then obtained blood sugar was diluted to 20 uM and ECL intensity was calculated.
Furthermore, different concentrations of glucose were spike into real samples and with respect
to every spike, ECL intensity was calculated which is tabulated in following table.

Applicability of LIG-BPE-ECL device was shown by the recovery values.
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Table 2. 1 Real Sample Glucose Analysis in Human Serum

Clinical method | This method Added Found Recovery (%)
(uM) (diluted) (uM) (uM) (M)
5 24.58 101.48
20 19.22 10 29.48 100.88
20 39.69 101.19

2.3 L1G-Based closed bipolar electrode ECL device

Though open BPE-ECL systems possess several key benefits, but it lacks the current efficiency
and provide huge driving voltage background signal. Which ultimately leads to degradation of
the overall performance of the open BPE-ECL systems. Xiaowei Zhang et. al. demonstrated
the significance of current efficiency in O-BPE-ECL and C-BPE-ECL systems. The current
efficiency () can be defined as it is the ratio of current flowing through the BPE (Igrg) to the

current flowing through the channel (Ichanner) [26].

(IBPE

Ne = (1)

Ichannel)

The channel current is a combination of two possible currents, ionic current (I,) and faradaic
current (1gpg) flowing through the electrolyte and BPE respectively. In the case of open BPE-
ECL, the majority of the channel current passes through the electrolytes, reducing current
efficiency significantly. In the case of closed BPE-ECL, however, BPE connects two channels,
namely reporting channel and supporting channel, so maximum current flows through only
BPE, leading to provide up to 100 % current efficiency in ideal scenario [60]. Moreover, the
generated background signal by the anode of DEs in open BPE is eliminated by closed BPE
[58].

2.3.1 Design, fabrication, and sensing principle of two and three-channel LIG-Closed-
BPE-ECL device (LI1G-C-BPE-ECL)

To fabricate two and three channel closed BPE-ECL devices, the same fabrication steps were
followed as depicted in Figure 2.1. Luminol/ H.O2 based chemical reactions were carried out
to understand the working principle of the two-channel LIG-C-BPE-ECL system. The working
principle of fabricated two and three-channel L1G-based C-BPE-ECL device with bipolar and

driving electrodes is shown in Figure 2. 5 (a) and (b).
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In the case of a two-channel LIG-C-BPE-ECL device, the anode and cathode of the BPE
electrode are separately located in reporting channel and supporting channel respectively. To
initiate the Luminol/H20- based chemical reactions, an external power supply was supplied to
the positive and negative terminals of DEs which are placed in the supporting channel and
reporting channel respectively. When the external potential was applied to the DEs, the
potential difference (AEeiec) across the bipolar electrode can be determined using the following

equation.

LC€+ Lae

AEgipc = Etot[LCC+LaC] ------- )

where, Etor = represents the applied external potential, Lce (2 mm) and Lae (2 mm)
represents the total length of the BPE electrode excluding the length of BPE over which no
solution was present, Lcc + Lac = represents the total distance between two DEs (10 mm).
When AEelec is sufficient across the BPE, the redox process (oxidation at anode and reduction
at the cathode) at both the poles of BPE is triggered. For example, in the case of a two-channel
LIG-C-BPE-ECL device, for Luminol/H202 based chemical reactions, the supporting channel
was filled with PBS and reporting channel was filled with Luminol/H.O,. When an applied
external potential is sufficient, Luminol/H2O; is oxidized in the reporting channel and
simultaneous reduction of O takes place in the supporting channel leading to generate ECL

signal at the anode of BPE which is shown in Figure 2.5 (a).

o R Luminol 4,0,  hv

o R Luminol + H,0, hv

Lce Lae Lce1 Lae1 Lce2 Lae2
<> >
(a) V Vo V (b)
Ele

Pl Sheet

> I 5mm : : 5mm : ” ISmm; |5 mm |5mm‘l‘\t
Supporting I > ¢ > 1 11— —> N
Channel Lec Lac Supporting Lcc Laci Lac2 Reporting
Channel Channel

Figure 2.5 Final fabricated two and three-channel LIG-C-BPE-ECL devices, (a) Working
principle of two-channel LIG based C-BPE-ECL device. (b) Working principle of three-
channel LIG based C-BPE-ECL device with supporting and reporting channel, driving (DE)
and bipolar (BPE) electrodes.
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Similarly, in the case of a three-channel LIG-C-BPE-ECL device, two reporting and one
supporting channel are present as illustrated in Figure 2.5 (b). When the applied external
potential was adequate, concurrent oxidation and reduction took place at the opposite poles of
BPEL and BPE2 (oxidation at the anode and reduction at the cathode of BPEL1 and BPE2)
leading to generate ECL signal at the anode of BPE1 and BPE2. The potential difference
(AEelec) across the bipolar electrode (BPE1 and BPE?2) can be determined using the following
equation.

Lcel + LCeZ + Lael + Laez

AE =E v (3
ELEC tot LCC + ]-‘ac1 +LaC2 ( )

where, Lgeq, Leez, Lgerand Lgeo, (2 mm each) represents the total length of BPE electrode
excluding the length of BPE over which no solution was present, L., + L1 + Lgez =

represents the total distance between two DEs (15 mm).

2.3.2 Characterization of LIG-C-BPE-ECL device

The surface morphological analysis of PI sheet before and after CO laser ablation was carried
out using SEM, as shown in Figure 2.6 (a) and (b), respectively. It was observed that no LIG
was present over the bare PI sheet. When CO> laser was directed over Pl sheet with optimized
speed and power, showing honeycomb structure of graphene material, confirming the LIG

material over Pl sheet as illustrated in Figure 2.6 (b).

Then, as depicted in Figure. 2.6 (c), elemental characterization of LIG was performed using
XPS showing carbon and oxygen contents of 97.61% and 2.39% respectively. Finally, to
confirm the presence of graphene material, RAMAN Spectroscopy analysis was carried out
which showed principal RAMAN peaks (D, G and 2D) as shown in Figure 4 (d). The Ip/lc
ratio measures the defects present in the LIG structure whereby the higher ratio (towards 1)
shows more defects while the lower ratio (towards 0) shows less structural defects. Here, the
ratio Ip/ Ic was calculated to 0.53 confirming reasonably less structural defects in the formed
LIG zones. Further, Iop/lg ratio was calculated to 0.58 confirming few layers (~ 10 to 15) of
graphene material in the formed LI1G zones [50][61]. Furthermore, the conductivity of the ECL
device was measured using a standard four-point probe device. The conductivity analysis was
carried out by increasing the input voltage to 2 V in 0.1 V increments for a total of 25
repetitions. The conductivity of the LIG sample was calculated to be 64.16 S/m for optimized
CO; parameters (speed = 80% and power = 50%).
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Figure 2.6 (a) Polyimide sheet before inducing CO: laser. (b) SEM image of polyimide sheet
after inducing CO2 laser. (c) XPS analysis of LIG based electrodes. (d) RAMAN
Spectroscopy for the LIG based ECL device.

2.3.3 Analytical performance of two-channel LIG-C-BPE-ECL device

Herein, a fabricated LIG-C-BPE-ECL device was effectively demonstrated for the detection of
hydrogen peroxide (H202), vitamin B12 and vitamin C. Vitamins play a crucial role in the
human metabolism system and are involved in various activities such as the immune system,
metabolism of some compounds and in biosynthesis. For human metabolism, vitamin By is
very essential and its deficiency can lead to anemia and large red blood cells [62][63]. Vitamin
B1> natural values in the human body differ from 160 to 950 picograms per milliliter (pg/ml)
or 0.118 to 0.7 nM [64]. Further, vitamin C (ascorbic acid) is an essential micronutrient and
plays a vital role in the psychological system, whole deficiency may cause various diseases
including scurvy. The normal range from vitamin C varies from 33.3 uM to 111 uM [65].
Evidently, H2O: is the first step for the detection of glucose and is widely used in cosmetic
products. Its excessive use may cause health related issues such as hair fall, skin burn and
blisters [36]. Hence, herein, a compact, accurate and reliable laser-induced graphene-based
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ECL system was developed for the sensing and monitoring of various analytes such as vitamin
B12, vitamin C, and H.O>. All the optimized parameters were used to detect H.O and Vitamins.
ECL signal based on Luminol/ H2O2 chemical reactions is highly dependent on parameters such
as the concentration of luminol, pH and applied external potential [66]. For Luminol/ H20>
based chemical reactions, optimized values for luminol (4 mM), pH (9) and applied external
potential (7 V) was taken from the section 2.2.4 [42].

To validate the adaptability of the fabricated two-channel LIG-C-BPE-ECL device, individual
sensing of H20;, Vitamin B12 and Vitamin C have been carried out. The sensing of HO2 was
carried out in the linear range 0.5 to 100 pM with limit of detection (LOD) of 0.303 uM (R?=

0.98, n=3). The LOD was calculated by using the formula LOD = % where, m = slope and &

is standard deviation [67][68]. The relation between H.O; and ECL intensity is shown in Figure
2.7 (a). The sensing of vitamin By, and vitamin C was performed by achieving linear range 0.5
to 1000 nM and 1 to 1000 pM with LoD 0.109 nM (R?=0.96, n=3) and 0.96 uM (R?=0.98, n=3)
respectively illustrated in Figure 2.7 (b) and (c) respectively. The analytical performance of
two-channel LIG-C-BPE-ECL device is tabulated in Table 2.2. These linear values of H20,
vitamin B12 and vitamin C were taken for the subsequent analysis using three-channel L1G-C-
BPE-ECL system.
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Figure 2.7 (a) H202 Vs ECL intensity (RLU): H202 varied from 0.5 to 100 uM, Applied
Voltage = 7 V, Luminol = 4 mM (9 pH), (b) Vitamin B12 Vs ECL intensity (RLU): Vitamin
B2 varied 0.5 to 1000 nM, Applied Voltage = 7 V, Luminol = 4 mM, (c) Vitamin C Vs ECL
intensity (RLU): Vitamin C varied from 1 to 1000 uM, Applied Voltage = 7 V, Luminol = 4
mM.

Table 2. 2 Analytical performance of two-channel LIG-C-BPE-ECL device

Analytes Linear range Limit of detection (LOD)
H.0, 0.5 to 100 pM 0.303 uM
Vitamin By, 0.5 to 1000 nM 0.109 nM
Vitamin C 1 to 1000 uM 0.96 uM

2.3.4 Analytical performance of two-channel LIG-C-BPE-ECL device

A Three-channel LIG-C-BPE-ECL device was fabricated for simultaneous enzyme less
sensing of vitamin B2 and vitamin C. In the case of vitamin B2 and vitamin C, CH 1 was filled
with luminol/vitamin Bi2, CH 2 was filled with luminol/vitamin C and CH 3 was filled with
PBS. The detailed information related to parameters used for the simultaneous detection of
vitamin B2 and vitamin C using a three-channel LI1G-C-BPE-ECL system is tabulated in Table
2.3.
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Figure 2.8 Simultaneous detection of Vitamin B12 and Vitamin C. (a) 3 channel LIG-C-BPE-
ECL system having Vitamin B> = 0.5 nM, Luminol = 4 mM, Vitamin C = 1 uM and PBS =
0.1 M, applied voltage = 7 V. (f) Bar graph for vitamin B12 Vs ECL intensity (RLU). (g) Bar
graph for vitamin C Vs ECL intensity (RLU), Error bar represents standard deviation for
three experiments.

Table 2. 3 Parameters related to three-channel LIG-C-BPE-ECL for simultaneous sensing of
vitamin B12 and vitamin C.

Channel Solution Concertation

1 Luminol and Vitamin B1> | Luminol (4 mM) and Vitamin B2 (0.5-1000 nM)

2 Luminol and Vitamin C Luminol (4 mM) and Vitamin C (1-1000 puM)
3 PBS PBS (pH =7,0.1 M)

For the production of H2O2 from graphene oxide and oxygen, optimized external voltage (7 V)
was applied for the optimized time period (30 sec) followed by steering operation to initiate

chemical reaction [69]-[71]. To obtain the ECL signal, the power supply was turned on and
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successive generated ECL signals were captured by a smartphone. The concentration of
vitamin B12 and vitamin C varied from 0.5 to 1000 nM and 1 to 1000 uM respectively. As the
concentration of vitamin B2 and vitamin C increased from 0.5 to 1000 nM and 1 to 1000 puM,
respectively, the ECL intensity was also augmented linearly. With each concertation of vitamin
B12 and vitamin C, ECL signal intensity was calculated, and resultant bar graphs were plotted
as depicted in Figure 2.8 (b) and (c). Hence, successful simultaneously detection of vitamin
B12 and vitamin C has been accomplished with the help of three-channel LIG-C-BPE-ECL
system.

2.3.5 Real sample analysis of Vitamin Bi2 and Vitamin C using three-channel LI1G-C-
BPE-ECL

To strengthen the workability of three-channel LIG-C-BPE-ECL, real sample analysis for
Vitamin B12 and Vitamin C has been performed using the standard addition method and a good
recovery rate was obtained. The following procedure was accomplished for real sample
analysis using three-channel LIG-C-BPE-ECL.

Table 2. 4 Real sample analysis of vitamin By, and vitamin C using three-channel LIG C-
BPE-ECL device.

Analytes Added Found RSD (%) Recovery (%)
Vitamin B1. 100 nM 98.58 nM 2.29 98.58
300 nM 306.3 nM 3.18 102.1
Vitamin C 50 uM 52.8 uM 3.78 105.6
100 pM 104.23 pM 4.35 104.2

First, an unknown blood sample was diluted 10 times to prevent interference and to fit into the
linear range. In addition, various concertation of vitamin B and vitamin C were added into
the real sample and ECL intensity was calculated with each added concertation. The recovery
rate for different added concertation of vitamin B, and vitamin C are summarized in Table
2.4. Based on the obtained recovery values, the fabricated three-channel LIG-C-BPE-ECL
device was found to be capable of being used in various biomedical applications in point-of-
care testing (PoC). Table 2.5 shows the research summary on Vitamin B12 and Vitamin C

using different methods.

Table 2. 5 Research summary on Vitamin B12 and Vitamin C using different methods.
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Method | Electrodes | Linear range LOD Application Data Ref.
Acquisition
EC Three- 2.5nMto 0.5 uM | 0.91 nM Vitamin B12 | Voltammetry | [63]
electrode
system
ECL LIG based | 0.5to 700 nM for | 107 And | Vitamin B2 | Smartphone | [44]
BPE and | BPE and 0.5 to | 94 pM
SE 1000 nM for SE
electrode
EC Three- 240 to 1500 uM | 51 uM Vitamin C | Voltammetry | [72]
electrode
system
EC Three- 0.1 to 1000 uM | 0.06 uM Vitamin C | Voltammetry | [73]
electrode
system
Fluore- | Carbon 0 to 60 uM 100 uM Vitamin B12 | Microscopy | [74]
scent Dots
EC Three- 0 to 1500 pM 71.48 pM | Vitamin B12 | Voltammetry | [75]
electrode
system
ECL LIG based | 0.5 to 1000 nM | 109  pM | Vitamin B> | Smartphone | [2]
Closed for Vitamin Bai | for and Vitamin
BPE and 1 to 1000 uM | Vitamin C
electrode | for Vitamin C Bz and
096 uM
for
Vitamin C
EC = Electrochemical, LIG = Laser-Induced Graphene, BPE = Bipolar Electrode, SE =
Single Electrode.

2.4 L1G-Based Single Electrode ECL Device (LIG-SE-ECL)

For multiple analysis, the traditional electrochemical system and the bipolar electrochemical
system harness multiple arrays of electrodes. Hence, it is very complex, time-consuming, and
requires several fabrication steps to fabricate multiple electrode systems for diverse analysis
[16][29]. In addition, SE based ECL signals eliminate the background signal generated by
driving electrodes in BPE ECL system leads to improve the performance of ECL systems [16].
Hence, in this study, the LIG based SE-ECL device was fabricated and validated by sensing

various analytes.

In this study non-enzymatic detection of xanthine and dopamine was performed using LIG-SE-
ECL device. In human metabolism, a biological compound like xanthine, and dopamine play
an important role. In the human body, during purine metabolic degradation, xanthine gets
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produced, which is then oxidized to uric acid. Abnormalities in the concentration of metabolites
lead to serious medical issues such as xanthinuria, toxaemia during pregnancy, hyperuricemia,
etc. [76][77]. Dopamine acts as a neurotransmitter, whereby it affects behavioural and physical
activities performed by the human body such as kidney, heart, etc. Hence, monitoring

dopamine helps to understand the functioning of the neurological system [76].

2.4.1 Design, fabrication, and sensing principle of Single Electrode LIG-ECL device
(LIG-SE-ECL)

As shown in Figure 2.9 (a), LIG-SE-ECL system uses only one electrode pair rather than three
electrodes (bipolar Electrode). Herein, two rectangular shape driving electrodes (DE) were
connected at the end of the microfluidic channel. The optimized distance between the two
driving electrodes was kept as 12 mm. The external voltage (Vtot) was applied to the driving
electrodes shown in Figure 2. 9 (b). As the applied voltage was sufficient, it generated a
potential difference between two driving electrodes, leading to the redox process (i.e. oxidation
and reduction) [30]. Because of the applied external voltage, an electric field was developed
across the microchannel. Very high intensity electric field was present at anode and the

magnitude of electric field decreased linearly while moving towards cathode.

Anodic Reaction Cathodic Reaction
Reducti
(Oxidation) Luminol + ;05 hy R o (Reduction)

Channel }

(c)

(d)

Channel

Applied Potential (V1or)
Figure 2.9 (a) 3D structure with microchannel depth (120 um). (b) Schematic of Single
Electrode laser Induced Graphene ECL (LIG-SE-ECL) system with device dimensions. ()
Working principle of LIG-SE-ECL device. (d) Fabricated LIG-SE-ECL device with driving
electrode (8 mm x 6 mm) and fluidic channel (28 mm x 7 mm).
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If the potential difference between two electrode (AEc) is sufficient enough, then on the
electrode surface oxidation and reduction is carried out simultaneously [45]. As depicted in
Figure 2.9 (c) oxidation takes place because of the presence of luminol and hydrogen peroxide
at the edge of anode, and reduction takes place because of the dissolved oxygen and hydrogen
peroxide at the edge of cathode. Such phenomenon led to the generation of ECL signal at the
edge of anode. Following procedure was followed to produce H20> using LIG-SE-ECL device.
First, the solution was pipetted into microchannel ensuring contact with electrodes. Power
supply was turned on to initiate H2O2 generation followed by steering the solution to initiate
the chemical reaction [69]. The optimized time (60 sec) and voltage (7 V) conditions were used
to produce H20> from oxygen and voltage reduced graphene oxide [70][71][78]. To observe
the ECL signal, the power supply was again turned on and successive measurements were taken
using a smartphone. Figure 2.9 (d) shows the final fabricated LIG-SE-ECL device on polyimide

(PI) sheet with driving electrodes (DE) connected at the end of microfluidic channel.

2.4.2 Sensing of xanthine and dopamine using LIG-SE-ECL device

For the LIG-SE-ECL device, luminol/H20: based electrochemistry were applied to quantify
Xanthine and Dopamine. In the similar manner, LIG-SE-ECL device was efficiently used to

determine xanthine and dopamine shown in Figure 2.10 (a) and (b) respectively.
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Figure 2.10 (@) Xanthine (uM) Vs ECL intensity (RLU). Xanthine = 0.1, 1, 10, 30, 50, 70,
100, 200, 300 and 500 uM; Applied voltage = V; Luminol = 5 mM (pH = 10). (b) Dopamine
(uM) Vs ECL intensity (RLU). Dopamine = 0.1, 1, 10, 30, 50, 70, 100, 200, 300 and 500 uM;
Applied voltage = 7 V; Luminol =5 mM (pH = 10); Error bar represents standard deviation
for three independent experiments (n=3).
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The concentrations of Xanthine and Dopamine varied from 0.1 pM to 500 pM. Under
optimized conditions, LIG-SE-ECL device was utilized to determined xanthine and
dopamine, with linear range 0.1 to 100 pM and detection limit of 1.25 pM (R* = 0.9556, n
=3) and 3.40 pM (R* = 0.9734), respectively.

2.4.3 Stability and Interference study of L1G-based electrode

Stability of electrodes plays an important role in their development and applications. Hence, to
check the stability of LIG based electrode, several experiments has been performed for
continuous 7 days and stability of LIG-based electrodes has been validated.
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Figure 2.11 (a) Stability analysis of Laser Induced Graphene based electrodes. Applied
voltage = 7 V; Luminol = 5 mM (pH = 10); H202 = 1 mM; Error bar represents standard
deviation for three independent experiments. (b) Applied Voltage (V) Vs ECL Intensity
(RLU); In panel, applied voltage = varied from 3 to 10 volts; luminol = 5 mM (pH = 10); in
panel, Dopamine = 500 uM; applied voltage = varied from 3 to 12 volts, luminol =5 mM
(pH = 10); in panel, Xanthine = 500 uM; applied voltage: varied from 3 to 13 volts; luminol
= 5 mM (pH = 10); Error bar represents standard deviation for three independent
experiments (n=3).

Luminol/H20> based ECL reactions were carried out to check the stability of proposed LIG
based electrodes. As a result, it was observed that less than 5% change in ECL signal was
observed. Hence, it was clearly evident that the LIG-SE-ECL device provides excellent
stability for long duration and might be suitable for long transport in remote areas. Graphical

representation of the stability analysis is provided in Figure 2.11 (a).

It is very essential to analyze the possible interference of these three biochemical with each
other, as they co-exist in the physiological system. With no interference, when analytes are
present together, they must give different values of ECL intensities, achieving good specificity
of the ECL platform. Herein, rigorous interference study has been carried out by adopting the

following procedure. First, Individual analytes were taken and dependency of each analytes
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were determined with respect applied voltage. Herein, first experiment was conducted in which
20 uL of 5 mM of luminol and 20 puL of 500 M dopamine were pipetted into the microchannel.
Next, applied voltage was varied in the range of 3 to 12 volts. Then, with respect to every
individual value of applied voltage, ECL intensity was calculated, and resultant graph was
plotted which is shown in Figure 2. 11 (b). It was observed that in case of dopamine, at 8 V
maximum ECL intensity signal was obtained. Similar approach was followed to perform
interference study for xanthine, and it was observed that at 10 VV maximum ECL intensity signal
were obtained for xanthine. Finally, with those optimised voltage values, interference study

was performed for the dopamine and xanthine.

Table 2. 6 Interference study of dopamine and xanthine

# Xanthine Dopamine Luminol %
change
CuM VuL CuM V uL CmM V uL
1 100 10 100 10 5 20 3.7
2 500 5 500 5 5 20 1.7
3 500 10 500 10 5 20 3.2
4 1000 10 1000 10 5 20 1.4
5 500 10 500 10 5 20 4.4
# = Experiments, C = Concentration, V = VVolume

As shown in Figure 2. 10 (b), the maximum ECL intensity was obtained for dopamine and
xanthine at 8V and 10 V, respectively. Following procedure was followed for interference
study of dopamine with other analytes for five different combinations summarized in Table 2.
For instance, for combination 3, first, 500 uM dopamine (10 pL) and 5 mM luminol (20 pL)
was pipetted into microchannel. Next, optimised value of applied voltage (8 V) was applied to
the device and ECL intensity was calculated. Then, interference study was carried out by
pipetting dopamine with other interfering compounds [xanthine = 500 uM (10 pL), glucose =
500 uM (10 pL)] in the microchannel. Here, during interference study, H.O. was not
considered because H2O; acts as a coreactant for luminol and it was observed that if H.O>
would be added with other interfering components, then obtained ECL signal would be only

because of H20..
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2.5 Summary of LIG-ECL devices

The development of LIG based ECL sensors and their applications to detect various analytes
have been thoroughly discussed in this chapter. This work delves upon the development of the
novel LIG-ECL device using a simple, inexpensive and rapid method by ablating a CO; laser
on polyimide material. First, the LIG-BPE-ECL device was fabricated, and enzymatic
detection of glucose was carried out using Luminol/H20; electrochemistry. With the optimized
parameters, the imaging system was successfully used for the determination of Hydrogen
Peroxide (H202) and D-Glucose, with detection of limit (LOD) 5.8729 uM and 0.138 uM,
respectively. Second, LIG based two and three-channel closed bipolar systems (LIG-C-BPE-
ECL) were developed for the sensing of vitamin ¢ and B1». Two-channel LIG-C-BPE-ECL
device with Luminol/ H20O, based chemical reaction was effectively utilized for the sensing of
H20:, Vitamin B12 and Vitamin C for the linear range 0.5 to 100 uM, 0.5 to 1000 nM and 1 to
1000 uM with limit of detection (LOD) 0.303 uM, 0.109 nM, 0.96 uM, respectively.
Simultaneous detection of Vitamin B1> and Vitamin C was accomplished with the help of a
three-channel LIG-C-BPE-ECL device. Finally, the LIG-SE-ECL device was fabricated, and
its analytical performance was validated by sensing dopamine and xanthine. Under optimized
conditions, LIG-SE-ECL device was utilized to determined xanthine and dopamine, with linear
range 0.1 to 100 uM and detection limit of 1.25 uM (R? = 0.9556, n = 3) and 3.40 uM (R? =
0.9734) respectively. The smartphone not only captured the ECL signal but also powered the
ECL device through DC-to-DC buck-boost converter. In the following chapter, it is shown how
miniature ECL devices can be fabricated using a three-dimensional printing technique and how

they could be utilized to detect different biomarkers.
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Chapter 3. Three Dimensional Printed (3DP) ECL Devices

In this chapter, systematic discussion is carried out on three-dimensional printing based ECL
devices. In depth explanation regarding material selection, fabrication, characterization, and
validation is provided in this chapter. Closed bipolar and single electrode 3DP ECL devices

and their applications are also explicitly explained here.

3.1 Introduction to 3DP-ECL devices

Three-dimensional printing (3DP) is a layer-by-layer fast prototyping or additive
manufacturing technique that has piqued the interest of researchers and is widely used in
diverse applications including automotive, defense industries [79][80], point-of-care testing,
biochemical applications, Lab-on-chip, organ printing, industrial design, and healthcare
[81][82]. When compared to traditional fabrication methods, such as photolithography, 3DP
fabrication methodology provides various many crucial benefits such as low cost, fast
prototyping [83], reduced manufacturing time, and complicated designs that may be easily
created [84][85]. Further, numerous biochemical sensing techniques, such as
chemiluminescence, electrochemical, electrochemiluminescence, are compatible with the 3DP
technique [44][86]. However, selecting an optimal and adaptive detection methodology to
incorporate 3DP devices for biochemical sensing is critical for such sensing techniques.
Amongst them, ECL, whereby electrical energy is converted to the radiative one [17][87][88],
is the most promising approach since it provides major advantages such as being very selective
and sensitive, having a wide operating range, having minimal background noise, and many
more [34][89].

3.2 3D printed closed bipolar ECL (3DP-C-BPE-ECL) device
Keeping the advantages of the C-BPE-ECL system in mind, 3D printed closed bipolar ECL

(3DP-C-BPE) devices are developed for sensing choline and dopamine utilizing Luminol and
Ruthenium-based chemistry respectively.

Evidently, nutrients, such as choline and dopamine, are essential for the correct functioning of
the human body. Choline plays a significantly important role in the human body which
regulates several essential body activities such as cell membrane development and neuron
transmission. Choline deficiency can lead to dementia, genetic abnormalities in infants, muscle
and liver disorders, and cardiovascular disease [41]. Bananas, peanut butter, peanuts,
cauliflower, coffee, meat and eggs are the primary sources of choline [90]. Dopamine is an

important neurotransmitter that transfers information among neurons [76] whose deficiency
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may result in mood swings, motivation, cognition, mobility, kidney, cardiovascular
functioning, and renal blood flow [43][91]. Hence, monitoring choline and dopamine levels is

essential for humans to function correctly.

Understanding the importance of continuous monitoring of dopamine and choline, various
research groups have developed different kinds of miniaturized ECL devices. Hyun J. Kwon
and the group developed a three-electrode paper-based device integrated with mobile phone to
sense the dopamine levels. They have used screen printing methods to fabricate electrodes [25].
Furthermore, Ruoyuan Zhang and his group developed a cloth based closed bipolar ECL device

to sense DNA. Ru(bpy)s?* /TPrA based electrochemistry was used for sensing purpose [30].

The objective of the present work is to study the performance of novel 3DP-C-BPE-ECL device
by sensing choline and dopamine using smartphone and PMT based approach for comparative
analysis. The 3DP-C-BPE-ECL devices were fabricated using conducive graphene filament
with dual-extruder 3D printer.

3.2.1 Working principle and fabrication of 3DP-C-BPE-ECL

Figure 3.1 (a) depicts a representation of working of the 3DP-C-BPE-ECL device, which is
based on chemical interactions involving Ru(bpy)s**/TPrA or Luminol/H20.. Herein,
electrodes (BPE and DEs) were fabricated using conductive graphene filament. The BPE anode

and cathode were placed independently in the reporting and supporting channels.

@) Anodic Reaction Cathodic Reaction
(Oxidation) (Reduction)

Ru(bpy);*)+ hv R (0)

Figure 3.1 (a) Working concept of 3DP-BPE-ECL device. (b) Image of the final fabricated
3DP-C-BPE-ECL device showing the supporting and reporting channels, bipolar and
driving electrodes.

The external “positive” and “negative” power supply connections were applied to the DEs that

were positioned in the reporting and supporting channels to initiate the chemical reactions, as
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shown in Figure 3.1 (b). To obtain the ECL signal, reporting channel was occupied with
Ru(bpy)s?>*/TPrA or Luminol/H20, while supporting channel was filled with PBS solution.
When external voltage (Etort) is adequate, strong electric field is produced across the channel,
resulting initiations of faradic reaction at both the poles of BPE. Taking the case of
Ru(bpy)s?*/TPrA, when sufficient Etor is present, Ru(bpy)s**/TPrA is oxidize and reduce

simultaneously in reporting and supporting channel.

3.2.2 Materials and instrumentation used

Luminol (= 98% purity), Tris (2,2’-bipyridyl) dichloro-ruthenium (11) hexahydrate (>99.95%
purity) (Ru(bpy)s?*), Tripropylamine (= 98% purity) (TPrA), Choline chloride (> 98% purity)
and Dopamine were procured from Sigma Aldrich, India. Isopropanol (IPA) (2-propanol, 99
% purity) and N-Dimethylforamide (DMF) (99.5 % purity) were purchased from SRL, India.
IPA (diluted to 60%) was used to clean the DMF-treated 3D printed C-BPE-ECL devices.
Luminol was not directly soluble in water, therefore Sodium hydroxide (NaOH) was used to
formulate the stock solution of Luminol. Sodium hydroxide (NaOH) was bought from SRL,
India. Sodium phosphate monobasic dehydrate (NaH2PO4..H20) and Sodium phosphate
dibasic dehydrate (Na2HPO4..H.O) were purchased from Sigma Aldrich, India for the
preparation of phosphate buffer solution (PBS). To confirm the analytical performance of 3DP-
C-BPE-ECL devices all the chemicals were prepared in deionized water (DI). To fabricate BPE
and DEs of 3DP-C-BPE-ECL devices, conductive graphene filament was used and purchased
from Black Magic 3D, USA. White PLA filament was procured from Amazon, India. All these

filaments have a diameter of 1.75 mm.

The 3DP-C-BPE-ECL devices were fabricated using a Fused deposition modeling (FDM)
based 3D printer (Creator PRO from Flashforge, China). In this study, a photomultiplier tube
(PMT)-based, and 3D printed miniaturized smartphone embedded-based ECL systems were
used to detect ECL signals. In case of PMT based sensing approach, PMT H10722 series
photosensor module was procured from Hamamatsu Photonics, Shizuoka, Japan. Isolated
Module DC-DC Converter with Output + 5 V, 200 mA and Input 4.5V - 5.5V (SPU01L-05)
was purchased from Mean Well USA Inc. Bluetooth (HC-05) and IoT (ESP8266-01) module
were procured from Amazon, India. On the other hand, in smartphone-based sensing approach,
DCto DC (5 Vinput, 1.2 V to 24 V output) step up-step down converter and Samsung Galaxy
M11 (12 MP camera) smartphone were purchased from Amazon, India.
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3.2.3 Data capturing and analysis for 3DP-C-BPE-ECL

Following the fabrication of 3DP-C-BPE-ECL devices, chemical reactions based on
Ru(bpy)s?*/TPrA or Luminol/H20, were carried out to sense dopamine and choline. For the
comparative study, two independent approaches were used to detect ECL signals: a PMT
module embedded with 10T and a 3D printed miniaturized black box embedded with a

smartphone.

3.2.3.1 PMT based data acquisition and analysis

Figure 3.2 (a) shows the block diagram representation of Photomultiplier tube (PMT). It
comprises of DC-DC converter module produces a stable output voltage of £5 V required by
the PMT module.

PMT Sensor reading

Source Variable POT - === ;naT-tpE)ne .

2.78
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tube (PMT)
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Figure 3.2 PMT based approach for data acquisition and analysis; (a) Block diagram
representation of Photomultiplier tube PMT module; (b) schematic representation of PMT
based approch to detect ECL signal: IoT and bluetooth module with other electronics
componenet mounted on solo PCB; (¢) Mobile embedded ThinkSpeak loT platform; (d) real-
time data logging using Smartphone

The Arduino based microcontroller was responsible for monitoring, controlling, and processing
the photosensor. Voltage Gain variable Potentiometer (POT) was mainly used to adjust the
sensitivity of the PMT. Bluetooth (HC-05) and IoT (ESP8266-01) modules were used for real-
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time data acquisition through geotagging that was connected to the smartphone for an easy data
logging facility. The schematic representation of PMT based module with complete electronic
components mounted and integrated on a solo PCB platform is depicted in Figure 3. 2 (b).
Herein, the PMT (H10722) module was used to sense ECL signals. The output of the PMT was
in the form of current, which was fed to an amplifier, which converted it to voltage so that the
signal could be processed easily. The microcontroller coordinates and processes the
information to the data communication unit. The open-source software, arduino integrated

development environment (IDE), was used to carry out the instructions (www.arduino.cc). The

sensitivity adjustment was achieved by varying the voltage gain in the range of + 0.5 V to +
1.1 V using the potentiometer. The sensitivity adjustment circuit was designed and modified
following initial simulations with NI Multisim software to test and improve the fine-tuning
ability the voltage gain. Figure 3. 2 (d) shows the real-time data logging using Bluetooth (HC-
05) and IoT (ESP-8266-01) modules accessible directly onto the smartphone making it easy
for data acquisition. IoT module was utilized to retrieve PMT data in real time via the cloud,
which could be accessed via a smartphone. The obtained data has been stored on the
ThingSpeak platform. ThingSpeak is an 10T application to store, access, and return information
from things/subjects using HTTP and MQTT protocol over the internet. Figure 3. 2 (c) shows

Mobile embdded ThinkSpeak loT platform to show real time data acquisition.

3.2.3.2 Smartphone based data acquisition and analysis

Figure. 3. 3 (a) depicts a smartphone-based approach for sensing ECL signals. To effectively
capture the ECL signal, a 3D printed miniaturized black box, integrated with a smartphone and
a DC-to-DC buck-boost converter, was used. A methodology, similar to the one discussed in
our earlier published work, was used in this work [44]. The intensity of ECL signals was
calculated using ImageJ software. As shown in Figure 3.3 (b), to determine the mean value of
the ECL signal in relative light units (RLU), a high intensity area of roughly 3000 pixels was

chosen.
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Figure 3.3 Smartphone based approach for data acquestion and analysis. (a) 3D printed
miniaturized ECL imaging system with blak box, DC-DC converter and smartphone. (b)
ImageJ software based calculation of ECL intensity.

3.2.4 Characterization for 3DP electrodes

Scanning Electron Microscope (SEM) analysis was accomplished to examine the

morphological modifications on the surface of electrodes for the fabricated 3DP-C-BPE-ECL

device before and after N-dimethylformamide (DMF) treatment. The SEM images for

conductive graphene filament without and with DMF treatment are shown in Figure 3.4 (a) and

(b) respectively. As can be seen clearly in Figure 3. 4 (b), after DMF treatment, the surface of

the conductive graphene filament became more porous, resulting in an increase in ECL signal

intensity and detection limit, as detailed in the following section.

(a)

(b)

IQ/ 2/2021 | mode | WD mag O HV HFW  pressure | det
DO 103156AM SE 114 mm 10000x 20.00kV 414 ym 1.00E-3Pa ETD

Figure 3.4 SEM images for conductive graphene filament, (a) without DMF treatment. (b)

after DMF treatment.
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3.2.5 Assay optimization for 3DP-C-BPE-ECL

Following the fabrication of the proposed device, the next step was to optimize the parameters
on which the intensity of the ECL signal was highly dependent. The intensity of the ECL signal
in Ru(bpy)s?*/TPrA based chemistry was significantly dependent on the concentration of TPrA
and the applied voltage. Similarly, in Luminol/H2O> based chemistry, the intensity of ECL

signal was dependent on luminol concentration and externally applied voltage.

3.2.5.1 Optimization of TPrA and external applied voltage for Ru(bpy)s**/TPrA

The concentration of TPrA was varied from 10 mM to 60 mM and the change in ECL intensity
was observed with each concentration of TPrA. It was observed that as the concentration of
TPrA varied from 10 mM to 30 mM, the intensity of ECL signal increased linearly, as shown
in Figure 3.5 (a). An increase in TPrA concertation above 30 mM would not affect the intensity
of the ECL signal. This could be due to reduced mass transfer towards electrodes. For the

subsequent experiments, a concentration of 30 mM TPrA was selected.
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Figure 3.5 Optimization of various parameters. (a) TPrA (mM) Vs PMT Output (Volts);
TPrA =10, 20, 30, 40, 50 and 60 mM, applied voltage = 7 V, voltage gain = 0.6, Ru(bpy)s®*=
500 uM, PBS = 0.1 M (pH =7). (b) Applied voltage Vs PMT Output (Volts); applied voltage
=4,5,6,7,8,10, 11 and 13, TPrA = 30 mM, Ru(bpy)s**= 500 uM, voltage gain = 0.6, PBS
=01M((PH=7)(n=23).

Applied voltage is the second important parameter over which ECL intensity depends. The
applied voltage was optimized by varying the voltage value from 3V to 13 V. The intensity of
the ECL signal was augmented linearly from 3 V to 8 V. For voltages less than 4 V, no ECL

signal was recorded. However, strong but unstable ECL intensity signal was observed at 10 V,
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shown in Fig. 5 (b). It was detected that when the applied voltage value increased, the intensity
of the ECL decreased. This could be because, at higher voltages, a small amount of water being
electrolyzed at the anode surface of BPE electrode, preventing the formation of the ECL signal
[23]. For the subsequent experiments, 8 V as optimized value of applied voltage was used.
Similarly, in the case of Luminol/H202 based chemistry, the ECL signal intensity depends on
luminol concentration and external applied voltage. Herein, the optimized value for luminol (4

mM) and applied voltage (7 V) were taken from previously published work by our group [2].

3.2.5.2 Optimization of TPrA and external applied voltage for Ru(bpy)s**/TPrA

Lorena Manzanares Palenzuela et. al. reported 3D printed conductive graphene filament based
electrodes for electrochemical sensing of ascorbic and picric acid [92]. They have developed
an activation process for 3D printed graphene electrodes by performing DMF treatment. DMF
treatment was studied for various time intervals (1, 10, 20, and 60 minutes), and it was found
that 10 minutes was the optimal period necessary for activation desired effect for graphene-

based electrodes.
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Figure 3.6 Effect of DMF treatment on graphene filament; (a) Smartphone based approach
to sense Ru(bpy)s?*; Ru(bpy)s>* (uM) Vs ECL Intensity (RLU), Ru(bpy)s®* = 50 to 700 pM,
applied voltage = 8V, TPrA = 30 mM, PBS = 0.1 M (pH =7).
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In the present work, an optimal time period of 10 minutes was chosen for the DMF treatment.
Both the supporting and reporting channels were filled with DMF for 10 minutes before being
washed with IPA (60% diluted) and dried at room temperature for 6 to 7 hours. To determine
the effect of DMF treatment, sensing of Ru(bpy)s?* was carried out using smartphone-based
approach. The concentration of Ru(bpy)s** was varied from 10 to 1000 uM and a linear range
of 100 to 700 uM and 50 to 700 uM was achieved, with limit of detection (LOD) values of
22.21 pM and 5.25 pM for 3DP-C-BPE-ECL devices without and with DMF treatment,
respectively. The relation between Ru(bpy)s?* Vs ECL Intensity (RLU) for with and without
DMF treatment is illustrated in Figure 3.6. Based on the DMF treatment, a significant
observation of improved linear range with lower limit of detection value was observed. Also,
the percentage increase in ECL intensity was observed to be around 31.25 uM. Based on the
observations, for subsequent analysis of dopamine and choline DMF treated 3DP-C-BPE-ECL

devices were used.

3.2.6 Sensing of Choline and Dopamine using 3DP-C-BPE-ECL

Following parameters optimizations to validate the diagnostic efficacy of 3DP-C-BPE-ECL
was accomplished by sensing dopamine and choline using Ru(bpy)s?*/TPrA and Luminol/H20;
based chemistry respectively. Following are the chemical reactions involved while sensing

domine using ruthenium-based electrochemistry.

TPrAH — TPrA+ H" (1)

TPrA — TPrAt + e (2)

TPrA** — TPrA* + H" (3)

Ru(bpy)s**— Ru(bpy)s*" + e (4)
Ru(bpy)s** + TPrA— Ru(bpy)s> ™ * + P1 (5)
Ru(bpy)s*™— Ru(bpy)s*" + hv (6)

P1 — P> +H:0

Equation 1 to 4 refers to the generation of Ru(bpy)s®* and highly reductive TPrA" over the
surface of graphene electrode. Equation 5 and 6 shows the reaction between Ru(bpy)s>*/TPrA,
which relax electron to the ground state and emits lights. The ECL signal intensity is getting
quenched in the presence of dopamine (DA). The quenching of ECL could be attributed to the

generation of dopamine oxidation product, which was assumed to take place as follows:
DA — DA™ +¢ (8)
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DA™ +TPIA" — Ppa+P1  (9)

where Ppa represent the reduced product of DA™ and P; represent the oxidation product of
TPrA-.
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Figure 3.7 (a) Dopamine (uM) Vs PMT Output (Volts), Dopamine = 0.5, 1, 50, 70 and 100
UM, TPrA = 30 mM, PBS = 0.1 M (pH =7), voltage gain = 0.6, Ru(bpy)s** = 100 uM,
applied voltage = 8V. (b) Dopamine (uUM) Vs ECL Intensity (RLU); Dopamine = 0.5, 1, 50,
70 and 100 pM, TPrA = 30 mM, PBS = 0.1 M (pH =7), Ru(bpy)s** = 100 pM, applied
voltage = 8V. (c) Choline (uM) Vs PMT Output (Volts), choline = 30, 100, 300, 500 and 700
1M, Luminol = 4 mM, voltage gain = 0.6, choline oxidase = 10 mg/mL, applied voltage =
7V, PBS = 0.1 M (pH =7), (d) Choline (uM) Vs ECL Intensity (RLU), choline = 30, 100,
300, 500 and 700 uM, choline oxidase = 10 mg/mL, Luminol =4 mM, applied voltage = 7V,
PBS =0.1 M (pH =7). (N=3)

The sensing of dopamine was accomplished in the linear range 0.5 pM to 100 puM with LOD
= 2 uM (R?= 0.99, N=3) using PMT based sensing approach, as shown in Figure 3.7 (a).

Further, smartphone-based approach was used for the sensing of dopamine by achieving linear
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range 0.5 UM to 100 uM with LOD = 0.33 uM (R?= 0.98, N=3) as shown in Figure 3.7 (b).
Last, sensing of choline was carried out using PMT and smartphone-based sensing approach
by accomplishing linear range 5 UM to 700 uM and 30 uM to 700 uM with LOD values of
1.25 uM (R?= 0.98, N=3) and 3.27 uM (R?= 0.97, N=3) as shown in Figure 3.7 (c) and (d)

respectively.

3.3 Multiplexed and Simultaneous Biosensing in a 3D-Printed Portable Six-Well ECL
device

In this study, for the first time, a six-well 3D printed closed bipolar Electrochemiluminescence
(3DP-CBPE-ECL) device has been successfully fabricated and validated by performing single-
step detection of various biochemical such as glucose and choline. Luminol/H20. based
enzymatic reactions were performed with optimized parameters for selective sensing of glucose
and choline. A smartphone was leveraged to execute multiple activities such as powering the
ECL device, capturing ECL images and calculating the ECL intensity of the obtained ECL
signal. The feasibility of a six-well 3DP-CBPE-ECL device was tested by sensing glucose and
choline simultaneously in a single device at three different concentrations.

3.3.1 Working principle and fabrication of six-well 3DP-CBPE-ECL

Enzymatic reactions based on Luminol/H202 have been carried out to better comprehend the
working principle of the fabricated ECL device. The anode and cathode of BPE electrodes were

placed in different channels.
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Figure 3.8 (a) Working principle of six-well 3DP-CBPE-ECL device with anodic, cathodic
and enzymatic reactions. (b) and (c) top and side view for 3DP-CBPE-ECL device with
dimensions. (d) final fabricated 3DP-CBPE-ECL device.

45



When a sufficient external voltage was provided to the ECL device, a strong electric field was
formed across the closed bipolar electrode (CBPE), triggering ECL processes such as oxidation
and reduction on the anode and cathode of the CBPE respectively, resulting in the emission of
an ECL signal at the anode of the CBPE. The working principle of the six-well 3DP-CBPE-
ECL device with anodic, cathodic and enzymatic reactions is depicted in Figure 3.8 (a). A dual-
extruder FDM 3D printer was efficiently used to fabricate a six-well 3DP-CBPE-ECL. Prior to
the fabrication, the ECL device design was created using Computer-Aided Design (CAD)

software-fusion 360 and later design was saved in ‘.stl” format.

Following that, graphene and white PLA filament were used to create electrodes and channels
by adjusting the temperature (220°C). The electrodes and device dimension are shown in Figure
3.8 (b) and (c). The generated file was then stored in the ‘.x3g' format, which is compatible
with 3D printers. Finally, the completed design was sent to a Dual-Extruder FDM 3D printer
through a graphical user interface (GUI). Image of final fabricated six-well 3DP-CBPE-ECL
device with electrodes and channels is shown in Figure 3.8 (d).

After the device fabrication, the six-well 3DP-CBPE-ECL devices were DMF treated to
enhance device performance on several fronts, such as the surface of the electrode being more
porous, to achieve better detection limit [93]. All six wells of the device were filled with DMF
for a ten-minute optimum time [92]. The device was then cleaned with 60% diluted IPA.

Finally, DMF-treated devices were allowed to dry for 6 to 7 hours at room temperature.

3.3.2 Data acquisition and analysis

Herein, for the first-time smartphone was efficiently leveraged to carry out the following
functions: 1) to power the ECL device through buck-boost converter which successfully makes
the system portable and eliminates the usage of external bulky power supply, 2) to capture the
ECL signals, and 3) to calculate the ECL intensity of captured signals which eliminates to use

third-party software such as ImageJ and Matlab.
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Figure 3.9 Data acquisition and analysis, (a) 3D printed black box assembly integrated
with smartphone and converter, (b) Display for android ECL Intensity app, (c) captured
real time image, (d) selected region of interest and calculated ECL intensity.

A mobile app, “ECL intensity calculator” was developed in java built-in android studio with
read-write storage as shown in Figure 3.9 (b). The android app was designed in such way that
it can calculate the intensity of real time captured images or saved images in a gallery. The
captured ECL image using an android app is shown in Figure 3. 9 (c). After capturing the ECL
signal, a high intensity portion of an image was clipped and ECL intensity was calculated by

pressing the “MEASURE” button shown on the display displayed in Figure 3. 9 (d).

3.3.3 Analytical performance of six-well 3DP-CBPE-ECL

Before validating the analytical performance of the ECL device, it was mandatory to optimized
several parameters over which ECL signal intensity was highly dependent. Primarily, in
Luminol/H2O based chemistry, ECL signal strength is dependent on parameters such as
concentration of pH, luminol and voltage.

All of the optimized values in this study were obtained directly from a prior article published

by our group. For validation of the six-well 3DP-CBPE-ECL, the optimal values for luminol
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(4 mM), pH (9) and voltage (7V) were used. The six-well 3DP-CBPE-ECL device was
validated by detecting glucose and choline in a single step. First, before the sensing of glucose
and choline, the response of blank was calculated. For this, all the six wells were filled with 4
mM luminol concentration and ECL intensity was calculated. It was observed that when only
luminol concentration was used, no ECL signal was obtained. Next, the glucose was detected
by keeping six different concentrations in six distinct channels, as illustrated in Figure 3.10 (a).
To sense the glucose, glucose oxidase (10 mg/mL) was used and an enzymatic approach as
described below was used. Experimentally, it was observed that minimum time of 3 minutes

was required to react glucose with glucose oxidase to produce H20:.
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Figure 3.10 (a) Schematic representation of glucose with different concentration, (b) ECL
intensity Vs Glucose, Glucose = 0.1, 1, 3, 5, 7 and 10 mM, Luminol = 4 mM, GOx = 10
mg/mL, Applied voltage = 7V, (c) Schematic representation of choline with different
concentration, (d) ECL intensity Vs Choline, Choline = 0.1, 0.5, 0.7, 1, 3and 5 mM, Luminol
=4 mM, COx = 10 mg/mL, Applied voltage = 7V, (e) simultaneous detection of glucose and
choline using six channel CBPE-ECL device, (f) real time ECL signal image corrosponding
to various concentatuion of glucose and choline. [N = 3]
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Hence, Luminol, glucose and glucose oxidase were pipetted into the channel for an optimized
time period of three minutes. The ECL signal was then achieved by applying an optimized
value of external voltage (7 V) to the anode and cathode of the ECL device, and the
corresponding ECL signal was successfully captured with android smartphone. ECL signal
intensity for different six concentrations is shown in Figure 3.10 (b). The single step detection
of glucose was accomplished for the linear range 0.1 mM to 10 mM with a limit of detection
(LOD) 24 uM. Similarly, choline was detected by pipetting six different concentrations of
choline with luminol and choline oxidase into the six distinct channels shown in Figure 3.10
(c). Choline, Luminol, and Choline oxidase were pipetted into the channel for ten minutes
before applying an external voltage to the ECL device. Choline detection was carried out by
obtaining linear range 0.1 mM to 5 mM with LOD 10 pM. For each different concentration of
choline, ECL signal intensity was calculated, and a related linear fit graph was plotted which
is shown in Figure 3. 10 (d). To test the workability of the six-well CBPE-ECL device,
simultaneous detection of varied concentrations of glucose and choline was performed, and it
was found that the fabricated ECL device effectively sensed both analytes at the same time.
The simultaneous detection of glucose and choline was accomplished by pipetting three
different concentrations of each (glucose = 0.1, 5 and 10 mM and choline = 0.1, 3 and 3 mM)

into separate channels and calculated ECL intensity as indicated in Figure 3.10 (e) and (f).

3.3.4 Real Sample analysis of glucose and choline

Finally, a real sample analysis was performed to assess the practicability of the fabricated ECL
device. The original glucose concentration was estimated by intersecting the extrapolation of
the fitting line with the concentration axis [59]. The original values of glucose before the
sample being spiked was found to be 3.9 mM. The standard spiking (addition) method was
adopted for the real sample analysis of glucose and choline. The following method was adopted

to do the real sample analysis of glucose.

An unknown blood sample was collected from the medical center (BITS Pilani Hyderabad
Campus, Hyderabad, India) and diluted to ten times to avoid interference. In our case, ten
times dilution was performed by adding 100 pL of real sample into 900 pL of DI water. Real
sample analysis was performed using the standard spiking method for different concentrations
of glucose and choline and yielded a satisfactory recovery rate.

The following method was adopted to do the real sample analysis. The real sample was diluted
to 10 times i.e. In present study, 100 pL of real sample was added to 900 puL DI water. Then,
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know concentration of glucose (1000 uM) and diluted real sample having equal volume (30
ML each) added into well along with glucose oxidase (10 mg/mL having 20uL volume) and

ECL intensity was calculated. Recovery rate was calculated using following formula [94].

Practical Concentration (found)

~ Therotical Concentartion (added) 100
Table 3. 1 Summary of the outcome from the real sample analysis
Analytes | Clinical Method Using 3DP- Added Obtained %
(mM) CBPE-ECL (mM) (mM) Recovery
device (mM)

1000 4980 95.7

Glucose 4.2 3.9 2000 5988 96.6
3000 7050 97.9
100 96.5 96.5

Choline - - 500 477 95.5
3000 2890 96.3

In a similar way, real sample analysis was carried out for different concertation of choline. In
spite of rigorous literature survey, no proven clinical method to detect choline was found.
Hence, herein, no clinical data for choline could be provided. Multiple experiments were
carried out with the 3DP-CBPE-ECL device to detect choline in real samples but we could not
get convincing results. This could be due to the fact that choline concentrations in real serum
are much below the detection limit. As a result, the conventional additive approach was used
to detect choline, and the results were satisfactory. The recovery rate with standard deviation

for various concentrations of glucose and choline is summarized in Table 2.

3.3.5 Interference study of glucose and choline with other biomolecules

The interference study of glucose and choline with other biomolecules, such as ascorbic acid,
uric acid, and creatinine, were carried out to prove the selectivity of the device. Following
method was adopted for the interference study of glucose with other biomolecules. First, known
concentrations of glucose (5 mM in 30 pL), luminol (4 mM in 30 pL) and glucose oxidase (10
mg/mL in 20 pL) were pipetted into well and ECL intensity was calculated. Then, interfering
compound such as uric acid (0.5 mM in 30 pL) was added to same well and ECL intensity was
calculated. Less than 5% change was observed in ECL intensity which indicated that the
fabricated device provided good selectivity. Similarly, an interference study of glucose with

other interfering compounds (ascorbic acid, choline, and creatinine) was carried out, and the
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selectivity of the device was confirmed. Figure 3.11 (a) and (b) show the interference study of

glucose and choline with other interfering compounds.
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Figure 3.11 Interference study. (a) interference study of glucose with choline, creatine, uric
acid, ascorbic acid: glucose =5 mM, choline = 1 mM, creatine = 0.5 mM, uric acid = 0.5
mM, ascorbic acid =0.1 mM, Luminol = 4 mM, GOx = 10 mg/mL and applied voltage = 7
V. (b) interference study of choline with glucose, creatine, uric acid, ascorbic acid: choline
=2 mM, glucose = 1 mM, creatine = 0.5 mM, uric acid = 0.5 mM, ascorbic acid =0.1 mM,
Luminol = 4 mM, COx = 10 mg/mL and applied voltage = 7 V, n=3.

3.4 Stereolithography 3d printed ECL platform with random grade graphite electrodes:
detection of H202 and cholesterol using a smartphone

Graphite pencil electrode-based microfluidics biosensors have recently gained more attention
and shown promising results in various applications such as ECL, energy harvesting, detection
of haemoglobin and vitamin C, and in the field of DNA and RNA because of their
electrochemical characteristics, fast prototyping, ease-of-use, excellent mechanical rigidity,
easy disposal, and cost efficiency [95][96]. By taking advantage of graphite pencil electrodes,
an ECL device was fabricated and successfully utilized to detect hydrogen peroxide (H203)
and cholesterol. H.O> is a common and easy-to-detect molecule found in nature, and its
detection is important in clinical, mining, pharmaceutical, food, and textile applications. H20>
is also produced as a by-product in a number of biochemical reactions and is catalyzed by
enzymes such as lactate oxidase, choline oxidase, alcohol oxidase, glucose oxidase, cholesterol
oxidase, glutamate oxidase, lysine oxidase, d-amino oxidase, oxalate, and others [97]. Along
with H>O2, cholesterol is an important biomolecule present in the human body that causes
coronary heart disease, arteriosclerosis, lipid metabolic dysfunction, cerebral thrombosis, and
hypertension when it accumulates up in the body [98][99][100]. Therefore, the detection of
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H202 and cholesterol is crucial for both industrial and academic applications. In this study, our
main goal was to develop a graphite pencil-based device that could do inexpensive, quick,
disposable, and portable complete analysis using a unique ECL sensing technique. By taking
the advantages of the ECL-based sensing approach and observing the importance of sensing of
H>0> and cholesterol, herein, a new class of Stereolithography-based resin 3D printer (SLA)
printed graphite pencil-based single electrode ECL (GP-SE-ECL) biosensor was developed,
and its analytical performance was successfully validated. Here, an efficient use of the SLA

printer was made to create a microfluidic well for pipetting reagents.

This work encompasses a novel, simple and ultra-fast fabrication of stereolithographic 3D
printed electrochemiluminescence (GP-SE-ECL) biosensor with a graphite pencil-based single
electrode to detect H,O> and cholesterol. Graphite pencil electrodes were extensively used as
a replacement for screen-printing, Laser-Induced graphene-based electrodes due to their user-
friendliness, ease of availability, excellent electrochemical properties, and cost-efficiency.
Different graded graphite electrodes (F, H, HB, 3B, 6B, and 8B) were used to fabricate single-
electrode ECL devices. Since the conductivity values and surface area for different graded
pencils vary, the impact of conductivity and surface area of the electrodes on the effectiveness
of the ECL device was confirmed with optimized parameters by sensing H202. A lab-made,
portable 3D-printed dark room platform integrated with a smartphone was used to capture the
ECL signals. The smartphone android application was developed which can not only capture
the ECL images but also calculates the intensities values for the region of interest. Based on
the experimental data it was confirmed that the fabricated device with random grade pencil

possesses strong acceptability in the field of biomolecule detection.

3.4.1 Operating Principle and Fabrication of GP-SE-ECL Device

The working concept of SLA 3D printed GP-SE-ECL device based on the luminol/H20-
chemistry is shown in Figure 3.12 (a). Herein, pencil graphite-based driving electrodes (DEs)
were used, and the positive terminal of the power supply was applied to the anode and the
negative terminal of the power supply was applied to the cathode of the GP-SE-ECL device.
When an adequate power supply is applied to DEs, the redox process gets initiated resulting in
an ECL signal at the anode of P-SE-ECL device [43]. The fabrication flow for SLA 3D printed
GP-SE-ECL device is detailed in the following paragraph.
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Figure 3.12 (a) Schematic representation for working concept of P-SE-ECL device with
redox process: Fabrication flow for P-SE-ECL device. (b) design of 3D CAD model with
dedicated slots. (¢) 3D CAD model with graphite-based driving electrodes. (d) final
fabricated GP-SE-ECL device. Three different diameter inlets (2.2 mm for HB and F, 2.4
mm for 3B and 3 mm for 6B & 8B) were used to inseret the elctrodes.

The GP-SE-ECL device was developed using a unique but simple and low-cost approach based
on SLA 3D printing. First, a computer-aided design application was used to model the device
in 3D. (solid works). The resulting file was saved as a ".stl' file. Then, in preform software,
layer optimization was done, and lastly, the printing process was accomplished. The supporting
material was removed after printing, and the fabricated device was cleaned with IPA for 15
minutes and devices were kept at room temperature for 5 minutes. The 3D CAD model of the
GP-SE-ECL device is shown in Figure 3.12 (b). Subsequently, different graded pencil
electrodes were inserted into the provided slot as shown in Figure 3.12 (c). To resolve the
anticipated leakage problem, the edges of the provided slots were filled with the same resin.
Finally, to provide sufficient strength to the fabricated device, UV light curing (to
photopolymerized) was performed for 15 minutes at 60°C. The fabricated GP-SE-ECL device

with pencil graphite-based electrodes is shown in Figure 3.12 (d).

3.4.2 Chemicals and Material

Luminol with >98% purity, sodium hydroxide (NaOH), cholesterol with >98% purity and

cholesterol oxidase (CHOXx) (microorganism) 100 UN were purchased from Sigma Aldrich,
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India. Isopropanol (IPA) with 99% purity and triton X-100 was procured from Sisco Research
Laboratory (SRL), India. Hydrogen peroxide (35% in water) was purchased from Tokyo
Chemical Industry, India. Pencils with different grades F, H and HB with 2.2 mm diameter,
3B with 2.4 mm diameter, 6B and 8B with 2.4 mm diameter were procured from Kurtzy Artist,
Amazon, India. A stereolithography (SLA) 3D printer (25 um resolution, Form labs, USA) was
used to fabricating the ECL device. A USB DC-DC buck-boost (5V to 1.2-24V) converter was

procured from eHUB, Amazon, India.

3.4.3 Preparation of cholesterol and luminol

As cholesterol is not soluble in DI water, the following approach was used to overcome this
issue. First, triton X-100 (5 mL) and IPA (5 mL) were mixed and heated to 50°C using a digital
magnetic stirrer hotplate. Then, 193 mg of cholesterol powder was slowly added to the solution
and steered for 20 to 25 minutes at 800 rpm. Finally, 0.1 M PBS (40 mL) was supplemented
with constant mixing to form a 10 mM stock solution. The resulting stock solution was stored
at 4°C when not in use. Different concentrations of cholesterol were prepared for the analysis
by diluting a stock solution of cholesterol in 1:1:8 ratios (triton X-100: IPA: 0.1M
PBS)[101][102].

Like cholesterol, luminol is also insoluble in normal water, but it is soluble in basic electrolyte.
Hence, the same process was used to prepare a luminol stock solution as described in the
precious section 2.2.2. Briefly, the base solution was first prepared by dissolving 399 mg of
NaOH in 10 mL DI water. Then, 80 mg of luminol was added to the 47 mL DI water along
with 3 mL NaOH solution to make the 10 mM stock solution of luminol. Different
concentrations of luminol were prepared for the analysis by diluting the stock solution of

luminol using the standard dilution formula.

3.4.4 Optimization of applied voltage, luminol and channel length

Following the fabrication of the proposed device, multiple parameters such as applied voltage,
luminol concentration, and channel length were optimized to achieve the optimum ECL outputs
[44]. The applied voltage was optimized by keeping the luminol concentration and channel
length constant, and the maximum ECL was recorded experimentally at 4 V. It is clearly seen,
from Figure 3.13 (a) the ECL intensity linearly increased till 4 V and after that ECL signal got
saturates. This happens because as the voltage increases luminol oxidation rate to form 3-

aminophthalate is increase, resulting increase in ECL intensity.
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Figure 3.13 Optimization of different parameters. (a) optimization of applied voltage,
luminol = 5mM, H>0> = 1 mM and applied voltage varied from 1 to 6 V. (b) optimization of
applied luminol, applied voltage = 4V, H202 = 1 mM and luminol varied from 1 to 5 mM.
(c) optimization of channel length, luminol = 3 mM, applied voltage = 4V, H.O2 =0.1 mM.
(d) time optimization for cholesterol sensing, CHOx = 50 mg/mL, cholesterol = 1 mM,
luminol = 3 mM, applied voltage = 4 V. (e) luminol = 3 mM, applied voltage = 4V, CHOx
=10, 30, 50, 70 and 100 UN/mL, cholesterol = 1 mM, n=3.

After 4 V, luminol gets completely oxidize, resulting no change in ECL intensity. Similarly,
luminol was optimized by utilizing an optimized value of applied voltage while maintaining
channel length constant, and the highest intensity was attained at 3 mM luminol concentration
(Figure 3.13 (b). It was observed that the ECL intensity was linearly increased up to 3 mM
luminol concentration. This could happen because the formation rate of luminolendoperoxide
increased with increase in luminol concentration [66]. Finally, the channel length was

optimized using optimized values of applied voltage and luminol, and it was observed that an
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8 mm channel length gives a more stable output. The channel length was varied from 6 mm to
12 mm, it was experimentally observed that as the channel length goes below 6 mm, more
unstable ECL signal observed. This could be due to the fact as channel length reduces high
intensity electric field is present across the channel leads to generate unstable ECL signal
(Figure 3.13 (c)) [44]. Hence, for the sensing of H202 and cholesterol, the optimized values of
applied voltage (4 V), luminol (3 mM) and channel length (8 mm) were used.

3.4.5 Sensing of H202 using different graded pencil-based GP-SE-ECL device

Following parameter optimization, H20O2 sensing was carried out using various graded pencils
having different graphite (conductivity) content, and the effect of this on various parameters,
such as ECL signal intensity and the detection limit, was observed. Different graded pencils,
such as H, F, 3B, 6B, 8B and HB, were used to detect H.O2, and related graphs with linear
range (LR) and limit of detection (LoD) is shown in Figure 3.14 (a-f). The same LR was seen
for different graded pencils, with LoD values ranging from 0.91 to 0.96 xM, indicating that in
luminol/H202 based electrochemistry, the intensity of the ECL signal and LoD values are

independent of both the surface area and grades of the graphite pencil.
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Figure 3.14 Sensing of H20- using different grade pencils. (a) sensing of H20O- using H grade
pencil. (b) sensing of H202 using F grade pencil. (c) sensing of H.O> using 3B grade pencil.
(d) sensing of H202 using 6B grade pencil. (e) sensing of H2O using 8B grade pencil. (f)
sensing of H2O> using HB grade pencil. Parameter used for experiments: luminol = 3 mM,
applied voltage = 4V, H,O2 = 1 to 100 pM. The error bar denotes the standard deviation for

three experiments (n=3).
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3.4.6 Sensing of cholesterol using HB graded pencil-based GP-SE-ECL device

To further demonstrate the workability of the proposed device, the most usable and abundantly
available HB-graded pencil-based GP-SE-ECL device was used, and sensing of cholesterol
was carried out using luminol/H>O»-based electrochemistry. Following are the steps followed
to detect cholesterol: first, luminol (3 mM concentration having 100 puL volume), cholesterol
having different concentration (100 pL volume) and CHOx (50 units/mL) were pipetted into

the channel. The maximum ECL intensity was observed for a CHOx concentration of 50

units/mL.
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Figure 3.15 (a) time optimization for cholesterol to react with cholesterol oxidase. (b)
Luminol/H20> chemistry-based cholesterol detection: luminol = 3 mM (100 uL), applied
voltage = 4 V, CHOx = 50 mg/mL (2.5uL), cholesterol = 50, 100, 200, 300, 400, 500, 700,
1000, 2000, 3000 pM, time to produced H>O2 = 3 minutes, n = 3.

As a result, a concentration of 50 Units/mL CHOXx was chosen for sensing of cholesterol. As
cholesterol takes some time to react with CHOx (Figure 3.13 (d)), all three analytes (luminol,
cholesterol, and CHOx) were retained in the channel for the optimal three-minute time. The
relation between time and ECL intensity to detect cholesterol is illustrated in Figure 3.15 (a).
Then the optimum voltage was applied to the DEs and the respected ECL signal was calculated
using a mobile phone. The dependency of ECL signal intensity on the concentration of
cholesterol is illustrated in Figure 3.15 (b). The detection of cholesterol was carried out by
varying the concentration between 50 to 3000 puM and an LR from 50 to 1000 uM with LOD
of 15.71 uM was achieved. To take care of the dead volume issue, after every use the device

was completely cleaned with IPA (60 % diluted) and then dried at room temperature for 10 to
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15 minutes so that the dead volume could be equal to zero. While performing cholesterol

detection, the final volume present in the channel was 202.5 pL.

3.4.7 Interference study using HB graded pencil-based GP-SE-ECL device

It is important to prove the anti-interference ability of the fabricated device in its application
and development. Hence, to evaluate this, six different (glucose, xanthine, uric acid, lactate,
choline, creatinine) interfering biomolecules were taken, and a rigorous interference study was
carried out. First, the ECL intensity was calculated without any interfering compounds for 1000
M concentration of cholesterol in a 100 pL volume. Subsequently, the interfering compound
(such as glucose (1000 pM) in a volume (100 pL)), was added and ECL intensity was
calculated. A percentage change of 2.58 was observed when glucose as an interfering

compound was used.
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Figure 3.16 Interference study of cholesterol with other interfering compounds: luminol =3
mM (100 pL), applied voltage = 4 V, CHOx = 50 mg/mL (2.5uL), cholesterol = 1000 uM,
glucose = 1000 pM, lactate = 1000 puM, xanthine = 1000 pM, uric acid = 1000 pM,
creatinine = 1000 uM, choline = 1000 uM, n = 3.

A similar process was carried out for the other interfering compounds and concerning each, the
ECL intensity was calculated. Experimentally, not much change in ECL intensity was observed
(Fig. 6). The percentage change in the ECL intensity for xanthine, uric acid, lactate, choline,
and creatinine 0.8 %, 2.58 %, 3.4 %, 1.43 %, and 1.1 %, was observed. The lock and key type
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binding between the CHOXx enzyme and substrate (cholesterol) form the basis for highly

selective detection and luminol-mediated ECL provides the readout mechanism.

3.4.8 Real sample analysis of H202 and cholesterol in milk and blood serum using GP-SE-
ECL device

Finally, the practical usability of the device was validated by doing a real sample analysis of
cholesterol and H202 in blood serum and milk respectively.

Table 3. 2 Real Sample Analysis of H,O2 and Cholesterol

Spike (UM) Obtained (uM) Recovery (%)
Cholesterol 300 288 96
(Blood Serum) 500 486 97.2
700 673 96.1
30 28.7 95.6
H202 (Milk) 50 50.4 100.8
100 98.3 98.3

The standard addition method was used for the real sample analysis i.e. blood serum was
diluted fifty times and milk was diluted thirty times to avoid interference due to the other high
concentration interfering compounds. Different concentrations of cholesterol and H2O> (see
Table 3.2) were spiked into the diluted blood serum and milk in equal amounts, and ECL
intensities were counted. The obtained recovery rates were encouraging and showed the
possibility for the proposed device to be used in real-time applications.

3.4.9 Stability and reproducibility analysis using HB graded pencil-based GP-SE-ECL

device

The long-term stability performance of the HB-graded pencil electrode-based GP-SE-ECL
device was confirmed by utilizing cholesterol over a seven-day period. Stability analyses were
carried out using all optimized parameters. First, the stability of the GP-SE-ECL device over
seven days period was validated by taking the highest concentration (within the linear range)
of cholesterol (1000 pM). Then the stability analysis for a lower concentration of cholesterol

(100 uM) was carried out to validate the deterioration issues.
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Figure 3.17 (a) Stability analysis of GP-SE-ECL device: (a) Cholesterol-based stability
analysis, luminol = 3 mM (100 pL), cholesterol = 1000 uM (100 pL), CHOx = 50 mg/mL
(2.5 L), applied voltage = 4V. (b) reproducibility analysis using, cholesterol = 500 uM,
(100 pL), CHOx =50 mg/mL (2.5 L), applied voltage =4V, n = 3.

Though the enzymatic detection method was used to sense the cholesterol, in both cases (for
higher extreme values and lower extreme values) the device showed excellently long-term
stability performance. The long-term stability performance for the concentration of 1000 uM
cholesterol is shown in Figure 3.17 (a). Finally, the reproducibility of the fabricated device
was tested using four different GP-SE-ECL biosensors for the same concentration of
cholesterol (as shown in Figure 3.17 (b)). The obtained data shows that the fabricated biosensor

has an acceptable reproducibility.

3.5 Summary of 3DP-ECL devices

In this work, 3D printing based fabrication techniques were used to fabricate ECL devices. In
contrast to other fabrication techniques, 3DP provides numerous advantage such as rapid
prototyping, waste minimization, low-cost manufacturing, high precision and speed, ability to
fabricate complex designs. First, 3DP novel closed bipolar electrode ECL device was
fabricated and effectively used to sense dopamine and choline. Two different electrochemistry
such as Ru(bpy)s®*/TPrA and Luminol/H20O, was used to sense dopamine and choline,
respectively. To capture the ECL signal, two different approaches were used, with a
smartphone-based ECL platform and the second with a photomultiplier tube (PMT) enabled
with Internet of things technology (IoT) capability. First, the sensing of choline was performed
using PMT and smartphone-based approach by achieving linear range 5 uM to 700 uM and 30
1M to 700 uM with limit of detection (LOD) 1.25 uM (R?= 0.98, N=3) and 3.27 uM (R?=0.97,

N=3) respectively. Then, dopamine sensing was carried out using PMT and smartphone based
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approached for the same linear range of 0.5 uM to 100 uM with LOD = 2 uM (R?= 0.99, N=3)
and LOD = 0.33 uM (R?= 0.98, N=3). The smartphone-based sensing approach was more
convenient since it is portable, miniaturized, does not require external power supply to drive

ECL device and does not require darkroom for experimentation.

Next, a portable and compact, 3D printed six-well closed bipolar device was fabricated and
validated by performing single step detection of glucose and choline. After performing several
optimizations, the single step detection of glucose and choline was accomplished for the linear
ranges of 0.1 mM to 10 mM and 0.1 mM to 5 mM, respectively, with a LOD of 24 uM and 10
M. Following are the main key advantages of fabricated six-well 3DP-CBPE-ECL device: 1)
single step, low-cost fabrication (3D-printing) approach was used to fabricate ECL devices, 2)
most popular Luminol/H>O> based enzymatic chemical reaction reactions were used to detect
glucose and choline, 3) the smartphone was leveraged to its full potential by executing many
activities such as capturing ECL images, powering the ECL device, and calculating the ECL

intensity of the obtained ECL signal.

Finally, a low-cost, widely accessible graphite pencil-based GP-SE-ECL biosensor with good
electrical properties was fabricated and effectively validated by sensing H202 and cholesterol.
The GP-SE-ECL biosensor was made using an SLA 3D printing technique within 30 minutes.
The sensing of H2O2 and cholesterol was carried out using the well-reported Luminol/H20-
based electrochemistry. The ECL signal dependency on the conductivity was thoroughly
validated by sensing the H2O- using different graded pencil electrodes (F, H, HB, 3B, 6B, and
8B) based GP-SE-ECL biosensor. While sensing H>O, the same LoD values were observed
for different graphite pencil grades, demonstrating that the ECL signal is not highly dependent
on a pencil-type and therefore conductivity. Furthermore, the performance of the fabricated
GP-SE-ECL biosensor was validated by sensing cholesterol with optimized parameters and
achieving a linear range from 50 uM to 1000 uM with a detection limit of 15.71 uM. Hence,
based on the results and other key important functions the fabricated 3DP-ECL device has
shown potential to employ in a variety of biochemical applications. The following chapter will
concentrate on paper-based ECL devices that use rGO-based electrodes developed over paper

substrates to detect lactate in human serum.
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Chapter 4. Paper Based ECL Devices

In this chapter, thorough discussion is carried out on paper based ECL devices. In depth
explanation regarding material selection, fabrication, characterization, and validation is
provided in this chapter. Paper based single electrode ECL devices, and their applications are

explicitly explained in this chapter.

4.1 Introduction to paper-based devices

A decade ago, paper-based microfluidic devices piqued the interest of researchers as a viable
diagnostic platform [103]. Paper-based devices have several significant advantages, including
low-cost, disposable, requirement of low sample volume and less time for diagnostics, mass
manufacturing capability, and rapid prototyping. Such unique virtues have resulted several
devices that are widely utilized in chemical investigations [104]. Furthermore, when compared
to traditional polymer and glass substrate-based microfluidic devices, paper-based devices
have unique benefits such as inherent capillary action to avoid the need of external pumps and
valves, easy integrability with miniaturized devices, portability, simple operation and superior
biological compatibility [105]. As a result, paper-based microfluidics devices are widely used
in variety of applications including environmental monitoring, food control management,
clinical diagnostics, molecular analysis and in point-of-care [106]. By keeping the advantage
of paper-based devices in mind in the presented study paper based single electrode system (P-

SE-ECL) has been designed to sense / detect glucose and lactate analytes.

Glucose and lactate play vital roles in the human body, as a deficiency of these biomolecules
can result in serious disorders. To accomplish metabolic processes correctly, each cell in the
human metabolism system requires energy. Glucose is the principal source of energy for
muscles, brain, tissues and a variety of other body components. However, high blood sugar
levels can lead to heart, nerve, and eye disorders. On the other hand, low glucose levels, create
severe issues such as headaches, weakness, anxiety, nervousness etc. [10][42][107]. Lactate is
a by-product of tissue glucose metabolism that can be found in saliva, blood, skin excretion
and urine. Lactate control is important for monitoring blood oxygen levels. It has been reported
that the deficit of lactate may cause muscle pain, tiredness and cramps during training [108].
Therefore, maintaining the levels of glucose and lactate is having great importance for the body
to function properly. Herein, the P-SE-ECL device has been successfully fabricated and

utilized to sense these biomolecules.
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In the present study, first, leveraging optimized speed and power of a blue laser, rGO based
single electrode ECL device was successfully explored. A 3D printed miniaturized portable
black box assembly embedded with smartphone was effectively used to take ECL images and
powering the P-SE-ECL device. Various characterizations, such as scanning electron
microscope (SEM), were accomplished to understand the morphological study of rGO based
electrodes. Furthermore, to confirm the presence of rGO over paper-based substrate RAMAN
spectroscopy analysis were carried out and the obtained results were compared with literature.
To validate the performance of P-SE-ECL device, luminol/H202 based reactions were executed
to sense glucose and lactate. The corresponding enzymatic reactions to sense glucose and

lactate are given in equation (1, 2, 3 and 4) [109].
Enzymatic Reactions:

Glucose + Oy --zm--=--zoooome -> gluconolactone + H20- Q)

Glucose Oxidase

Lactate + Oy -----=--=-=---—- —> pyruvic acid + H20> (2)

Lactate Oxidase

BPE Anode Reaction:

Luminol + H202 -------------- - 3- aminophthalate + hv ~ (3)

BPE Cathode Reaction:

2H20 + Op + 4g" ==mmemmem- > 40H- (4)

4.2 Concept and fabrication flow for P-SE-ECL device

To comprehend the working concept of P-SE-ECL device, luminol/H20, based chemical
reactions were executed. As shown in Figure 4.1 (a), both terminals (positive and negative) of
an external voltage were applied to the two rectangular shape driving electrodes (DEs) known
as anode and cathode. When an adequate voltage was applied across DESs, a strong electric field
was formed throughout the channel, and simultaneous oxidation and reduction happened at the
anode and cathode, resulting in the initiation of an ECL signal at the anode. All the device
dimensions such as channel length (12 mm), width (6 mm) and length (8 mm) of DEs were

chosen as it is from the previous work published by our group [29].

A novel paper based single electrode ECL device was fabricated on a filter paper (whatman
grade 1) and a laser printer illustrated in Figure 4.1 (b) Prior to fabrication, the P-SE-ECL
device was designed in SOLIDWORKS™ and saved as “.dxf” file. The “.dxf” file was then

converted to G-Code using voxelizer 2.0, to set the speed and power of the laser, which was
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compatible with laser printer. The final design of the device was sent to a laser printer through
voxelizer graphical user interface (GUI). To fabricate the device, first, the filter paper was
sprayed with fire retardant spray and kept in oven at 75°C for 20 minutes to avoid the burning
of filter paper shown in step 2. Then, blue laser with optimized speed (100%) and power (10%)
was ablated over filter paper to form rGO based DEs illustrated in step 3. To create hydrophobic
zone over paper, same wax lamination approach was adopted from previous published article
by our group [110]. Following steps were followed to form hydrophobic zone over paper.
Initially, by manual dipping method molten wax was layered on A4 copier paper. Thenceforth,
mold was formed by keeping wax coated paper below blue laser printer. Thereafter, the wax
coated mold was then carefully positioned over the fabricated DEs and passed through the
laminator (temperature = 85°C and speed = 5 rpm). Finally, using the hot lamination procedure
described in step 4, a hydrophobic zone was formed over paper-based substrate. The final
fabricated P-SE-ECL device with hydrophobic and hydrophilic zones and DEs is shown in step
5.

Whatman #1 Filter Filter Paper
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Figure 4.1 (a) Schematic representation of P-SE-ECL device with anodic and cathodic
reactions. (b) Fabrication flow for paper based single electrode ECL device.

4.3 Data acquisition and analysis

The 3D printed black box with smartphone, buck boost converter and P-SE-ECL device is
shown in Figure 4.2 (a). Herein, the mobile-based android app was successfully used not only
to capture ECL signals but also to calculate ECL signal intensity. The app was implemented in
java built-in android studio with read write storage. The ECL intensity app is shown in Figure
4. 2 (b). As shown in Figure 4. 2 (c), the smartphone based android app was designed in such
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a way that it can compute the ECL intensity of real-time images as well as images stored in the

gallery.

Smartphone with Android ECL (b) ©

Intensity Calculator Application

Pick Image From

Black B )
ack Box !
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4 Imagel
File Edit Image Process Analyze Plugins Window Help (E) £CL Intensity Calculator
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Figure 4.2 Data acquisition using mobile application: (a) real image of 3D printed black
box with in house smartphone and buck boost converter to capture ECL signal. (b) mobile
based ECL intensity calculator. (c) capture real time image or pick image from gallery
option present in mobile app. (d) selected high intensity area of ECL image. () calculation
of intensity using ECL intensity calculator. (f) ECL signal intensity calculation using ImageJ

software.

4.4 Characterization of P-SE-ECL device

The characterization of the fabricated P-SE-ECL device was carried out using scanning
electron microscope (SEM) and RAMAN spectroscopy as shown in Figure 4. 2 (a) and (b)
respectively. The SEM analysis was accomplished to understand the morphological study of
rGO-based electrodes. The SEM image of rGO is shown in Figure 4. 2 (a). Further, RAMAN
spectroscopy-based analysis was carried out to confirm the presence of rGO on paper-based
platform. Ip/lg ratio was used to calculate the structural defects presents in material. Herein,
In/lc ratio was calculated to be 0.94 which confirms the presence of rGO. The obtained value
of Ip/lg ratio was well matched with the literature values [111][112]. In addition, detailed

analyses, such as x-ray photoemission spectroscopy (XPS), was performed to determine the
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amount of carbon and oxygen in the produced rGO. Finally, transmission electron microscopy

(TEM) based analysis was done to obtain morphological information [113].
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Figure 4.3 characterization of P-SE-ECL device: (a) SEM analysis. (b) RAMAN analysis.
(c) XPS analysis. (d) TEM analysis.

4.5 Parameters optimization for P-SE-ECL device

Optimization of several parameters on which ECL signal intensity is highly dependent is a
crucial challenge in order to achieve the best feasible outcomes during ECL detection. Few
critical and necessary parameters on which the intensity of the ECL signal is highly dependent

include channel length (12 mm), concentration of luminol (5 mM) and applied voltage (7 V).

4.6 Analytical performance of P-SE-ECL device

Subsequent to the device fabrication by leveraging the optimized parameter, sensing of
glucose, and lactate with optimized parameters utilizing luminol/H>O; based chemistry was

performed to validate the workability of the P-SE-ECL device. As illustrated in Figure 4. 4 (a),
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sensing of glucose and lactate was accomplished using glucose oxidase and lactate oxidase
respectively. The following method was adopted for the sensing of glucose. First, the anode of
the P-SE-ECL device was modified with glucose oxidase, and then luminol and glucose were
pipetted into the channel. As glucose takes some time to react with glucose oxidase, hence all
three constituent chemicals (luminol, glucose and glucose oxidase) were kept in the channel
for the optimized time of 3 minutes. After that to get the ECL signal, external optimized voltage
(7 V) was applied to the P-SE-ECL device. Subsequently, glucose sensing was done by
achieving a linear range from 100 uM to 1000 uM having LOD of 2.16 uM (R? = 0.98, n=3).
The variation between Glucose and ECL signal is illustrated in Figure 4. 4 (a). A similar
approach was used for lactate sensing as it was for glucose sensing. It was found that the
optimal time period for lactate to react with lactate oxidase was 15 minutes. Keeping this in
mind, lactate sensing was accomplished by attaining a linear range of 100 uM to 5000 uM with
a LOD of 3.84 pM (R? = 0.98, n=3). The relation between lactate and ECL signal is illustrated
in Figure 4. 4 (b).
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Figure 4.4 Analytical performance of P-SE-ECL device; (a) Glucose (uM) Vs ECL Intensity
(RLU), Glucose = 50, 100, 300, 500, 700 and 1000 puM, , Luminol =5 mM, Applied Voltage
=7 V; Glucose oxidase = 10 mg/mL; (b) Lactate (uM) Vs ECL Intensity (RLU), Lactate =
100, 500, 1000, 2000, 3000 and 5000 uM, lactate oxidase = 25 units/mL, n = 3.

4.7 Selectivity and storage stability analysis of P-SE-ECL device

The selectivity analysis for glucose and lactate was performed to demonstrate the functionality
of the fabricated P-SE-ECL device. First, for the particular concentration of glucose (1000
1M) ECL intensity was calculated. The device's selectivity with various interfering compounds

such lactate, ascorbic acid, xylose, and galactose was proven one by one.
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Figure 4. 5 Selectivity analysis using P-SE-ECL device. (a) selectivity analysis for glucose
with lactate, glucose = 1000 uM, glucose oxidase = 10 mg/mL, applied voltage =7V, lactate
= 1000 pM, Ascorbic acid = 1000 puM, Xylose = 1000 pM, Galactose = 1000 uM. (b)
selectivity analysis for lactate with glucose, lactate = 1000 uM, lactate oxidase = 25
units/mL, glucose = 1000 puM, Ascorbic acid = 1000 puM, Xylose = 1000 uM, Galactose =
1000 uM , applied voltage = 7 V. (c) Stability analysis for rGO based single electrode device.
H202 = 1 mM, Luminol = 5 mM, applied voltage = 7V, n = 3.

First, to check the selectivity, lactate with the same concentration (1000 uM) was added with
glucose concentration and ECL signal intensity was calculated and very small variation in ECL
intensity was observed. Subsequently, selectivity of device with other interfering compounds
such ascorbic acid (1000 uM), xylose (1000 uM), and galactose (1000 puM) was validated and
very small variation in ECL intensity (less than 5%) was observed, demonstrating that the
device has high selectivity with respect to other analytes. The selectivity analysis for glucose
with lactate, ascorbic acid, xylose, and galactose is shown in Figure 4. 5 (a). Similar approach
was carried out to perform the selectivity analysis for lactate with respect to glucose (1000
M), ascorbic acid (1000 puM), xylose (1000 uM), and galactose (1000 uM). The selectivity

analysis for lactate with other analytes is shown in Figure 4. 5 (b). After selectivity, device
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storage stability analysis was carried out for ten days. Several experiments were carried out
over a period of 10 days to test the stability of a rGO-based single electrode device using
luminol/H20, based chemistry, and the stability of a rGO-based single electrode device were
confirmed by observing less than 5% change in ECL intensity. The obtained stability results
confirmed that the fabricated device can be used for an extended period of time. Stability

analysis for fabricated device is shown in Figure 4. 5 (c)

4.8 Real sample analysis using P-SE-ECL device

Finally, real sample analysis was carried out using P-SE-ECL device with standard spiking
method for glucose and lactate. Well established spiking method with following approach was
utilized for real sample analysis. First, the unknown blood sample was taken and diluted for
ten times to avoid interference. Following dilution, multiple concentrations of glucose and
lactate (listed in Table 4.1) were spiked into an unknown blood sample, and ECL signal was
determined for each added concentration. Based on the obtained results, percentage recovery
rate was calculated for every added sample which is summarized in Table 4. 1. On the basis of
recoveries achieved in this study, it was determined that the fabricated P-SE-ECL device can
be employed in real time applications such as biomedical and environmental monitoring

applications.

Table 4. 1 Real sample analysis for glucose and lactate using P-SE-ECL device.

Analytes Added (uM) Found (uM) RSD Recovery (%)
100 98 3.94 98
Glucose 500 518 2.68 103.6
700 678 1.38 96.85
100 101 0.59 101
Lactate 300 286 1.26 95.66
500 512 2.36 102.6

4.9 Summary for P-SE-ECL device

In this work, a novel paper-based single electrode ECL device (P-SE-ECL) was successfully
fabricated and validated by sensing various biomolecules. The single driving electrode on P-
SE-ECL was realized by embedding reduced graphene oxide (rGO) over the paper-based
substrate by ablating blue laser with optimized parameters. To form a channel, the wax-
lamination method was successfully utilized. The combination of rGO, wax-lamination and
paper offer the foundation for adaptable, disposable, portable and low-cost P-SE-ECL devices.
The main key features of P-SE-ECL devices are - 1) P-SE-ECL devices are fabricated with the
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easily available paper-based substrate with simple fabrications steps without the need of any
trained personnel; 2) rGO based, single-step, ultrafast electrodes can be developed over paper
by ablating blue laser; 3) P-SE-ECL devices are compatible with most usable luminol/H20>
and Ru(bpy)s?*/TPrA based chemistry; 4) the designed, complete 3D printed tiny ECL system
may be used in an open environment to capture ECL signal without requiring an external power
supply, making the fabricated system portable.; 4) no need to use software like ImageJ to
calculate ECL signal intensity, as a smartphone can be effectively utilized to capture and
calculate the intensity of ECL signal. Therefore, keeping in mind the features mentioned above,
the proposed P-SE-ECL device has the potential to be used in diversified applications such as
food control management, clinical diagnostics, and point-of-care testing. The advantages of
ML learning assisted ECL biosensors and their effective utilization to predict the concentration

of various biomarkers is explained in the next chapter.
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Chapter 5. A Machine Learning Approach for ECL Based Point
of Care Testing Device to Detect Multiple Biomarkers

This chapter describes fabrication of 3DP ECL devices, and their application in the field of
biomarkers detection. Regression based machine learning (ML) algorithms were effectively
used to predict the different biomarkers and compared the performance of different ML
algorithms based on different regression metrices. Finally, the device performance was

validated by doing the real sample analysis.

5.1 Introduction to Machine Learning approach to detect various biomarkers

PoC diagnostic devices can potentially improve the healthcare facilities in the remotest corner
of the world through an early diagnosis and therefore enable timely intervention and
remediation for multiple diseases and disorders. These low-cost and portable devices can
potentially benefit a large population in developing countries that do not have direct access to
conventional diagnostics. In addition to easy accessibility, the PoC devices offer options for
continuous monitoring of a particular biomarker or analyze that can be tracked through a
smartphone-based application over an extended duration. Biomarkers have traditionally been
used for diagnosing human health due to their direct correlation with multiple diseases and
health conditions. The irregularities in the biomarkers can cause potential ailments in humans.
Biosensors open a new window for researchers to develop miniaturized point-of-care devices
to detect various diseases at the early stage, which helps cure patients and ultimately reduces
the treatment cost. Compared to the traditional testing approaches, biosensors have provided
numerous advantages such as fast response, less sample volume, inexpensive, and on-site or
near patient diagnosis can be possible. However, these biosensors come with their own
limitations like sensor-to-sensor variations and non-linearity of the output data. Many
researchers have been using many ML-based approaches to overcome the limitations of the
biomarkers [114].

In recent times, ECL-based biosensors have gained immense popularity because of their high
sensitivity and selectivity [115], [116], extensive operating range, minimum set-up
requirement, low or minimum background signal, and reasonable control over the generated
electrochemiluminescence signal [117]. In addition, ECL biosensors are being explored as a
faster, cheaper, and more efficient alternative to traditional solutions such as the
photomultiplier tube and charge-coupled devices-based detectors for biomarker detection

Despite numerous advantages of ECL-based biosensors, some biosensors have completely
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relied on aptamer, antibodies, and antigen as baroreceptors, which questioned the shelf-life and
stability performance of the biosensors leading to the prohibition of their commercialization
[118]. The cost, stability, and shelf-life of these reagents are critical factors that can impact
their suitability and effectiveness for different applications. The cost of enzymes and antibodies
can vary widely depending on the source, quality, and quantity required. Stability and shelf-
life are also important considerations for enzymes and antibodies. Enzymes and antibodies can
be susceptible to denaturation and degradation over time, especially if they are exposed to
unfavourable conditions such as high temperature. It is important to store enzymes and
antibodies under appropriate conditions, such as at the appropriate temperature and pH, to
ensure their stability and prolong their shelf-life. Hence to maintain the shelf-life of enzymes

every time new stock solution was prepared, and experiments were carried out.

Based on these facts, rigorous analysis of sensing data using ML is in demand as ML-based
algorithms could act as game-changing approaches to overcome the limitations of ECL-based
biosensors. ML is fast emerging as an acceptable tool for sensor data analysis to improve the
overall accuracy of the sensors [114][119]. Besides enhancing the sensor accuracy, ML can
also help improve the time-to-market, automate the data-driven analysis process, and help
identify the unforeseen interdependencies between the biomarker agents and signals.
Moreover, ML-based techniques can help to solve these challenges faced by ECL biosensors
by providing a better fit across the specimen, concentrations, and sensor combinations
[120][121].

This study encompasses 3D printing of ECL-biosensor, input parameter optimization,
biosensor validation by sensing multiple biomarkers including glucose, lactate, and choline,
performance validation through stability and interference study. In addition to the white-box
approach, experimental data were analyzed using multiple ML-based algorithms to provide the
most accurate y-predictor for the ECL-biosensors. The experiment involved 3D printing of
interdigitated bipolar ECL biosensor using conductive PLA filament. To improve the signal
amplification, the interdigitated (IDE) bipolar ECL biosensor was chosen over the conventional
bipolar electrode [122]. Luminol/H20.-based electrochemistry was successfully used for
parameter optimization and for performance validation. Various ML algorithms including
Robust Linear Regressors, Partition-based Models, (e.g., Support Vector Machines) and

Ensemble Techniques (e.g., Decision Tree and Random Forest) were applied to analyze the
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interaction effect of different biomarkers for the manufactured ECL device. While ML Models
helped improve the accuracy of the y-predictors in general, ensemble techniques like Decision
Tree, Random Forest, and Gradient Boost produced the best R-squared values along with the
least error scores. As per the comparative results of various models, it can be inferred that the

ML-based approaches can help the ECL biosensors to improve their accuracy and performance.

5.2 Fabrication and working concept of ECL biosensors

To fabricate the ECL device 3D printing methodology was used. First, the design was

performed in Solid works CAD modelling software. After CAD modelling, the design was
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Figure 5.1 (a) Schematic of the fabricated ECL biosensor with oxidation and reduction, (b)
sketch drawing for one-well 3DP-IDE-CBPE-ECL biosensor.
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transferred to a 3D printer (Sigma BCN 3D) using the graphical user interface (GUI) on the
printer. The bed temperature of the 3D printer was maintained at 60°C. The PLA filament
temperature was maintained at 220°C. Finally, with those parameters the ECL devices were
successfully fabricated.

ECL-based biosensors work using reactions between electrochemically produced reagents
producing light via electron transfer. These biosensors use biological interactions between the
reagents to produce a luminescent signal that in turn can help measure different biomarkers.
IDEs offer an improved surface area for oxidation and reduction reactions enabling the
operation of multiple IDE-BPEs using a single pair of electrical contact [122]. The cathode
pole of BPE is divided into multiple arms which are interdigitated with arms extending from
the anode of BPE. When a sufficient potential is applied, the redox process occurs between the
IDEs (Figure 5. 1 (a)), generating an ECL signal at the anode. A sketch drawing for a one-well
3DP-IDE-CBPE-ECL biosensor has been incorporated and shown in Figure 5.1 (b).

5.3 Chemicals and materials

D-glucose, lactate, choline, luminol (>98% purity), glucose oxidase (GOx), lactate oxidase
(LOXx), choline oxidase (COx) hydrogen peroxide (H20-) (35%), sodium hydroxide (NaOH),
were procured from Sigma Aldrich, India. Dimethylformamide (DMF) and Isopropanol (IPA)
were procured from SRL, India. 3D printer (Sigma BCN 3D) was used to fabricate ECL
biosensors in the laboratory. Commercially available black composite conductive PLA was
purchased from Proto pasta, USA, to fabricate conducting zones. White PLA filaments were

sourced from one of the online vendors in India.

5.4 Results and discussion

5.4.1 Parameter optimization

Various input parameters were considered to optimize various factors to achieve the best
results. First, the effect of interdigitated fingers (IDEs) on ECL intensity was observed as in
Figure 5.2 (a). While fabricating and testing the ECL device iteratively, the number of IDEs
were increased from two to four and then from four to six. By increasing the number of IDEs
to four and six, the ECL signal increased by 25% and 88% respectively. One possible reason
could be that when the number of IDEs increase, the redox process improves, resulting in an
increased ECL intensity. Next, the effect of DMF treatment on ECL intensity was validated, as
shown in Figure 5. 2 (b). C. Lorena Manzanares Palenzuela et al.[92][123] developed

activation steps for the PLA conductive filaments. The DMF treatment increases the porosity
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(surface area) of the electrodes. DMF-treated electrodes also become highly electroactive,
resulting in increased ECL signal intensity. Reporting and supporting channels were pipetted
with DMF for 10 minutes before IPA treatment and then left to dry for 6 hours at the room
temperature. To realize the closed bipolar system, the complete microfluidic channel was
divided into two parts (supporting channel and reporting channel). The anode of IDE electrode

was present in reporting channel and cathode (IDEs) were present in supporting channel.
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Figure 5.2 Parameters optimization; (a) IDEs optimization, luminol =5 mM, voltage =6 V,
H202 =1 mM, PBS = 0.1 mM. (b) effect of DMF, luminol =5 mM, glucose =5 mM, GOx =
10 mg/mL, voltage = 6 V, PBS = 0.1 mM. (c) voltage optimization, luminol = 5 mM, H>0>
= 1 mM, voltage = varied from 3V to 8 V, PBS = 0.1 mM. (d) luminol optimization, voltage
=6V, H202 = 1 mM, luminol = varied from 3 mM to 6 mM, PBS = 0.1 mM. (e) pH
optimization, voltage = 6 V, H20O2 = 1 mM, luminol = 3 mM, pH = varied from 7 to 11, PBS
= 0.1 mM. (f) The ECL imaging and analysis system; n = 3.

In addition, optimizations in terms of applied voltage and luminol were carried out (Figure 5.
2 (c) and (d)). For the applied voltage range from 3 V to 8 V, ECL signal intensity saturated
after 6V as observed in Figure 5. 2 (c). Effect of luminol concentration was studied by
analyzing for concentration range from 3 mM to 6 mM. It was observed that ECL signal
intensity saturates after 5 mM of luminol concentration. Finally, the effect of pH over ECL
signal was evaluated by varying the pH values from 7 to 11 by keeping luminol and voltage

values constant. The maximum ECL signal intensity was observed at 9 pH. The optimal values
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for the applied voltage (6 V), luminol (5 mM) and pH (9) were maintained in the subsequent
experimental cycles to get the optimum results. The in-depth analysis with proper explanation
for optimization of various parameters is available in our previously published articles [42][43].
All the optimized parameters are summarized in Table 5.1

Table 5. 1 Optimized Parameters

Parameter Applied Voltage Luminol pH No. of IDEs
Optimized Value 6V 5mM 9 6

5.4.2 Analytical performance of ECL biosensors

The detection of glucose, lactate and choline plays a crucial role in food inspection, medicine,
and diagnostic assays. These bio-analytes were detected to demonstrate the analytical ability
of the 3D-IDE-CBPE-ECL biosensor. The enzymatic detection strategy was used with
optimized parameters to detect glucose, lactate, and choline.

To measure the glucose concentration, glucose oxidase and luminol were pipetted into
reporting well for an already optimized time of 3 minutes. It was observed that glucose and
glucose oxidase would require some time to produce H2O. A time optimization study was
performed as shown in Figure 5. 3 (a). Next, the reporting well was filled with luminol (5 mM
having a volume of 50 pL), glucose (different concentration with a 50 pL volume), and GOx
(10 mg/mL having a volume of 5 pL) while the supporting well was filled with PBS solution
(having 0.1 mM concentration with 200 pL volume) for 3 minutes to ensure optimal results.
The optimized voltage of 6 V was applied to capture the ECL signal using the smartphone
camera. The glucose concentration was varied from 0.05 mM to 7 mM, and a near linear range
of 0.05 mM to 3 mM along with a limit of detection of 0.033 mM were achieved. The
calibration graph for glucose with ECL signal for different concertation of glucose is shown in
Figure 5. 3 (b).

Similarly, lactate concentration was measured by pipetting reporting well with luminol (5 mM
having a volume of 50 pL), lactate (different concentration with a 50 pL volume), and LOX
(50 UN/mL having a volume of 2.5 pL). The supporting well was filled with PBS solution
(having 0.1mM concentration with 200 pL volume) for the optimized time of 12 minutes as

shown in Figure 5. 3 (c). The lactate concentration varied from 0.1 mM to 10 mM, and a linear
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range of 0.1 to 4 mM with a detection limit of 0.07 mM was attained. The calibration graph for

lactate with ECL signal for different concertation of lactate is shown in Figure 5. 3 (d).
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Figure 5. 3 Sensing of glucose and lactate; (a) time optimization for glucose sensing, luminol
=5mM, glucose = 5mM, GOx = 10 mg/mL, applied voltage = 6V, PBS = 0.1 mM. (b) glucose
sensing, luminol = 5mM, glucose = varied from 0.05 to 7mM, GOx = 10 mg/mL, applied
voltage = 6V, PBS = 0.1mM. (c) time optimization for lactate sensing, luminol = 5mM,
lactate =4 mM, LOx =50 UN/mL, applied voltage = 6V, PBS = 0.1 mM. (d) lactate sensing,
luminol = 5mM, lactate = varied from 0.1 to 10mM, LOx = 50 UN/mL, applied voltage =
6V. (e) time optimization for choline sensing, luminol =5 mM, COx = 10 mg/mL, applied
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voltage = 6V, PBS = 0.1 mM. (f) choline sensing, luminol = 5 mM, choline = varied from
0.0007 to 4mM, COx = 10 mg/mL, applied voltage = 6V, PBS = 0.1 mM: n = 3.

Further, choline sensing was carried out by pipetting reporting well with luminol (5 mM having
a volume of 50 pL), choline (different concentration with a 50 pL volume), and COx (10
mg/mL having a volume of 5 pL), The supporting well was filled with PBS solution (having
0.1 mM concentration with 200 pL volume) for the optimized time of 3 minutes as shown in
Figure 5. 3 (e). The choline concentration varied from 0.0007 mM to 4 mM, and a near linear
range of 0.0007 to 1 mM with a limit of detection of 0.001 mM. The calibration graph for

choline with ECL signal for different concertation of choline is shown in Figure 5. 3 (f).

5.4.3 Repeatability, reproducibility, and interference study using ECL biosensor

The repeatability of ECL biosensors was tested to demonstrate their sensing capabilities over
an extended duration. The same device was utilized for seven days under the same conditions

with the same lactate concentration, as shown in Figure 5.4 (a).
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Figure 5.4 Repeatability, reproducibility and interference study; (A) repeatability analysis,
luminol = 5mM, lactate = 3mM, LOx = 50 UN/mL, applied voltage = 6V, PBS = 0.1mM;
(B) reproducibility analysis, luminol = 5mM, lactate = 3mM, LOx = 50 UN/mL, applied
voltage = 6V, PBS = 0.1mM; (C) interference study, glucose = 3mM, GOx = 10 mg/mL,
cholesterol = xanthine = uric acid = lactate = choline = creatinine = 1mM, PBS = 0.1mM,
n=3.
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The experimental data demonstrated that the fabricated device could be effectively used over
an extended period without causing any issues. Furthermore, to prove the reproducibility, five
devices were fabricated at a time, and their performance was validated for the same
concentration of lactate, as shown in Figure 5.4 (b). From the graph, it can be confirmed that
the fabricated 3D-printed ECL devices provide acceptable reproducibility. In addition, to prove
the selectivity performance, it was necessary to check the performance of the fabricated device
in the presence of other interfering compounds. Hence, in the presented study, various common
interfering compounds, such as cholesterol, xanthine, uric acid, lactate, choline, and creatinine,
were chosen to evaluate the selectivity of the ECL biosensor. The experimental results shown
in Fig. Figure 5.4 (c) indicate that the fabricated biosensor has good anti-interference

characteristics.

5.4.4 Real sample analysis and its validation using ML

The real sample analysis and prediction were carried out utilizing the fabricated ECL device
and ML algorithms to determine the capability of the device. Standard spiking (addition)
method was used to perform the real sample analysis.

Table 5. 2 Real sample analysis using ECL biosensor

Analyte | Spiked | Found Found ECL Predicted (mM) Recovery
(mM) | (mM) | Intensity Values | (Decision Tree) (Found/Spiked)

(RLU) *100

0.2 0.21 39.88 0.2 105

Glucose 0.5 0.52 50.94 0.49 104
1 0.98 67.34 0.93 98

0.5 0.53 55.31 0.48 106

Lactate 1 1.01 66.74 0.91 101
2 2.10 92.71 1.9 105

0.2 0.22 61.55 0.2 101
Choline 0.4 0.38 75.05 0.35 95
0.5 0.49 85.09 0.45 98

First, the real blood serum was obtained from medical centre (BITS Hyderabad, India) and
diluted to ten times using PBS to reduce the effect of other high concentration biomolecules
present in the serum. Following dilution, different concentration was spiked (Tabulated in
Table Il) and respective intensity were calculated. The recovery percentage was calculated
using (found/spiked) formula. The recovered percentage was encouraging and demonstrates

the devices viability for usage in real-time applications. Finally, the decision tree ML algorithm
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(provides highest accuracy among all other ML algorithms) was used to predict the
concentration using the derived ECL intensity values for the real sample. From the obtained

results it was proven that the predicted values are consistent with the actual values.

5.5 ML Modeling to validate the analytical performance of ECL biosensors

Even though the traditional statistical methods yield an acceptable accuracy for the ECL
devices, ML based techniques offer an improved accuracy and at the same time address the

challenge of sensor-to-sensor variations.

The data generated through the multiple iterations were considered input to the various ML
algorithms to improve the overall accuracy of the y-predictor and maximize the R-squared
scores. A set of ML techniques including various Linear Regressors, Partition-bases Models,
and Ensemble Techniques were applied for the initial data analysis, data validation and relative

ranking of the best fit curve.

Apart from experimental validation, the ML approach was used to validate the performance of
the fabricated device and effectively used to predict the glucose concentration. Different ML
algorithms, such as Simple Linear Regression (LR), Decision Tree (DT), Random Forest, K-
Nearest Neighbour (KNN), and AdaBoost, were applied, and in-depth comparisons were made
based on the regression metrics. Different regression metrics, such as Mean Absolute Error
(MAE), Mean Squared Error (MSE), Root Mean Squared Error (RMSE), and R_2 score (R2
Score), were used to check the performance of the different ML models.

5.5.1 Linear regression

Linear regression (LR) is one of the most common and comprehensive analytical machine
learning algorithms. LR is used to find out the relationship between independent (x) and
dependent (y) variables. In LR, the prediction of ‘y’ is made for the range of independent
variable values 'x’. LR is categorized into two types, simple regression, and multiple regression.
In the simple LR model, the relationship between the dependent and independent variables is
defined using the following equation [124][125].

Simple regression: y=mx+c¢

Multiple Regression: y =ml x1 +m2 x2 + ...... + mN xN +c¢
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Apart from Ordinary Least Square (OLS) based ML models that are one of the simplest linear
regression models, other robust regression models are also used to understand the impact of

outliers.

Huber Regression is one of the robust regression algorithms that use optimization routines
based on the loss function. It works on the principle of assigning weight to the data points

which are outliers. The Huber loss can be expressed as follows:
Ls(a) = {%OL2 forlal <96, 8. (lal — %6) ,otherwise} ... (1)

Where § is a small numeric value and a refers to the residual and is defined as the difference

between the predicted and observed values which is expressed as, a =y — f(x).

Random Sample Consensus (RANSAC) Regressor, in contrast, is based on a non-deterministic
algorithm that segregates the input data into inliers and outliers. Consequently, it uses only the
inliers for the final data modeling after discarding the outliers. By excluding the outliers,
RANSAC can fit the curve based on inliers.

Theil-Sen Regression is another robust regression model that does not assume the underlying
data distribution. It involves fitting multiple regression models on subsets of the input data and

then aggregating the coefficients at the last step.

Linear and Robust Regression Techniques Linear and Robust Regression Techniques Linear and Robust Regression Techniques
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Figure 5.5 Mapping of Linear Regressors - Huber Regression, RANSAC Regression, and
Theil-Sen Regression for (A) glucose, (B) lactate, and (C) choline.

The Theil-Sen estimator is much stronger than the Least-Squares Estimator because it is much
less sensitive to outliers. It has a breakdown point of 1 — \/% ~ 29.3%, implying that it can

endure arbitrary corruption of up to 29.3% of the input data points without degradation of its

accuracy.

Ordinary Least Squares (OLS) based regression models are easy to implement, but these
methods produced relatively lower R-squared values and higher error scores. Robust
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Regression Models like Huber, RANSAC, and Theil-Sen produced better curve fit, but the
error scores increased significantly due to the weightage of the outliers as shown in Figure 5.
5.

5.5.2 Decision tree

DT algorithm is used for both classifications as well as regression. Programmatically, DTs are
nothing but the giant structure of the if-else conditions. DT-based algorithms consist of the root
node, any number of arbitrary internal nodes (non-leaf nodes), and a leaf node (terminal node).
The root node is present at the beginning of the DT and represents the entire dataset being
studied. The node with outgoing edges is defined as the internal node or non-leaf node [126].
The leaf node is also called and terminal node because no splitting happens at a leaf node. In
the case of regression, each leaf node holds the average (constant) value of the target variable
[127]. The constant value corresponding to each leaf node in the model tree is replaced by a
linear (or nonlinear) regression function. To predict the unknown values, the newly analyzed
instance must follow the DT from the root node to the leaf node using the attribute values to
make routing decisions at each internal node. Finally, the regression model is used in the leaf
to evaluate the anticipated value for the new instance. The biggest disadvantage of DT is that
it sufferers from overfitting and is prone to errors for the imbalanced data set. To minimize

overfitting, ‘pruning’ is performed by fixing the tree size.

5.5.3 Ensemble methods

Ensemble methods are generally used to reduce the overfitting (model performs well on
training data set, but its performance is worst on testing data set) problems. Ensemble methods
use bagging (parallel approach) and boosting (sequential approach) techniques. The bagging

and boosting approach is generally used to improve the performance of the models [128].

RF is based on the bagging technique. If DTs are used in the bagging technique, then it is called
RF. In the RF algorithm, many DTs are used hence it is called a forest [129]. RF is the collection
of multiple trees where DTs are used as a base model. Bagging (bootstrapping + aggregation)
is important to get low bias and low variance model [130][131]. In RF the original data set is
divided into subsets and given to each DT parallelly to train the DTs called as bootstrapping.
In RF all the DTs are trained independently. Once all the models are trained, they can predict
corresponding value with respect any random query point. In case of regression, the mean of
all DTs will consider as a final output called aggregation [132][133]. In case of RF following
equation is used for prediction.
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Figure 5.6 Ensemble techniques: Decision Tree (a) Glucose, (b) Lactate, and (c) Choline.
Random Forest techniques for (d) Glucose, (e) Lactate, and (f) Choline. Gradient Boosting
techniques for (g) Glucose, (h) Lactate, and (i) Choline.

AdaBoost is an additive model where residuals of the previous models are identified by high
weight data points whereas in the GB the errors of the previous models are identify the gradient.
In GB, all the DTs are weighted equally, and their predictive capacity is restricted with learning
rate to increase performance of the model. In GB, in case of regression, the base model can
provide just a mean (irrespective inputs) of the output feature. The performance of the first
model can be determined using loss function (loss function = pseudo residuals = actual —
predicted). The second base model should be the DT. The inputs of the second model are
identical to those of the first base model, but its output is residual of the first model. In essence,
the second model predicts how many errors the previous model made. Similar to the second
model, the third and so on, DT-based model will operate on the residuals it receives and

continue operating until the residual reaches zero.

Similarly, XGB is ten time faster than GB as it used the concept of parallelization.
Parallelization means it uses all the cores of CPU id you are running single processor.
Furthermore, XGB performs all its intermediate operations using cache memory which makes

XGB faster. The performance of the XGB is higher as compared to other ML algorithms as it
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tends to prevent your model from overfitting using regularization. Automatic regularization
will happen in XGB [134]. As evident in Fig. 5. 6, ensemble techniques like Decision Tree,
Random Forest, and Gradient Boost produced the best R-squared values along with the least

error scores for all the three biomarkers.

5.5.4 Distance based methods

K-Nearest Neighbour (KNN) algorithm is used for both classification as well as regression and
it is basically distance-based algorithm. The major difference between simple LR model and
KNN regression is that KNN models are non-parametric (no use of regression function) whereas
the LR algorithms are parametric (uses regression function for prediction)[134]. KNN model
do the predictions using following steps. First, select the K Neighbour (k) values and then
calculates the distance between test and train data point using Euclidean or Manhattan distance.
Sort the calculated distance in ascending order which gives the information about nearest data
points. Calculates the mean to predict the value corresponding to test data point. Partition-based
Machine Learning Models (KNN) delivered an improved R-squared values and helped lower

the error scores for all three biomarkers as demonstrated in Figure 5.7.
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Figure 5.7 KNN models for (a) glucose, (b) lactate and (c) choline
5.5.5 Comparative regression metrics for different ML models

Given the Regression nature of the predictive modelling, this work has focused on various error

metrics specifically designed for evaluating predictions made by different ML models.

The relevant Performance Evaluation Metrics can be represented mathematically as follows:
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Apart from the R-squared scores or Coefficient of Determination (COD), to measure the
goodness of the fit, this work also evaluated various error metrics including - Mean Squared
Error (MSE), Root Mean Squared Error (RMSE), and Mean Absolute Error (MAE) for
evaluating and reporting the performance of a regression model. For an easy comparison, the
qualitative measures of various ML models are shown in Table Il. KNN, Decision Tree
Regressor and Random Forest are able to give an accurate prediction across the three

biomarkers.

Table 5. 3 Comparative Regression Metrics for different ML Models

ML Glucose Lactate Choline
Models

R? MAE | MSE | RMSE R? MAE | MSE | RMSE R? | MAE | MSE | RMSE
LR 0.83 | 0.59 0.54 0.73 0.79 | 0.87 1.14 1.07 0.61 | 047 | 043 0.66
HR 0.81 | 0.55 0.6 0.77 0.75 | 0.79 1.35 1.16 0.45| 0.37 | 0.61 0.78

RANSAC | 0.82 | 0.57 0.55 0.74 069 | 0.78 1.69 13 0.36 | 0.37 0.7 0.84
TSR 0.78 | 0.54 0.67 0.82 0.73 | 0.77 1.48 1.22 043 | 037 | 0.63 0.79

KNN 0.92 | 0.28 0.24 0.49 0.89 | 0.47 0.66 0.81 085 | 019 | 0.17 0.41
DTR 095 | 0.20 0.17 0.41 090 | 041 0.55 0.74 091 ] 011 0.1 0.31
RF 094 | 0.23 0.18 0.42 090 | 0.42 0.55 0.74 090 | 014 | 011 0.33

5.6 Conclusion

This study points out the challenges associated with ECL biosensors relying on aptamer,
antibodies, and antigens calibrated through 3D-printed interdigitated bipolar ECL biosensors.
The ECL biosensor produced linear ranges of 0.05 mM to 3 mM for Glucose, 0.1 mM to 4 mM
for Lactate, and 0.0007 mM to 1 mM for Choline, with a limit of detection values of 0.033
mM, 0.07 mM, and 0.0007 mM, respectively. The data generated through the multiple
iterations were considered input to the various ML algorithms to improve the overall accuracy
of the y-predictor and maximize the R-squared scores. The following points were observed by

comparing the outcomes produced by different ML algorithms: 1) Ordinary Least Squares
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(OLS) based regression models are easiest to implement, but these methods produced lower R-
squared values and higher error scores. 2) Robust Regression Models like Huber, RANSAC,
and Theil-Sen produced better curve fit, but the error scores increased significantly due to the
weightage of the outliers. 3) Partition-based Supervised Learning Models (KNN) delivered
improved R-squared values and helped lower the error scores and 4) Ensemble techniques like
Decision Tree, Random Forest, and Gradient Boost produced the best R-squared values along
with the least error scores. The ML-based approach can help the ECL biosensors to improve
their accuracy and performance leading to be used in various bio-sensing applications. While
the scope of this research was to optimize the input parameters through the white-box
principles, future work can potentially leverage the available ML models for the multi-variate
optimization as against the univariate optimization approach adopted in this work. There is also
an opportunity to create a healthcare platform based on the point-of-care ECL biosensors that

will provide periodic recommendations to the individuals for a proactive intervention.
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Chapter 6. Conclusion and Future Scope
6.1 Conclusion

The present study demonstrates the successful use of ECL as a sensitive and reliable technique
for detecting biomolecules. The results highlight the potential of this method for various
applications, including medical diagnostics. Different biomarkers, such as Glucose, Lactate,
Choline, Dopamine, and Cholesterol, have been thoroughly studied and delectated using the
ECL approach. The conventional ECL systems are costly and difficult for on-site applications
because they comprise photomultiplier tube (PMT) or CCD cameras, an electrochemical setup,
and a personal computer. Modern Android smartphones offer a wide range of features, storage,
excellent cameras, and high processing capabilities, making them the ideal option for use in
visual ECL analysis. Thus, a portable smartphone assisted by an ML-based approach is in great
demand in order to accelerate ECL detection, increase work efficiency, and make it a
comprehensive ECL system. In this context, the first phase broadly gives an idea about the
designing, fabrication, optimization, and validation of the PoC systems and their use to detect
numerous biomarkers. Different low-cost microfabrication methodologies, including Laser
assisted methods and three-dimensional printing (3DP), were comprehensively discussed and
used to fabricate miniaturized ECL devices. The last phase provides an in-depth understanding
of how the prediction of different biomarkers can be made using the Machine Learning (ML)
approach. Different ML regression models, such as Huber, Random Sample Consensus
(RANSAC), Theil-Sen, Support Vector Machine Regression (SVR), K-Nearest Neighbour
(KNN), Decision Tree, and Random Forest, Adaptive boosting, Gradient boosting, Extreme
Gradient boosting, were used to predict the concentration of various biomarkers. Following are

the key features of the proposed work:

1) Development of a portable ECL system that could be used for a variety of medical

applications,

3) Development of a multipurpose ECL Intensity Calculator which performs numerous

functions which includes, real-time images acquisition, image segmentation, and analysis.

In addition to this, GUI is designed in a way that it can accommodate cloud storing seamlessly,
data interpretation, concentration graphs plotting, and prediction of various biomarkers using
ML. Fig. 6.1 (a) and (b) and Table 6.1 shows all the fabricated ECL devices fabricated using
single step microfabrication techniques with their potential application.
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Figure 6.1 (a) Overall ECL devices fabricated with different microfabrication technique.
(b) Portable pocket size ML assisted ECL system to detect various biomarkers.

Table 6. 1 Overall summary for different ECL devices

Fabrication Type of Application Linear Range LoD
Method Electrode
Open BPE H202 1-100 uM 5.87 uM
Glucose 1-100 uM 0.138 uM
Laser-Induced Closed BPE Vitamin B1, 0.5 1000 uM 0.109 uM
Graphene Vitamin C 1 — 1000 pM 0.96 pM
SE Xanthine 0.1-100 uM 1.25 uM
Dopamine 0.1-100 uM 3.40 uM
3D Printing Closed BPE Choline 30— 700 uM 3.27 uM
Dopamine 0.5-100 uM 0.3 uM
Six-Well CBPE Glucose 0.1-10mM 24 UM
Choline 0.5-5mM 10 uM
SLA-SE Cholesterol 50 — 1000 yM 15.71 uM
Paper Based SE Glucose 100 — 1000 puM 2.16 uM
Lactate 100 — 5000 uM 3.84 uM
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6.2 Limitations of The Presented Work
6.2.1 Smartphone Dependency

All android smartphones do not generate similar RLU values. The RLU values can vary
depending on several factors, including the specific model and manufacturer of the smartphone,
the age and condition of the device, and the type and sensitivity of the camera sensor used to
capture the images. The sensitivity or performance of the ECL system is highly dependent on

the android smartphone.

6.3 Future Scope
6.3.1 Droplet microfluidic based ECL systems

Droplet microfluidics is a fast-growing field that engages the manipulation of small droplets of
fluids on a microscale. ECL has been effectively combined into droplet microfluidic systems,
opening up new opportunities for high-throughput and precision analysis of various analytes.
In droplet microfluidics, small fluid droplets are generated and controlled in microchannels

using a variety of methods, including electric fields, micropumps, and microvalves.

Luminol Chemistry Ruthenium Chemistry

ECL Imaging Working Device

Figure 6.2 Schematic for Droplet/Continuous microfluidic based ECL systems.

It is possible to develop highly sensitive and selective analytical systems that can carry out a
variety of assays by fusing ECL with droplet microfluidics. Using droplet microfluidics for
ECL has a number of benefits, one of which is the ability to produce and work with small

volumes of sample and reagent. As a result, less samples and reagent is used, reactions happen
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more quickly, and sensitivity is improved. Droplet microfluidic systems are also simple to
automate, enabling high-throughput examination of several samples. High-throughput analysis
of clinical samples for illness diagnosis and monitoring is one potential use for ECL employing
droplet microfluidics. In conclusion, new opportunities for highly sensitive and selective
analytical systems have been made possible by the combination of ECL with droplet
microfluidics. One can anticipate seeing more ECL applications utilizing droplet microfluidics
as this technology develops in a number of industries, including clinical diagnostics,
environmental monitoring, and food safety testing. The schematic for Droplet/Continuous

microfluidic based ECL systems is shown in Figure 6.2.
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Appendix
Data Used to Train ML Models
Choline (mM) RLU Lactate (mM) RLU Glucose (mM) RLU
0.0007 22 0.1 35 0.05 18
0.001 34 0.2 40 0.05 18.506667
0.01 40 0.3 44 0.05 18.52
0.03 44 0.4 50 0.05 19
0.05 48 0.5 58 0.5 45
0.07 55 0.6 58 1 68
0.1 62 0.8 65 0.9 65
0.2 65 1 72 2.2 105
0.3 73 1.2 80 15 87
0.4 80 1.4 80 4.6 128
0.5 90 1.6 85 1 70
0.6 98 1.8 90 0.9 66
0.7 100 2 90 2 102
0.8 112 2.2 95 0.5 48
0.9 115 2.6 100 1.2 78
1 125 2.8 105 0.9 66.333333
1.5 128 3 110 4.3 130
2 128 3.2 115 1 71
3 130 3.4 125 4.6 131
4 132 3.8 130 4 130
0.0007 225 4 132 0.8 63
0.001 33 4.5 132 15 89.666667
0.01 42 5 130 4.6 132
0.03 45 5.5 128 15 90
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0.05 50 6 133 2.2 109

0.07 52 6.5 136 4.3 132

0.1 60 7 133 2 104.66667
0.2 68 7.5 132 1.2 80

0.3 75 8 133 12 80

0.4 78 0.1 34 0.5 49.333333
0.5 88 0.2 38 0.9 68

0.6 95 0.3 42 5 133

0.7 102 0.4 52 4.6 133

0.8 108 0.5 55 2 105

0.9 120 0.6 60 2.2 110

1 128 0.8 62 55 133

15 130 1 73 4 132

2 130 12 78 4 132.33333
3 133 1.4 82 4.3 133.33333
4 133 1.6 82 2.7 120
0.0007 22.3 1.8 92 3.3 128

0.001 30 2 95 0.6 55

0.01 44 2.2 98 1.7 98

0.03 48 2.6 103 0.7 60

0.05 52 2.8 108 15 92

0.07 56 3 115 3.7 132

0.1 58 3.2 120 6 134

0.2 72 3.4 123 0.1 28

0.3 78 3.8 128 5.5 135

0.4 85 4 135 2 107

0.5 93 4.5 133 0.8 65

0.6 93 5 135 2.2 112

0.7 96 5.5 135 5 136

0.8 110 6 130 3.7 133

0.9 118 6.5 130 1.2 82

1 130 7 130 2.7 122
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15 133 7.5 135 5 136.33333
2 132 8 130 3.7 133.33333
3 129 0.1 35.4 5.5 136
4 135 0.2 37 0.8 65.333333
0.0007 22.27 0.3 45 4 135
0.001 32.33 0.4 55 6 136
0.01 42 0.5 53 17 100
0.03 45.67 0.6 65 17 100
0.05 50 0.8 68 35 133
0.07 54.33 1 70 2.7 123.33333
0.1 60 12 75 6 136.66667
0.2 68.33 14 86 2.5 120
0.3 75.33 1.6 88 3 128
0.4 81 18 86 1 75
0.5 90.33 2 96 3.7 135
0.6 95.33 2.2 100 4.3 138
0.7 99.33 2.6 105 3.3 132.33333
0.8 110 2.8 103 3.3 133
0.9 117.7 3 113 3.5 135
1 127.7 3.2 118 0.2 35
15 130.3 3.4 128 5 140
2 130 3.8 130 3.5 135.33333
3 130.7 4 136 1.7 102
4 133.3 4.5 136 2.5 122
5 133 5.5 140
55 133 2.5 122.33333
6 135 0.6 57.666667
6.5 131 6 140
7 135 0.6 58
7.5 133 0.8 68
8 135 3 132
0.1 35.4 3.3 136
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0.2 37 3.5 138

0.3 45 2.7 128

0.4 55 0.7 63.666667
0.5 53 3 133

0.6 65 2.5 125

0.8 68 0.3 42

1 70 0.1 30

1.2 75 0.1 30

1.4 86 3 135

1.6 88 0.7 65

18 86 0.6 60

2 96 0.5 55

2.2 100 0.7 66

2.6 105 0.2 37.666667
2.8 103 0.3 44

3 113 0.2 38

3.2 118 0.1 32

3.4 128 0.3 45.333333
3.8 130 0.2 40

4 136 0.3 50

4.5 136

5 133

55 133

6 135

6.5 131

7 135

7.5 133

8 135
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