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Abstract

This PhD thesis explores the development and application of advanced biosensors aimed at
creating efficient, portable, and cost-effective diagnostic tools for point-of-need applications.
The research highlights significant advancements in the integration of optical, microfluidic,
and chemiluminescence technologies, addressing critical needs in various fields such as

medical diagnostics, environmental monitoring, and food safety.

The thesis begins with a comprehensive review of optical biosensors, known for their high
sensitivity and specificity in detecting various biomolecules. By integrating these biosensors
into lab-on-a-chip (LOC) platforms, which leverage optical phenomena such as
chemiluminescence and electrochemiluminescence, real-time detection and quantification of
analytes are achieved. The incorporation of pixelated CMOS image sensors further enhances
these platforms by providing high-resolution imaging, spatially resolved measurements, and
the capability to detect multiple analytes simultaneously. This integration results in portable

and efficient diagnostic devices suitable for point-of-care settings.

Building on this foundation, the research introduces a novel CMOS image sensor-based
biosensor for ATP-mediated chemiluminescence detection, designed to assess microbial
contamination on various surfaces. This biosensor demonstrates high photon collection
efficiency and a strong correlation with commercial luminometers, offering a rapid and
portable alternative to traditional microbial detection methods. The ability to detect microbial
pathogens efficiently and accurately on surfaces such as personal electronic devices, and office
and laboratory equipment has significant implications for improving sanitation and safety in

various environments.

Further advancements are presented through the integration of microfluidic and
electrochemiluminescence (ECL) systems on a CMOS chip, specifically for detecting uric acid
(UA), a biomarker of gout disease. The single-electrode ECL platform exhibits high selectivity,
reusability, and significant improvements in photon collection efficiency, proving its potential
for point-of-need medical diagnostics. The device's performance was evaluated in simulated
saliva and urine samples, demonstrating its potential utility in real-world medical diagnosis and

monitoring of diseases at the point of care.

The thesis concludes with the development of a single-electrode ECL (SE-ECL) configuration

for multiplexed detection of multiple analytes. This innovative method allows for the



simultaneous emission and detection of different colors by selectively exciting ECL
luminophores. Optimization of SE-ECL intensity and the use of alternating current (AC)
voltage to enhance light intensity are demonstrated, along with the successful implementation
of multiplexed multicolor SE-ECL on a CMOS image sensor, enabling simultaneous
measurement of multiple analytes. This capability is particularly valuable for applications
requiring comprehensive and rapid analysis, such as complex diagnostic procedures and high-

throughput screening.

Overall, this research advances the field of optical biosensors by integrating optical,
microfluidic, and chemiluminescence technologies with CMOS image sensors, resulting in
sophisticated, efficient, and accessible diagnostic tools. The developed platforms hold
significant potential for applications in medical diagnostics, environmental monitoring, and
food safety, paving the way for more advanced point-of-need analysis solutions. The findings
of this thesis contribute to the broader understanding and development of next-generation

biosensors, offering promising avenues for future research and technological innovation.



Résumé

Cette thése de doctorat se concentre sur le développement et l'application de biosenseurs
avancés visant a créer des outils de diagnostic efficaces, portables et rentables pour les
applications au point d’utilisation. La recherche a révélé¢ des avancées significatives dans
l'intégration des technologies optiques, microfluidiques et de chimiluminescence, répondant a
des besoins critiques dans divers domaines tels que les diagnostics médicaux, la surveillance

environnementale et la sécurité alimentaire.

La thése débute par une revue approfondie des biosenseurs optiques, reconnus pour leur haute
sensibilit¢ et spécificité dans la détection de diverses biomolécules. En intégrant ces
biosenseurs dans des plateformes « lab-on-a-chip » (LOC) qui exploitent des phénomenes
optiques tels que la chimiluminescence et 1'¢lectrochimiluminescence, la détection et la
quantification en temps réel des analytes sont réalisées. L'incorporation de capteurs d'image
CMOS pixelisés apporte une valeur ajoutée a ces plateformes en fournissant des imageries
haute résolution, des mesures spatialement résolues et la capacité¢ de détecter simultanément
plusieurs analytes. Cette intégration aboutit a des dispositifs de diagnostic portables et efficaces

adaptés aux parametres de soins au point de service.

En s’appuyant sur ce solide fondement, la recherche propose une innovation majeure : un
biosenseur basé sur un capteur d'image CMOS, congu pour la détection par chimiluminescence
médiée par I'ATP, permettant d’évaluer la contamination microbienne sur une variété de
surfaces. Ce dispositif présente une efficacité ¢levée de collecte de photons et montre une forte
corrélation avec les luminométres commerciaux, offrant ainsi une alternative rapide et
portables aux méthodes traditionnelles de détection microbienne. La capacité de détecter de
manicre efficiente et précise les agents pathogenes microbiens sur des surfaces telles que les
dispositifs €lectroniques individuels, et les équipements de bureau et de laboratoire, a un impact

significatif dans I'amélioration de I’hygiéne et de la sécurité dans divers environnements.

D’autre progres avancés sont réalisés grace a l'intégration de systemes microfluidiques et
d'¢lectrochimiluminescence (ECL) sur une puce CMOS, spécifiquement pour la détection de
l'acide urique (UA), un biomarqueur de la goutte. La plateforme ECL a ¢lectrode unique
présente une haute sélectivité, une réutilisabilité et des améliorations significatives de
l'efficacité de collecte de photons, démontrant ainsi son potentiel pour les diagnostics médicaux

au point d’utilisation. Les performances de 'appareil ont été évaluées dans des échantillons de



salive et d'urine simulés, mettant en évidence son utilité potentielle dans le diagnostic médical

et la surveillance des maladies au point de soin.

La conclusion de cette thése représente une avancée significative avec le développement d'une
configuration d'électrochimiluminescence a ¢électrode unique (SE-ECL) pour la détection
multiplexée de plusieurs analytes. Cette approche novatrice permet 1'émission et la détection
simultanées de différentes couleurs en excitant sélectivement les luminophores ECL. La
recherche démontre une optimisation de l'intensité SE-ECL ainsi que I'utilisation efficace d’une
tension alternative (AC) pour amplifier l'intensité lumineuse. De plus, elle souligne la réussite
de I’'implémentation de la SE-ECL multiplexée multicolore sur un capteur d'image CMOS,
permettant ainsi la mesure simultanée de plusieurs analytes. Cette capacité s’avere
particulierement précieuse pour les applications nécessitant une analyse compléte et rapide,

telles que les procédures diagnostiques complexes et le dépistage a haut débit.

En conclusion, cette recherche représente une avancée majeure dans le domaine des
biosenseurs optiques en intégrant de mariniére innovante les technologies optiques,
microfluidiques et de chimiluminescence avec des capteurs d'image CMOS. Cette intégration
complexe donne naissance a des outils de diagnostic sophistiqués, efficaces et accessibles. Les
plateformes développées ouvrent des nouvelles perspectives d’application dans les domaines
cruciaux tels que les diagnostics médicaux, la surveillance environnementale et la sécurité
alimentaire, ouvrant ainsi la voie a des solutions d'analyse de pointe. Les découvertes réalisées
au cours de cette recherche enrichissent notre compréhension globale et encouragent le progres
continu des biosenseurs de prochaine génération, offrant ainsi des perspectives prometteuses

pour la recherche future et 1'innovation technologique.
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Contribution to original knowledge

During my PhD, I focused on the development and application of advanced biosensor
technologies aimed at creating efficient, portable, and cost-effective diagnostic tools for point-
of-need applications. My research made significant contributions by integrating optical,
microfluidic, and chemiluminescence technologies with CMOS image sensors to address
critical challenges in medical diagnostics, environmental monitoring, and food safety. I
developed a novel CMOS image sensor-based biosensor for ATP-mediated chemiluminescence
detection, demonstrating its efficacy as a portable alternative to commercial luminometers for
microbial contamination assessment. Additionally, I advanced the field by designing a single-
electrode electrochemiluminescence (ECL) platform on a CMOS chip for the detection of uric
acid, showcasing its high selectivity, reusability, and potential for real-world medical
diagnostics. My work also introduced a pioneering single-electrode ECL configuration for
multiplexed detection of multiple analytes, enabling simultaneous multicolor detection through
selective excitation of ECL luminophores. These innovations have resulted in sophisticated
diagnostic platforms that are not only portable and efficient but also hold significant promise
for diverse applications, contributing to the advancement of next-generation biosensor
technologies. The details of my contribution to this study will be described in the following

section.
The details of each work in my first-author publications are presented below.

The first article [1], provides a comprehensive review of the integration of optical biosensors
with microfluidic technology to develop compact, portable devices for rapid and precise
analysis. It highlights the creation of lab-on-a-chip platforms utilizing optical phenomena like
chemiluminescence and electrochemiluminescence for real-time detection of analytes. The
review emphasizes the shift from traditional single-point optical detectors to advanced
pixelated sensors, particularly CMOS image sensors, which offer enhanced resolution,
sensitivity, and integration capabilities. These advancements show significant potential for

point-of-care diagnostics and other applications requiring rapid, on-site analysis.

In the second publication [2], a novel biosensor utilizing a CMOS image sensor for detecting
ATP via bioluminescence is introduced as the first demonstration of the platform. Samples were
collected from various surface types, including personal devices and laboratory equipment

using UltraSnap swabs and directly applied to the sensor. The close proximity between the

11



sample and the sensor optimized light capture, enabling accurate quantification of microbial
contamination through bioluminescence intensity analysis. The biosensor demonstrated a wide
linear range and high sensitivity for ATP detection. A comparative analysis with a commercial
luminometer revealed a strong correlation and comparable performance, while the CMOS-

based biosensor offered a significant cost reduction.

In the third publication [3], an ECL platform integrated with a CMOS image sensor is
developed for point-of-care detection of uric acid, a biomarker for gout disease. The biosensor
uses a single-electrode electrochemical system with an indium tin oxide (ITO) electrode to
drive the ECL reaction, with signals detected by the CMOS sensor. A microfluidic device with
two parallel channels is employed to precisely control a small sample volume, yielding a linear
detection range of 25-300 uM for hydrogen peroxide and uric acid. The proximity of the ECL
reaction to the sensor surface enhances sensitivity, surpassing cellphone and microscope-based
methods. The device showed good reproducibility and reusability and successfully measured

uric acid in saliva and urine, demonstrating its potential for point-of-care applications.

In the fourth publication [4], an optimized, miniaturized, and multicolor single-electrode
electrochemiluminescence (SE-ECL) system capable of detecting four different analytes is
introduced. To simplify the detection process and enable simultaneous analysis of multiple
analytes, the optimized SE-ECL approach was implemented. By carefully controlling the
applied voltage, distinct ECL emissions were generated, allowing for the differentiation of
various analytes. The influence of electrode dimensions on light emission intensity was
investigated, with longer and wider electrodes demonstrating enhanced signal output.
Additionally, the application of alternating current (AC) voltage was explored, resulting in
significantly increased light intensity compared to direct current. A proof-of-concept
demonstration showcased the potential of this method for multiplexed detection by
simultaneously distinguishing four distinct colors on a CMOS image sensor within a compact

device format.

12



Contribution of authors

e Chapter 11

This chapter presents a comprehensive review focused on developing and integrating
chemiluminescence-based biosensors with lensless imaging technology for point-of-care
applications. Particular emphasis was placed on understanding the fundamental principles of
chemiluminescence signal generation and its subsequent capture through image-based

detection systems.
The contributions of the authors are as follows:

RA and SWH conceived the idea and defined the structure and content of the manuscript; RA
wrote the manuscript with a partial contribution of XH, AZ, and ID. SWH supervised the

project. All authors reviewed and approved the manuscript in its current form.
e Chapter III

This chapter presents the fabrication, characterization, and application of a chemiluminescence
device integrated with a CMOS image sensor. The device configuration involved removing the
optical lens and IR filter from the CMOS sensor, allowing direct exposure of the sensor surface
to the bioluminescence reaction of luciferin and ATP in the presence of luciferase. This setup
enabled the sensor to capture nearly half of the chemiluminescence signals. The biosensor's
ability to detect surface contamination via ATP concentration, collected using commercial
Ultrasnap swabs, was evaluated. The device's performance was compared with a commercial
luminometer, the industry standard for assessing surface cleanliness. The CMOS-based
biosensor demonstrated similar performance to the luminometer but at a significantly lower
cost, making it a viable option for use in food-related industries such as kitchens, restaurants,

and warehouses.
The contributions of each author are as below:

RA and SWH conceived the study concept. RA and MI designed the experiments. RA and MI
conducted the experiments, and RA analyzed the results. RA and MI wrote the main text of the
manuscript. RA drafted and revised the article. SWH supervised the project. All authors
reviewed and approved the manuscript in its current form and confirmed that this manuscript

is only being used in the current thesis.
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e Chapter IV

This chapter presents the development of a miniaturized ECL sensor integrated into a CMOS
chip. The platform combines microfluidics with a luminol-based ECL system for on-chip
sample handling and data acquisition, utilizing a single-electrode ECL (SE-ECL) configuration
to achieve a compact design. The sensor was evaluated under various conditions,
demonstrating accurate and selective detection of uric acid at physiologically relevant levels.
Advantages of this CMOS-based SE-ECL platform include enhanced light collection

efficiency, low cost, portability, and spatial control over the ECL reaction.
The contributions of each author are as follows:

RA and SWH conceived the idea. RA and SS designed the experiments. RA performed the
experiments with assistance from JL and SS. RA analyzed the data and wrote the manuscript
with input from all co-authors. SWH supervised the project. All authors reviewed and approved

the manuscript in its current form.
e Chapter V

This chapter introduces an optimized, miniaturized, and multicolor SE-ECL system capable of
detecting four different analytes. The approach simplifies the detection process and enables
simultaneous analysis of multiple analytes by generating distinct ECL emissions through
controlled voltage. The study also explored the influence of electrode dimensions and the
application of alternating current (AC) voltage, which significantly increased light intensity. A
proof-of-concept demonstrated the method's potential for multiplexed detection by
simultaneously distinguishing four distinct colors on a CMOS image sensor within a compact

device format.
The contributions of the authors are as follows:

RA and SWH conceived the idea. RA designed and performed the experiments, analyzed the
data, and wrote the main body of the manuscript. SWH supervised the project. RA and SWH

reviewed and approved the manuscript in its current form.
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Chapter 1. Introduction

A biosensor is an analytical device in which biological or chemical reactions are monitored by
converting the reaction information to detectable signals proportional to the concentration of
an analyte. Biosensors show great potential in many areas such as drug discovery, medical
diagnostics, disease monitoring, and detection of disease-causing micro-organisms and
markers that are indicators of disease in body fluids (blood, urine, saliva, sweat). Current
biosensors often face challenges related to sensitivity, specificity, cost-effectiveness, and
portability. For instance, most devices fail to provide accurate readings in resource-limited

settings due to reliance on bulky instrumentation or complex protocols.

A typical biosensor consists of three main components: a sensitive biological element, a
transducer, and associated electronics or signal processors that are mainly responsible for the
display of the results in a user-friendly way. There are various types of transducers based on
the recorded biorecognition such as mechanical, electric and magnetic, temperature,
electrochemical, and optical. Many of the transducers generate optical or electrical signals
proportional to the amount of interactions between analytes and biorecognition elements. One

of the optical phenomena in this regard is Chemiluminescence [5].

Chemiluminescence (CL), the emission of light resulted from a chemical reaction, has gained
an increasing attraction in different biological applications due to its high signal-to-noise ratio
(SNR) and its sensitivity which is even higher than enzyme-linked immunosorbent assay

(ELISA) [19]

Luminol chemiluminescence (LCL) is a favorable method of detection in many cases because
of its selectivity, simplicity, high sensitivity and low cost. LCL methods can be used as
biosensors in environmental monitoring [6], for pharmaceutical cellular localization [7] and as

biological tracers, in reporter gene-based assays and several other immunoassays [8, 9].

Electrochemiluminescence (or electrogenerated chemiluminescence, ECL) 1is an
electrochemical process which involves high-energy electron transfer reactions in molecules at
electrode surfaces to generate excited states for light emission [10, 11]. ECL is a powerful tool
with an extensive application range in different assays due to the advantages like rapidity,
simplicity, and high sensitivity [12]. ECL is intrinsically considered as a combination of
electrochemistry and spectroscopy. Therefore, the development and miniaturization of ECL

systems extremely depend on the electrochemical methods [13]. As it is shown in Figure 1, in
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ECL, an electrolytic cell is used which consists of 2 solid electrodes (cathode and anode). These
electrodes are immersed in a conducting liquid, usually an aqueous solution or a molten salt.
Also, an electrical supply is connected to the electrodes and provides the energy to drive a
reaction. Recently ECL has been done by a new method and using a single electrode instead of

two, which will be described later in the approach section.

I |
Luminol + H,0, * R (0]

anodic reaction cathodic reaction
(Oxidation) (Reduction)

Electrode
Electrode

+ Electrolyte solution —

Figure 1: Schematic of electrolytic cell for ECL

The process of light emission from the CL reaction is relatively complicated, but briefly, the
oxidation of a CL agent, such as luminol, paired with other chemicals, like hydrogen peroxide
(H203), exhibits CL light. The whole reaction occurs in the presence of a catalyst, for example,
iron (present in hemoglobin) or gold (or gold nanoparticles (AuNPs)). Although the reaction
can slowly continue, even without a catalyst, the emitted signal will be quite weak to visualize

[14, 15].

The development of easy-to-use, cost-effective, and portable analysis tools that provide
accurate and rapid results is crucially important for early detection and appropriate treatment
[16]. ECL is a powerful tool with a great application range in different assays because of
advantages like rapidity, simplicity, and high sensitivity as well as good specificity [12].
However, in ECL devices, reaching the optimal space of high performance and low complexity,
cost, and size is still challenging. In this project, the goal is to build an
electrochemiluminescence-based point-of-care platform and to apply the system in addressing

healthcare-related problems.
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Due to the increasing demand for accurate diagnosis and precise prognosis during the past
decade, ECL has gained significant attention to simultaneously detect multiple biomarkers in
a single sample [17]. ECL is a very promising candidate for multiplexing because of its low
cost outstanding analytical performance and also ability to apply multiple detection strategies
[18-20]. In multiplexing, simultaneous detection of multiple targets is enabled in a single
run/volume employing multiplex bioassays. In comparison to single plex detection,
multiplexing or using multiplex bioassays features different benefits. It lowers the cost, reduces
the size of the sample volume, increases analytical throughput, and generates more information
[21-23]. More significantly, detecting several disease biomarkers simultaneously might
improve the accuracy of diagnosis by lowering the false positive rate [24, 25]. One approach
to ECL multiplexing is to use separated electrodes (electrode arrays) using a single detector for
each working electrode (WE) [17]. For example, Fu et al. introduced an immunosensor array
coupled with a non-array detector for the detection of human immunoglobulin G (HIgG), rabbit
immunoglobulin G (RIgG) and mouse immunoglobulin G (MIgG) using 6 individual
electrodes (4 working electrodes -WE) [26]. Later on, they also introduced a paper-based ECL
sensor with three working electrodes using the same principals of their previous work [27]. To
lower the array functional area, Walt et al. developed a bead-based ECL microarray platform
for the simultaneous detection of multiple antigens via immunoassay by binding the receptors
to the beads [28]. Similarly, Xu et al. reported an on-chip microarray-based platform for
multiplex analysis of cancer-cell-surface biomarkers by ECL resonance energy transfer using
16 PDMS-decorated ITO strips which were coated with 64 antigen-decorated CdS nanorod
spots (four spots per strip), enabling multiple detection of antigens [29]. To improve the
sensitivity and the ECL signal, Yu et al. introduced a flow-injection combined ECL strategy for
the sensitive detection of tumor markers [30]. Furthermore, to improve the stability and the
cost-efficiency of the ECL devices, Rusling et al. developed a 3D printed and automated
immunoassay and used a precise microfluidic device for multiplex detection of protein

biomarkers [31].

During the past few years, paper-based ECL devices have been introduced to improve the
feasibility. For instance, Chen etal. described a rotational paper-based
electrochemiluminescence immunodevices for sensitive and multiplexed detection of cancer
biomarkers by the employment of rotational valves [32]. Also, in this category, Zhang et al.
developed a paper fluidic closed bipolar electrode, an electrical conductor that promotes

unbalanced oxidation reductions at two ends [33], ECL sensing platform for hydrogen peroxide
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and glucose [34]. However, using a bipolar electrode can cause the background signal from the
working electrode. To overcome this problem, Wang et al. combined a microfluidic chip and
ECL and introduced the microfluidic-based closed bipolar system to increase the electrical
current and remove the background signal [35]. Later on, they improved their work to 3 3-
channel bipolar electrode system for the detection of multiple targets [36] such as

tripropylamine, dopamine, H>O>, CEA, and AFP [37].

Moreover, in order to work on the portability of the ECL devices and to make them suitable for
POC diagnosis, Xu et al. improved an ECL system with wireless power to avoid complicated
electrical connections [38]. However, the use of alternating current may cause some problems
such as weak ECL signal which can be solved by converting the AC to DC current by mini-
diode [39]

Despite all the great aforementioned advantages of spatially resolved ECL devices, they need
a complicated electrode array which has a negative effect on reproducibility. One way to
overcome this problem is to use a potentially resolved approach or in other words using
different ECL probe pairs [17]. Several ECL probes such as quantum dots (QD) [40-42],
luminol [43, 44], Ru(bpy)s>" derivatives [45-49] , and metal nanoclusters [50, 51] were used at
the same time in this approach. However, since they have broad emission spectrum ranges, it
might be difficult to separately detect them. In this case, using ECL probe pairs with various

emission spectra can facilitate the detection [52-55].

On the other hand, there are diseases that are interconnected meaning that if you have one you
are most likely to get the other one. For example, it has been found that gout, diabetes, and
heart diseases are interrelated [56-61] and therefore, it is crucial to simultaneously detect uric
acid [62], glucose [63], and cholesterol[64, 65] , which their concentrations play a direct role
in those diseases respectively. Gout is a type of inflammatory arthritis causing painful
inflammation [66]. Some scientists believe that inflammation can also affect diabetes [67].
Besides, it has been found that the level of uric acid will be often high in the blood of people
with type 2 diabetes and that can be caused by the extra fat. The body of overweight people
creates more insulin and that creates difficulties for their kidneys to eliminate uric acid, which
may in turn lead to gout [68]. Researchers in one study evaluated the health records of
participants in the Framingham Heart Study which is a research project on heart disease. It’s
been found that the participants were more likely to get type 2 diabetes if they had higher uric

acid levels in their blood. More precisely, for every 1 milligram per deciliter (mg/dL) increase
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in uric acid level, the chance of diabetes was elevated by 20% [68]. In this regard, EC and ECL
biosensors have attracted considerable attentions to detect glucose, uric acid, and cholesterol

because of advantages like high sensitivity, simplicity, and low cost [69-73].

Following the aforementioned introduction, it was deemed necessary to develop and integrate
optical, microfluidic, and imaging technologies to create a stand-alone device. Typically, the
first modality employed is fluorescence. Fluorescence is a photophysical phenomenon where
a substance absorbs light at a specific wavelength and subsequently emits light at a longer
wavelength. This property is widely exploited in the field of biological research, particularly
through fluorescence microscopy. Fluorescence microscopy enables the visualization of
specific cellular components, proteins, and other biomolecules by tagging them with
fluorescent markers. These markers, when excited by a light source, emit light that can be
detected and imaged, providing high-resolution, real-time visualization of dynamic biological
processes. The sensitivity and specificity of fluorescence microscopy have revolutionized cell

biology, allowing for detailed study of cellular structures and functions at the molecular level.

In comparison, chemiluminescence involves the emission of light as a result of a chemical
reaction without the need for external light excitation. This intrinsic generation of light offers
significant advantages over fluorescence, particularly in terms of background noise reduction
and sensitivity. In fluorescence microscopy, the requirement for an external light source can
lead to photobleaching and phototoxicity, potentially damaging the biological sample and
limiting observation time. Chemiluminescence, however, eliminates these issues, as it does not
require light excitation, resulting in minimal background interference and allowing for longer
observation periods. Additionally, the high sensitivity of chemiluminescent assays makes them
particularly advantageous for detecting low-abundance targets, thereby enhancing the accuracy
and reliability of biological measurements. Furthermore, chemiluminescence does not require
the use of filter sets and dichroic mirrors, which are essential in fluorescence microscopy to
separate excitation light from emission light. This simplification not only reduces equipment
complexity and cost but also improves the ease of use and maintenance. These attributes make
chemiluminescence a superior choice for certain applications in biological research and

diagnostics.

It is hypothesized that electrochemiluminescence (ECL) and microfluidics can be combined
and integrated on a semiconductor image sensor for the rapid, sensitive, and simultaneous

detection of biomarkers. The goal of this project is to develop an integrated optical,
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microfluidic, and electrochemiluminescence system via a complementary metal-oxide-
semiconductor (CMOS) chip. The successful fulfillment of the project objectives will be

accomplished by organizing the research into three aims. Specifically:

Aim 1: Conduct a comprehensive literature review with the goal of integrating different
modalities onto the chip to create a point-of-care (POC) ECL biosensor. This review will
modify and customize the CMOS chip by integrating optical, microfluidic, and

electrochemiluminescence modalities and altering the setup to capture images in these modes.

Aim 2: Evaluate the performance and capabilities of the system using an analyte. The first
platform will utilize chemiluminescence on an imaging sensor to detect ATP for food safety
applications. This platform will then be further developed for electrochemiluminescence by

employing a single-electrode electrochemical system to detect uric acid.

Aim 3: Increase the degree of parallelization, application of the improved system, and
optimization. The proposed platform will be tested for the visualization and detection of

different biomolecules, such as uric acid and glucose, via ECL on the CMOS chip.

Although the unique advantages of chemiluminescence (CL) and electrochemiluminescence
(ECL) biosensors, along with their high analytical performances, have been widely explained
in the literature, several challenges remain in this field. CL and ECL-based multiplex systems
require complex protocols and bulky, costly instruments that are not always readily available.
Furthermore, ECL is a relatively new detection technique, and only a few ECL point-of-care
(POC) devices have been developed to date. In many studies, the assay system has been adapted
for on-chip or on-paper testing, where the challenge of the short lifetime of CL emission was
mitigated by microfluidic sample handling. Comparatively, reviewing the optical design to
detect the emitted light has received little attention. Therefore, achieving the optimal balance
of high performance, low complexity, cost, and size in ECL devices remains challenging.
Developing a cost-effective CL device that also promotes portability, as well as accurate and
rapid results, is crucial for early detection and appropriate treatment. Additionally, there is a
need to build a POC diagnostic device capable of simultaneously detecting interconnected
diseases such as gout and diabetes through the multiplexed detection of uric acid and glucose.
Miniaturizing ECL systems requires balancing sensitivity, durability, and signal stability. Key
challenges include managing thermal dissipation, ensuring consistent reagent distribution, and

maintaining system robustness under varied conditions. These challenges motivate the
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development of POC diagnostic and prognostic tools with new modalities, such as

electrochemiluminescence, for healthcare applications.
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Transition to Chapter 11

As has been highlighted in Chapter I, while chemiluminescence (CL) and
electrochemiluminescence (ECL) biosensors offer exceptional analytical capabilities, their
practical application is hindered by several challenges. Multiplex CL and ECL assays often
require complex procedures and expensive, bulky instrumentation, limiting their accessibility.
ECL, in particular, is a relatively new technology with limited point-of-care implementations.
Although microfluidic systems have addressed some issues related to CL's short emission
lifetime, the optimization of optical detection systems for both CL and ECL remains an
understudied area. Consequently, developing ECL devices that balance high performance with

affordability, simplicity, and compact size continues to be a significant challenge.

The aims of Chapter II are 1) systematically review state-of-the-art literature on optical and
especially CL biosensors and the optical detectors in these systems for Health monitoring and
food safety applications with evidence from basic research and review articles, and to 2)

determine a niche for further technological developments.

The review includes published studies up to July 2024 that are relevant to the topic of the thesis.
This chapter explores the integration of optical biosensors with microfluidic technology to
create compact, portable devices capable of rapid and precise analysis. By combining these
technologies, researchers have developed lab-on-a-chip platforms that employ optical
phenomena like chemiluminescence and electrochemiluminescence for real-time detection and
quantification of various analytes. The review highlights the transition from traditional single-
point optical detectors to advanced pixelated sensors, particularly CMOS image sensors, which
offer superior performance in terms of resolution, sensitivity, and integration capabilities.
These advancements hold significant promise for point-of-care diagnostics and other
applications requiring rapid, on-site analysis. Future research will focus on harnessing machine

learning to further enhance the capabilities of these integrated platforms.

This chapter is based on my recently submitted first-author article. The contributions of the

authors are as follows:

RA and SWH conceived the idea and defined the structure and content of the manuscript; RA
wrote the manuscript with a partial contribution of XH, AZ, and ID. SWH supervised the

project. All authors reviewed and approved the manuscript in its current form.
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Chapter I1. Comprehensive literature review

Optical image sensors for smart analytical chemiluminescence

biosensors

Reza Abbasi ?, Xinyue Hu ? Alain P. Zhang ?, Isabelle Dummer ?, Sebastian Wachsmann-
Hogiu®

 Department of Bioengineering, McGill University, Montreal, QC, H3A OE9, Canada
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2.1 Abstract

Optical biosensors have emerged as a powerful tool in analytical biochemistry, offering high
sensitivity and specificity in the detection of various biomolecules. This article explores the
advancements in the integration of optical biosensors with microfluidic technologies, creating
lab-on-a-chip (LOC) platforms that enable rapid, efficient, and miniaturized analysis at the
point of need. These LOC platforms leverage optical phenomena such as chemiluminescence
and electrochemiluminescence to achieve real-time detection and quantification of analytes,
making them ideal for applications in medical diagnostics, environmental monitoring, and food

safety.

Various optical detectors used for detecting chemiluminescence are reviewed, including single-
point detectors such as photomultiplier tubes (PMT) and avalanche photodiodes (APD), and
pixelated detectors such as charge-coupled devices (CCD) and complementary metal-oxide-
semiconductor (CMOS) sensors. A significant advancement discussed in this review is the
integration of optical biosensors with pixelated image sensors, particularly CMOS image
sensors. These sensors provide numerous advantages over traditional single-point detectors,
including high-resolution imaging, spatially resolved measurements, and the ability to
simultaneously detect multiple analytes. Their compact size, low power consumption, and cost-

effectiveness further enhance their suitability for portable and point-of-care diagnostic devices.

In the future, the integration of machine learning algorithms with these technologies promises
to enhance data analysis and interpretation, driving the development of more sophisticated,

efficient, and accessible diagnostic tools for diverse applications.

28



2.2 Introduction

Biosensors are analytical devices that use biological components to detect, convert, quantify,
and report biological information such as metabolite concentration. They are essential tools for
diagnosing and monitoring health conditions such as infectious diseases [1-4] and glucose level
[5-7], as well as environmental sensing for chemical pollution [8-10] and microbial
contamination [ 11-14]. Biosensors with point of care (POC) and point of need (PON) capability
address spatial and temporal constraints of sample handling by offering portability and rapid
results, making these devices suitable for use in field settings including at home, at bedside,
and during clinical appointments [15]. Given their use case scenarios, key criteria for POC and

PON biosensors include sensitivity, specificity, portability, and fast result turnover.

Transducers in biosensors convert the binding events between the target analyte and the
biorecognition element into various types of signals, including electrochemical, optical,
mechanical, temperature, electric, or magnetic signals [16, 17]. Biosensors can be categorized
based on the type of signals the transducer produce, with electrochemical and optical
biosensors being the most commonly available biosensors translated from laboratory to market
due to their high sensitivity and ease of integration with miniaturized, on-chip systems. Various
articles have reviewed the topic of biosensors, offering comprehensive overviews that describe
their components, mechanisms, historical development, current trends towards miniaturization
and wearability, and applications across various fields including medical diagnosis and
environmental monitoring [17-19]. In this paper, we will focus on optical biosensors due to

their superior signal-to-noise ratio and visual readout capability.

Biosensors that utilize an optical transducing mechanism, commonly known as optical
biosensors, are the most prevalent type of biosensor. The optical transducer converts binding
events between target analyte and biorecognition element into optical signals such as light
emission or spectral change. Optical biosensors offer several advantages across a broad range
of applications, particularly due to their high sensitivity, high specificity, reliability, versatility,
and real-time detection capabilities [16-19]. As highly sensitive and easy-to-use devices,
optical biosensors have been extensively applied in research, particularly as lab-on-chip
devices in drug discovery and in characterization of biomolecular interactions [20, 21]. They
are also prominent in POC and PON applications, including pathogen detection for clinical
diagnostics, on-site pollution detection for environmental monitoring, and contaminant

detection in food [22-24].
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Optical biosensors can be categorized into three main types: colorimetric, luminescent, and
refractive index-based, each with distinct signal generation mechanisms. Colorimetric
biosensors detect changes resulting from reflection, absorption, or scattering of light, often
involving coupling with chromogenic indicators or nanoparticle agglutination that produce
visible color changes in the presence of a target analyte [25, 26]. Luminescent biosensors
measure light emitted from analyte-specific biochemical reactions that cause excited molecules
to emit light as they return to ground state. Refractive index-based biosensors detect changes

in the refractive index of sample using plasmonic, resonance, or interference methods [27].

Luminescence-based biosensors offer significant advantages due to their higher signal-to-noise
ratio, which enhances the sensitivity of biosensors. Therefore, luminescence-based biosensors
are particularly useful in applications requiring high sensitivity and low background
interference. Their ability to detect analytes at low concentrations makes luminescence-based
biosensors highly valuable in clinical diagnostics and environmental monitoring.
Luminescence can be generated through fluorescence, chemiluminescence (CL),
bioluminescence (BL), and electrochemiluminescence (ECL). Fluorescence-based biosensors
rely on the emission of light from fluorophores when excited by a specific wavelength of light
[28]. In chemiluminescence-based biosensors, detection involves the light generated from
chemical reactions that induce an excited state in a species [29]. Bioluminescence is a special
type of chemiluminescence that occurs within biological systems, such as those involving
luciferin and luciferase. Electrochemiluminescence, on the other hand, is chemiluminescence
induced by an electrical potential. Among luminescence-based biosensors,
chemiluminescence, bioluminescence and electrochemiluminescence are particularly
advantageous as they bypass the need for external illumination, resulting in simpler systems
with even higher signal-to-noise ratios. ECL further stands out from bioluminescence and
chemiluminescence as the timing and intensity of its reactions can be controlled by the applied

electrical potential, enabling temporal and quantitative control of the reaction.

To measure the optical signal produced during analyte-specific reactions, optical detectors are
an integral part of an optical biosensor. Optical detectors in luminescence-based biosensors
function by converting light to electrical signals. These detectors can be point detectors such
as photomultiplier tubes (PMTs), which use photosensitive tubes with dynodes to transfer and
exponentially amplify electronic signals through cascading secondary emissions. Multiple
PMTs can be arranged in multiplex configurations to create a plate reader with higher

throughput. Although PMTs are sensitive and low-noise, they are not ideal for POC
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applications due to their delicate materials, high voltage requirements, and high cost.
Alternatively, avalanche photodiodes (APDs) use doped semiconductive materials to convert
photons into electrons, which are then amplified through impact ionization. Arrays of APDs
can be used to build image sensors, such as complementary metal-oxide-semiconductor
(CMOS) image sensors, which offer multiplexity and spatial resolution. While APDs generally
have higher noise levels than PMTs, they are sensitive, high-speed, inexpensive, and compact.

Therefore, image sensors are ideal for POC and PON optical detection.

While image sensors are traditionally coupled with lenses to adjust their focal distance, field
of view (FOV), and spatial resolution, the lenses introduce a trade-off between FOV and spatial
resolution. On the other hand, using image sensors without lenses eliminates this trade-off, as
the FOV will be determined by the number and size of the pixels in the sensor and the spatial
resolution will be determined by the size of the pixels. With the absence of lenses, the distance
between the sample and the image sensor must be minimized to obtain a clear, sharp image and
avoid diffraction patterns. This configuration, known as lensless contact imaging, maximizes
photon collection efficiency due to the close proximity between sample and sensor and is ideal
for luminescence-based biosensors [30]. Fluorescence imaging requires an emission filter to
be positioned between the sample and the sensor to eliminate excitation wavelengths,
complicating its implementation in a lensless contact setup. Therefore, luminescence-based
biosensors in lensless contact configurations commonly utilize CL, ECL, and BL as signal
generation methods. To facilitate more precise as well as spatially and temporally controlled
sample handling, lensless contact imaging is often integrated with microfluidic components.
Additionally, microfluidic components enable multiplexity by introducing multiple channels.
These advantages favor the development of microfluidic-integrated lensless image sensing
configurations in optical biosensors, which will be discussed in this paper. As the spatial
resolution of lensless image sensor in contact mode is determined by the pixel size, which is
typically a few micrometers but can be sub-micrometer, lensless contact imaging has been used
as a compact and inexpensive microscope in POC or PON settings for cell imaging. Moreover,
microfluidic-integrated lensless image sensor with luminescence-based analyte detection

technique is also used in various biosensing applications beyond its traditional imaging roles.

In this paper, we focus on chemiluminescence-based biosensors integrated with lensless
contact-mode image sensors for POC and PON applications, highlighting the integration of
such system with microfluidic components and artificial intelligence. We begin by discussing

the fundamental principles of signal generation in chemiluminescence-based biosensors and
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optical detection technologies used in these biosensors. We then explore the integration of
image sensors with luminescence-based biosensing technologies, microfluidic sample handling
methodologies, and artificial intelligence. Finally, we discuss the applications of image-based

biosensors at the POC and PON, providing an outlook for the field of optical biosensing.

While several reviews have discussed the recent advancements in optical biosensors, covering
the fabrication, application, historical overview, and strengths and weaknesses of various types
of optical sensor, as well as the integration of optical biosensors with microfluidic channels for
point-of-care testing [20, 21, 35, 36]. These articles mainly present fundamental principles and
applications, lacking a focused perspective. Our paper offers an outlook and road map for the
development of smart optical biosensors by specifically exploring chemiluminescence-based
optical biosensors, not only detailing the mechanisms of signal generation and detection but
also examining the integration of optical biosensors with microfluidic systems for sample
handling, image sensors for readout, and machine learning for signal processing and

interpretation.
2.3 Mechanisms of signal generation for chemiluminescence biosensors

Luminescence-based optical biosensors offer several significant advantages, including
contactless detection, high sensitivity, and the ability to detect a wide range of analytes through
labeling [31]. These biosensors are suitable for a diverse array of applications (Fig. 1a), such
as medical diagnostics, environmental monitoring, food safety, drug discovery, and biomedical
research. Chemiluminescence and electrochemiluminescence (Fig. 1b), which simplify signal
transduction, provide means of producing luminescence without need for excitation light. Both
methods rely on chemical reactions to generate light, with their differences leading to notable
variations in sensor design, performance, and application. Each method has distinct advantages

and drawbacks, contributing to their respective suitability for specific applications.
2.3.1 Chemiluminescence

The mechanisms underlying chemiluminescence are varied and sometimes debated, though it
is generally accepted that electron transfer plays a critical role prior to the emission of light
[32]. In this context, chemiluminescence can be seen as the inverse of the electron transfer
process triggered by photoexcitation, where light is the end product rather than the initiator.
When the energy level of the electron transfer state exceeds that of the excited state, photo-

induced electron transfer is not feasible. However, if radical cations and anions (A" + B™) are
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generated through chemical reactions, the recombination of these charges can lead to the
formation of an excited state (C"). If this excited state (C*) is emissive, it results in the emission

of light, defined as chemiluminescence, represented by the reaction (1):
A"+B > C+D—>C+D+hn (1)

This process converts chemical energy into light energy, analogous to the reverse of

photochemical electron transfer. [33]

The chemiluminescence process involves three key steps: (1)formation of high-energy
intermediates such as 1,2-dioxetane, 1,2-dioxetanone, and 1,2-dioxetanedione[34], which
release sufficient energy to produce visible light (ranging from 40-70 kcal/mol);
(2)decomposition of these high-energy intermediates and chemiexcitation to an excited state;

(3)emission of light from the excited state. [33]

The quantum yield of chemiluminescence is an essential parameter for assessing the efficiency
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chemiluminescence in food safety, health monitoring, and environmental monitoring. b) Optical
phenomena including Bioluminescence, Chemiluminescence, and FElectrochemiluminescence. c)
Optical detectors from point detectors (left) including photomultiplier tub, and avalanche photodiode,

to multiplexing (plate reader) d) Optical image sensors including CCD and CMOS image sensors.

of different chemiluminescent systems. It is defined as the ratio of moles of photons emitted to
moles of the limiting reagent, with the unit being einsteins per mole. For example, the
chemiluminescence quantum yield of the luminol system is 1.29 x 1072 einsteins/mol,
indicating that 1 mol of luminol produces 1.29 x 1072 mol of photons. The theoretical maximum
quantum yield is 1 einstein/mol, meaning that 1 mol of substrate can produce a maximum of 1
mol of photons. It is crucial to distinguish between chemiluminescence intensity and the
number of photons (in counts), as intensity is influenced not only by the number of photons but

also by their frequency.[35, 36]

Unlike photoluminescence, chemiluminescence does not require an excitation light source and
accompanying excitation/emission filters. Thus, chemiluminescent optical biosensors produce
a signal which can be measured directly using a photodetector resulting in a simpler compact
device. The lack of an excitation source also improves signal-to-noise ratio with reduced
background noise [31]. CL biosensors also demonstrate a wide dynamic range allowing for

simultaneous detection of strong and weak luminescence [37].

To enhance the light emission of CL optical biosensors, advances in CL amplification have
been essential, particularly the introduction of nanomaterials. A class of material that has
garnered significant attention for amplification purposes are metallic nanoparticles (MNPs).
Amplification has been achieved through a variety of MNP properties, notably MNP catalytic
activity for higher reaction yields and surface plasmon resonance resulting in metal-enhanced
chemiluminescence (MEC) [38, 39] improving the overall quantum yield. Likewise, the CL
biosensor presented by Xu at al. exploited the catalytic capacity of copper nanoclusters as a

nano-mimic enzyme for peroxidase [38].

A promising avenue for chemiluminescence optical biosensing is utilizing bioluminescence
(Fig. 1b) in which high energy intermediates are synthesized via metabolic processes.
Bioluminescence optical biosensors are particularly attractive due to the high efficiency of
bioluminescence with metabolism of luciferin specifically exhibiting very high quantum yield

[40]. Luciferin-based bioluminescence biosensors have been demonstrated to effectively detect
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the concentration of ATP with a linear relationship between analyte concentration and

bioluminescence intensity [41, 42].
2.3.2 Electrochemiluminescence (ECL)

Electrochemiluminescence (ECL) is a process that combines electrochemical reactions with
chemiluminescence to produce light. In ECL, reactive species are generated at the surface of
an electrode through electrochemical reactions, involving the oxidation or reduction of a
luminescent molecule (luminophore) and, in some cases, a co-reactant. The mechanisms
underlying ECL can be categorized into three main pathways: the annihilation pathway, the co-

reactant pathway, and the cathodic pathway. [43, 44]

The annihilation pathway involves the generation of both oxidized and reduced forms of the
luminophore at the electrodes. These forms then interact (annihilate) to produce an excited state
that emits light. This mechanism typically involves alternating the potential at the electrode to
sequentially generate the radical cation and radical anion of the luminophore. For example, the
luminophore [Ru(bpy)s]* is oxidized to [Ru(bpy)s]*" and reduced to [Ru(bpy)s]". When these
species annihilate, they form the excited state [Ru(bpy)s]*>*", which then emits light as it returns

to the ground state. [37, 43, 44]

The co-reactant pathway utilizes an additional molecule (co-reactant) that participates in the
electrochemical reactions to produce the excited state. The co-reactant is typically oxidized or
reduced to form a reactive intermediate, which then reacts with the oxidized or reduced
luminophore to generate the excited state. For instance, in the [Ru(bpy)s;]*"/TPrA system,
[Ru(bpy)s]** is oxidized to [Ru(bpy)s;]**, and TPrA is oxidized and then converts to TPrA". The
interaction between [Ru(bpy)s]*" and TPrA" forms the excited state [Ru(bpy);]**", which emits
light upon returning to the ground state [43]. Due to the direct relationship between the intensity
of the emitted light and the concentration of the emitter or co-reactant, this form of ECL has
been extensively utilized in analytical applications, especially in highly sensitive bioanalysis

[45].

The cathodic pathway involves reduction reactions occurring at the cathode to generate the
excited state [46]. In this pathway, the luminophore and/or co-reactant are reduced at the
cathode to form reactive intermediates that produce the excited state. Although less common
than the oxidative (annihilation and co-reactant) pathways, the cathodic path can be significant

in certain systems. For example, [Ru(bpy)s;]*" can be reduced to [Ru(bpy)s]", which then reacts
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with a reduced co-reactant to form the excited state [Ru(bpy)s]~" that emits light as it returns

to the ground state [43, 47].

Box 1 | Electrochemiluminescence Mechanisms and application of common co-reactants:

Electrochemiluminescence (ECL) involves the generation of reactive species at the electrode
surface through electrochemical reactions, including the oxidation or reduction of a luminophore and
sometimes a co-reactant. ECL mechanisms can be categorized into three pathways: annihilation, co-
reactant, and cathodic. The annihilation pathway involves generating both oxidized and reduced
forms of the luminophore, which then interact to form an excited state that emits light. The cathodic
pathway involves reduction reactions at the cathode, generating reactive intermediates that produce
an excited state. The co-reactant pathway, which is particularly significant for its sensitivity in
analytical bioanalysis, utilizes an additional molecule (co-reactant) that participates in the
electrochemical reactions. In the [Ru(bpy);]**/TPrA system, [Ru(bpy);]** is oxidized to [Ru(bpy)s]*",
and TPrA is oxidized to TPrA". The interaction between [Ru(bpy);]** and TPrA" forms the excited
state [Ru(bpy)s]*"", which emits light as it returns to the ground state. This mechanism's direct
correlation between light emission intensity and the concentration of the emitter or co-reactant makes
it widely used in sensitive bioanalytical applications.

The most common ECL co-reactant systems include:

1. [Ru(bpy)s]** / TPrA:
e Luminophore: Tris(2,2'-bipyridyl)ruthenium(II) ([Ru(bpy)s]*")
e Co-reactant: Tripropylamine (TPrA)

This is one of the most extensively used systems due to its high efficiency and sensitivity in
bioanalytical applications. The application of this co-reactant system that results in an emission of
red ECL is as follows:

Immunoassays: The [Ru(bpy);]*"/TPrA system is extensively used in immunoassays, where
ECL tags help detect and quantify antigens or antibodies in samples [48-56]. This is crucial for
disease diagnosis and monitoring. As an alternative labeling strategy, co-reactants employed in
ECL reactions can be utilized for tagging biomolecules [57, 58].

DNA Analysis: [Ru(bpy)s;]**-based DNA detection methods are instrumental in diverse areas
such as clinical diagnostics, pathogen identification for infectious diseases, forensic analysis, and
the diagnosis of genetically linked human diseases [49, 59-71].

Aptamer-based Biosensing: The unique properties of aptamers, which are functional nucleic
acids capable of specific target recognition, have been combined with ECL detection for the
development of a multitude of aptasensors [72-88].

2. Luminol / H,0;:

e Luminophore: Luminol (3-aminophthalhydrazide)

e Co-reactant: Hydrogen Peroxide (H.O»)
Luminol is oxidized by hydrogen peroxide in the presence of a catalyst (often a metal ion like Fe?*
or a peroxidase enzyme) to form an excited state intermediate (3-aminophthalate). This intermediate
then emits light as it returns to the ground state. The Luminol/H,O, system is renowned for its
applications in chemiluminescence (CL) and electrochemiluminescence (ECL) due to its strong blue
light-emitting capabilities and reagent availabilities [89]. It is widely utilized in:

Biological substrates: Since H>O, is the co-reactant of luminol, any substrate that produces H>O,
through enzymatic oxidation can be detected using this ECL system. Examples of these analytes
include glucose[90-97], uric acid[98-100], cholesterol[101-104], I-lactate and creatinine.
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Genetic detection: Including DNA detection for clinical research[105, 106] and miRNA sensing
for cancer diagnosis [107-109].

Immunosensing: In immunoassays and other diagnostic tests where high sensitivity is required
[110-118].

3. Other pairs:
There are also other ECL luminophore-co-reactant pairs. For [Ru(bpy);]** and [Ru(phen);]**
luminophores, apart from TPrA some other co-reactants including Dibutylamine (DBAE) and
Triethylamine (TEA), have been explored. Green ECL can be achieved using various luminophore
and co-reactant pairs including Ir(ppy)s (tris(2-phenylpyridine)iridium(III)) and TPrA [99, 119, 120].

The general ECL process thus includes the electrochemical generation of reactive
intermediates, the formation of excited states through interactions between these intermediates,
and the emission of light as these excited states relax to the ground state. This ability to control
the generation of excited states electrochemically makes ECL a powerful technique for various

applications, including bioassays, sensing, and imaging.

Beyond the mechanistic aspects of ECL reactions, it is crucial to examine the spectroscopic
and electrochemical characteristics of the reaction partners. These properties influence the
thermodynamics and the resulting kinetics of the reactions that produce the excited state,

thereby determining the efficiency of the ECL process.

The efficiency of electrochemiluminescence (®kcr) is defined by the ratio of photons emitted
to the total number of electron transfer events during ECL reactions [45]. ®ecL comprises two
components: ®ex, which indicates the yield of excited states, and ®pr, which represents the
probability of photon emission from these excited states (analogous to the photoluminescence

quantum yield).
PpcL = Ppr, X Pex (2)

®cx 1s influenced by the kinetics and thermodynamics of the reaction pathways and various
experimental factors, such as the stability of precursors and their likelihood of undergoing side
reactions. Conversely, ®@pr is an intrinsic photophysical property affected by the solvent and

the susceptibility of the excited state to quenching interactions.

Energetically, for an excited state to form from a bimolecular reaction, the energy available
from the reactants must exceed the energy of the excited state product. Electrochemical
experiments can often assess the free energy of these reactions using the redox potentials of the
reactants. For instance, in ruthenium-based ECL, the energy of the excited state product (Eem)

can be estimated from the maximum emission wavelength (Amax = 620 nm) using the equation
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E = hc/Amax [45]. Here, h is Planck's constant (4.13 x 10'°eVs), and ¢ is the speed of light (3.00
x 108 m/s), yielding an Eem value of 2.05 eV. Given that the free energy of ECL pathways is
2.61 eV for annihilation and 2.98 eV for co-reactant pathways, these reactions sufficiently

energize the 2.05 eV excited state of the ruthenium complex.

A central question in radiative and reactive intermediate electron transfer reactions concerns
the population of excited states rather than the thermodynamically favored ground state.
Marcus’ theory offers a compelling explanation [121, 122]. It posits that electron transfer
occurs on a significantly faster timescale compared to nuclear rearrangements, solvent
reorganization, and bond vibrations. Consequently, when these reactions release substantial
energy on an ultrafast timescale (shorter than a typical vibrational period), the system does not
efficiently dissipate this energy through vibrational relaxation. This, in turn, makes the pathway

leading to an electronically excited product more favorable.

In conclusion, understanding ECL efficiency and mechanisms is essential for optimizing its
analytical applications. By examining factors influencing ®gcr, such as Kkinetics,
thermodynamics, and experimental conditions, researchers can improve ECL system
performance. Future studies should focus on these areas to enhance ECL's utility in various

fields.
2.3.2.1 Electrode configurations in ECL

In an ECL device, the electrode setup is a critical component that influences the efficiency,
sensitivity, and overall performance of the ECL system. Various configurations, such as the
three-electrode setup, bipolar electrode ECL, and single-electrode ECL, each offer unique
advantages and applications. The three-electrode setup, comprising a working electrode,
reference electrode, and counter electrode, is the most commonly used configuration, providing
precise control over the electrochemical environment and facilitating accurate measurements.
Bipolar electrode ECL, on the other hand, simplifies the experimental setup by eliminating the
need for multiple connections, making it suitable for miniaturized and portable devices. Single-
electrode ECL further reduces complexity and can be advantageous in specific applications
where space and simplicity are paramount. Understanding the distinctions of these different
electrode setups is essential for optimizing ECL systems for diverse analytical and diagnostic

applications.
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Conventional/Three-Electrode ECL. The three-electrode cell is the classic configuration for
electrochemiluminescence (ECL). It consists of three electrodes: the working electrode, the
counter electrode, and the reference electrode [123]. This configuration was developed to
address the limitations of earlier two-electrode systems, which often struggled to maintain a
stable potential necessary for accurately measuring resistance at the interface of the working
electrode and the solution [124]. In the three-electrode system, the reference electrode serves
as a stable reference point for measuring and regulating the working electrode's potential
without allowing any current flow [124]. Consequently, this setup enables precise
determination of potential changes at the working electrode, unaffected by fluctuations at the
counter electrode [124]. The potential sweeps in this setup are typically characterized by a
gradual rise in current followed by a subsequent decline, representing a two-step process
involving the mass transfer of electroactive materials toward the working electrode's surface

and subsequent electron transfer reactions [124].

Recent advancements in three-electrode ECL systems have been notable. For example, a
method was developed to use emissions on the counter electrode to enhance multicolor and
potential-resolved ECL systems [132]. The multicolor ECL from mixed luminophores, Ir(ppy)3
and [Ru(bpy)]s>", at glassy carbon working and counter electrodes was investigated, analyzing
the simultaneous ECL processes [132]. Under these conditions, spatially resolved emissions at
different electrodes were observed, suggesting the potential for more multiplexed detection

systems [132].

Additionally, new materials have been incorporated into ECL to enhance detection sensitivity.
For instance, a folding microfluidic paper-based analytical device (u-PAD) was developed
using carbonate/carboxymethyl chitosan (CaCO3/CMC) hybrid microspheres for signal
amplification [133]. These microspheres, coated in silver nanoparticles and immobilized with

single-stranded DNA (ssDNA) strands, significantly augmented sensitivity.

Bipolar ECL. Bipolar electroluminescence (BP-ECL) significantly differs from the
conventional three-electrode setup, as the working electrode is replaced by the control of the
solution potential [134]. A bipolar electrode (BPE) is a floating conductor that does not require
a direct electrical connection to a power source or external circuit (Fig.2a). Instead, polarization
is achieved by an electric field generated by two driving electrodes placed at opposite ends of
an electrochemical cell. When a sufficiently high voltage is applied to the solution,

simultaneous oxidation and reduction reactions occur at either end of the bipolar electrode
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[135]. This phenomenon occurs because the same number of electrons released by an oxidation
reaction also participate in the co-occurring reduction reaction. This setup provides key
advantages over the classic three-electrode system. As the BPE system is wireless and does not
require an external power supply or a multichannel potentiostat, it is capable of conducting
many simultaneous reactions with a single pair of driving electrodes and a power supply,

making it useful for multiplexing and parallel sensing (Fig.2f) [134].

The difference between a closed and open bipolar system lies in the presence of a wall between
the anodic and cathodic solutions. In a closed BP-ECL system, the cathode and anode solutions
are physically separated so that the only path between the half cells is through the BPE (Fig.21)
[138].

The driving voltage £ can be described by the following equation using Kirchhoff’s second

law:
E =Ap(D2) — Ap(C) + Ap(A) — Ap(D1) (3)

where Ap(D1), Ap(C), Ap(A) and Ap(D2) are the potentials of driving electrode 1, the cathodic
pole, the anodic pole, and driving electrode 2 with respect to the solution [141]. The driving
voltage of an open bipolar electrode cannot be defined in this way, as it lacks the wall separating

the two solutions [141].

To find the potential of the BPE, two parameters are considered: the overpotential along the
electrode interface and the kinetic characteristics of the redox couple [139]. The potential
difference between the solution and the two poles of the BPE, AE,,.., represents the driving
force available to couple the two reactions occurring simultaneously at either end of the BPE
(Fig.2e). For the electrode to maintain its electroneutrality, these co-occurring reactions must
have equal electron consumption and production [145]. AE,;.. can be approximated by the
following equation (4) [139]:
L A “

lchannel

where E;,; is the voltage applied to the driving electrodes, [, is the length of the electrode,

and [ panner 18 the distance between the driving electrodes.

Having gained an understanding of the principles and significance of bipolar

electrochemiluminescence, a comprehensive review of the key research papers that have
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explored its diverse applications will now be conducted. Compared to the traditional three-
electrode system ECL, BP-ECL has a much greater capacity for high-throughput detection
(Fig.2d). To exploit this high-throughput capability of BP-ECL, a microfluidic array chip was
developed to allow for multiplexed detection of prostate cancer biomarkers (Fig.2b) [137].
Immunosensing requires multiple steps, such as the loading of reagents and washing of the
detection region, which limit its multiplexing capabilities [137]. To overcome this limitation,
the design of the chip allows for the careful control of liquid flow through the channels, keeping
the samples uniformly separated. These samples are then directed towards the BPE array, where
they are captured by their corresponding antibodies. Glucose oxidase labeling allows for the

production of hydrogen peroxide, which generates the ECL reaction [137].
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Fig.2 Electrochemiluminescence with Bipolar configuration: a) Electrode configuration in conventional
ECL with a three-electrode setup (left), and in Bipolar ECL (BPE) where a conductor is placed between
the electrochemical cell, and the potential difference across the conductor drives the ECL reaction
(right) [142]. b) Bipolar electrode array for multiplexed detection of prostate cancer biomarkers [143].
Liquid flow is directed by using a specialized channel structure that leverages differential flow
resistance c) Paper-based BPE ECL for imaging and sensing [ 144]. Microfluidic channels are fabricated
on filter paper using wax screen printing, while carbon ink-based BPE and driving electrodes are also
screen-printed onto the paper. d) ECL using 1000 BPE arrays. Optical image (top left), ECL image (top
right), electrochemical cell setup (bottom left), and ECL intensity profile (bottom right) of these arrays
[145]. The simplified device uses a single pair of driving electrodes to activate a 500 um x 50 um

electrode array, and the BPEs are placed in a shallow electrolyte pool between parallel plates to ensure
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uniform electric field €) Porous BPE using ITO nanoparticles. Top view and cross-section (top), H.O»
sensing (bottom) [146]. PDMS cover with 90 um microchannels seals the BPE channel, separating
detection and reporting channels. A nanoporous ITO layer detects H,O,, while a bare ITO layer reports
ECL. The PDMS cover and ITO-coated glass form the complete BPE microchip. f) BPE arrays for ECL
imaging and multiplex sensing. Schematic of the device (Top), real device and ECL images (bottom)
[147]. The device features integrated cathodic and anodic poles and leads, insulated by a polyimide
layer. Platinum and gold BPEs were fabricated using arrays of these poles. g) Fabrication process of
paper-based PBE aptasensor for detection of carcinoembryonic antigen [148]. Janus-like gold-coated
Fe304 nanospheres are synthesized in this device and showed catalytic activity for H>O, reduction. h)
Multicolor ECL using BPE configuration to detect prostate-specific antigen [149]. Selective ECL
excitation is enabled by tuning the interfacial potential of the BPE poles in this device. i) BPE ECL
sensor using gold and glassy carbon beads for detection of tetracycline [150]. Au particles were
selectively deposited on one side of a GCB electrode, controlling coverage from 0 to 45.3% using
bipolar electroplating. This modified GCB allows for varying biomolecule conjugation. Modified with

permission from [142-150].

Single Electrode ECL. While bipolar electrode arrays have shown promise in areas of
multiplexing, a significant drawback remains in the requirement for electrode arrays for these
multiplex experiments. These electrode arrays are expensive and time-consuming to
manufacture, which underscores the relevance of single-electrode ECL [134]. The basic
premise behind the design of the single-electrode electrochemical system (SEES) is the
reduction of the electrochemical cell to a single electrode. This is achieved by creating a
potential difference along the surface of the electrode [100]. The initial SEES electrode was
developed by applying an external voltage to both ends of the electrode, creating a potential
gradient due to the varying resistance of the electrode [100]. The electrical potential produced
by this process is directly proportional to the length of the cell and the applied voltage [98].
This method can then be utilized for ECL by generating excited states of luminol along the

electrode, producing the ECL signal.

The potential difference between the ends of the cell (AE,) primarily depends on the ratio
between the electrochemical cell’s length L. and the length of the plastic film [100]. When AE,.
is sufficiently large, reduction and oxidation will occur simultaneously at either end of the

microelectrochemical cell, resulting in the following formula (Fig.3a) [98, 100]:

AE, = Etot

L % L. Q)
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The very first single-electrode ECL system was developed using an indium tin oxide (ITO)
electrode and a self-adhesive label with holes poked into it [100]. This system was designed
for multiplexed experiments targeted towards high-throughput analysis, as each hole serves as
an independent microelectrochemical cell. Initially, this system demonstrated its use in
detecting luminol, hydrogen peroxide, uric acid, and glucose (Fig.3b) [100]. Later, the single-
electrode system was adapted to be wireless by incorporating wireless energy transfer modules
and a rectifying diode [149]. The resulting system exhibited a linear range from 1 to 150 uM
and a detection limit of 0.26 uM. Additionally, visual detection was carried out using a

smartphone, indicating promising potential for point-of-care applications.

In 2021, a graphene-based single electrode on a polyimide substrate was developed for the
detection of multiple analytes using a luminol-based chemical reaction (Fig.3h) [155]. The
electrodes were fabricated with a CO; infrared laser, forming laser-induced graphene on the
surface of the polyimide substrate. This differs from the original single electrode developed on
an ITO substrate, allowing for a miniaturized form with applications in numerous industries.

The system was later adapted for the detection of vitamin Bi2 [156].

In 2022, several single-electrode systems using paper as the substrate were developed. One
such system involved a disposable paper-based single electrode fabricated with carbon paint
and commercial glow stick dye [150]. When an electric field is applied to the device, anodic
and cathodic reactions occur at either end, separated by the dumbbell shape of the paper. The
materials used were deliberately chosen to be common to maximize accessibility. Another
paper-based single electrode was fabricated by embedding reduced graphene oxide through
blue laser ablation, demonstrating effectiveness in the detection of glucose and lactate (Fig.3f)

[153].

Building on the advancements in single-electrode ECL systems, the strong m-m stacking
interaction of carbon nanotube (CNT)/graphene was exploited to immobilize [Ru(phen)]s** to
create a modified single electrode (Fig.3g) [154]. The resistance of the [Ru(phen)]3** modified
CNT/graphene film then induces SEES when a voltage is applied, allowing for the visual
detection of ECL. This system has been applied for dopamine detection since dopamine

quenches this ECL.

The potential applications for SEES in high-throughput systems have also been expanded by

several researchers. A single-electrode ECL for a high-throughput immunoassay was developed
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by using a carbon ink screen electrode, with cardiac troponin I (cTnl) antibodies immobilized
along its surface [157]. When these antibodies bind to cTnl, electron transfer along the
electrode is inhibited, resulting in a decrease in ECL intensity. Additionally, a gradient potential
distribution typically used in bipolar electrochemistry was adapted for use on a single electrode
by modifying a classic ITO single-electrode setup through the electrodeposition of a gradient
polypyrrole (PPy) conductive film, resulting in a high-throughput electroanalysis system
(Fig.3e) [152].

Most recently, efforts to increase the sensitivity of single-electrode electrochemical biosensor
systems have been made by modifying the surface of the electrode with MXene structures and
Co-Pt nanoparticles (Fig.3d) [151]. MXene structures have garnered interest due to their
properties such as high electron conductivity and ion adsorption, which enable their use in
sensitive ECL systems. Co-Pt nanoparticles were incorporated due to their effectiveness in
enhancing the ECL of luminol in the presence of H>0». Finally, by incorporating a Raspberry
Pi computer and an Artificial Neural Network, a system was created that significantly enhances

the sensitivity of detection [134].
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Fig.3 Electrochemiluminescence with single electrode (SE) configuration: a) schematic of SE ECL on
CMOS image sensor (top), structure of SE configuration and distribution of potential along the single
electrode (bottom) [104]. b) First demonstration of SE-ECL, multiplex ECL using SE configuration
[106]. SE-ECL for single and multiplex experiments are created by attaching labels with varying hole
patterns onto ITO electrodes. c¢) Paper-based SE-ECL on carbon ink [156]. A paper-based biosensor
used glow sticks as a luminophore, detected by a smartphone. A two-compartment paper device enabled

separate optimization of sensing and detection reactions. d) Fabrication of multiple-well SE-ECL on
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carbon ink (top), and equivalent circuit (bottom) for immunoassays application [157]. This paper-based
SE-ECL, featuring a perforated sticker on a carbon ink electrode, utilized antibody immobilization and
Co—Pt nanoparticles for sensitive SARS-CoV-2 detection. e) SE-ECL with multiple channels fabricated
by punching polypyrrole film and attaching it to the carbon ink layer (top), and ECL reactions on the
cathodic and anodic side of each well (bottom) [158]. f) Paper-based SE-ECL fabricated by reducing
graphene oxide via laser and wax printing to form a microfluidic channels for glucose and lactate
sensing [159]. g) Multiplex SE-ECL fabricated using Ru(phen);*" modified carbon nanotube/graphene
film and a plastic sticker with 24 holes for dopamine detection [160]. h) SE-ECL device fabricated using
laser-induced graphene and polyimide film [161]. i) First multicolor SE-ECL device fabricated by 3D-
printed channels. Multicolor ECL using different potential in different channels (top), multicolor ECL
using potential gradient along the SE (bottom left), photo of the 3D-printed SE-ECL (bottom center),
and multicolor SE-ECL on different channels (bottom right) [105]. j) Miniaturized and microfluidic-
integrated SE-ECL on CMOS image sensor: schematic of the device (left), detection of multiple analyte
including glucose and uric acid with this device (right) [105]. Modified with permission from [104-106,
156-161].

2.4 From point detectors to optical image sensors

In emission-based optical biosensing, a photodetector is essential for detecting light and
converting it into an electrical signal. Photodetectors operate based on the photoelectric effect,
a phenomenon where incident photons with sufficient energy are absorbed by a material,
causing the ejection of electrons known as photoelectrons. The photoelectric effect was first
documented by Heinrich Hertz, with further experiments by Philipp Lenard and Robert
Millikan demonstrating the dependence of the number of emitted photoelectrons on the
intensity and wavelength of the incident light, respectively [158-160]. These findings were later
explained by Albert Einstein [161]. According to Einstein's explanation, the energy of incoming
radiation is quantified as s4n, where n is the frequency of light. Therefore, the energy imparted
to a photoelectron is related to the wavelength of the absorbed light. Assuming that each photon
with sufficient energy excites only one electron, the light intensity, or rate of photons, must

correspond to the number of photoelectrons emitted.

Several important qualities are used to evaluate the performance of a photodetector, including
sensitivity, noise, spectral response, response time, and quantum efficiency [162-164].
Sensitivity describes a photodetector's ability to detect low levels of light. This is particularly
crucial for chemiluminescence optical biosensors due to the weak emission typically produced

by chemiluminescence. However, achieving high sensitivity can also introduce unwanted
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noise. Therefore, it is important to optimize the photodetector's gain to achieve sufficient
sensitivity while minimizing noise. The spectral response of a photodetector refers to the range
of light frequencies it can detect. A broader spectral response allows for a wider range of
applications. For real-time monitoring, the response time of a photodetector is critical, with
shorter response times enabling more accurate temporal measurements. Lastly, quantum
efficiency, defined as the ratio of photogenerated charge carriers to incident photons, indicates
how efficiently a light signal is converted into an electrical signal. High quantum efficiency is

essential for low-light and high-accuracy applications.

While photodetectors may follow the same fundamental photoelectric principle for light-to-
electric signal conversion, the way this conversion is achieved can greatly affect the detector's
performance. In the following sections, two-point detectors (Fig. 1c), photomultiplier tubes
(PMTs) and avalanche photodiodes (APDs), will be introduced and compared to imaging-based
detectors (Fig. 1d), including charge-coupled devices (CCDs) and complementary metal-oxide

semiconductor (CMOS) sensors.
2.4.1 Photomultiplier tubes (PMTs)

The initial development of PMTs dates back to the early twentieth century, coinciding with the
development of vacuum tubes and advancements in the understanding of photoelectric
phenomena. In the late 1800s, the discovery of the photoelectric effect by Heinrich Hertz and
its further explanation by Albert Einstein demonstrated the ejection of electrons from a material
when exposed to light [158, 161]. However, the first applications of this phenomenon were not
realized until the invention of the phototube in the 1920s. Phototubes comprised a
photosensitive material that ejected electrons upon exposure to light, producing a small and

often too weak electric current, thus necessitating the need for amplification methods.

The innovation of the PMT soon followed, with Leonid Kubetsky's work on secondary
emission for electron amplification eventually leading to the development of the first
commercially available PMTs by the 1930s [165]. After World War II, PMT technology saw
rapid improvements driven by the demands of research and industry. Advancements in vacuum
technology, photosensitive materials, and amplification techniques greatly enhanced PMT
performance and reliability. The modern PMT is a highly sensitive instrument capable of
single-photon detection with high efficiency and low noise across a wide spectral response.

Recent innovations in the manufacturing processes of PMTs have resulted in more robust and
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versatile devices, making them suitable for a variety of applications, including medical

diagnostics and astronomy [166, 167].

PMTs offer several key advantages, including high sensitivity, fast response time, high gain
with low noise, and a wide spectral response. With the development of high quantum efficiency
photocathodes, dynodes, and optimized electronics, PMTs are capable of sensing single-photon
emissions by applying high amounts of gain [168]. Due to the controlled manner of
amplification, with each dynode adding predictable amounts of gain, PMTs can achieve high
gain with low over-multiplication noise while exhibiting a linear response over a wide range
of incident light intensities [169]. Additionally, since amplification does not occur at the
photocathode, PMTs benefit from a large variety of available materials for photocathodes,

enabling a wide spectral response.

While PMTs are an excellent choice for high-sensitivity, low-noise applications, they also have
several drawbacks. Since PMTs are made from glass vacuum tubes, they are generally quite
delicate. Additionally, PMTs are sensitive to magnetic fields, which can interfere with the
trajectory of emitted electrons passing through the vacuum tube, reducing efficiency, causing
gain variations, and adding signal noise [168, 170, 171]. This problem can be addressed using
magnetic shielding or active compensation coils [168, 171]. For point-of-care (POC)
applications, PMTs may not be suitable because they require a high voltage power supply for
amplification [168]. Furthermore, the combination of specialized photocathode and dynode
materials, complex design, magnetic interference countermeasures, and power supply

requirements result in high costs, making PMTs less ideal for POC applications.

PMTs have been utilized in numerous experimental designs across various applications. For
example, the chemiluminescence biosensor for detecting cholesterol by Xu et al. employed a
PMT. Multiple fiber-optic based biosensors for detecting sorbitol have also been demonstrated
using PMT detectors [172, 173]. In particular, Gesseiet al. devised and evaluated the
performance of a biosensor using both a spectrometer and a PMT. The study found that using
a PMT for detection improved the signal-to-noise ratio by approximately 2.6 times. This high
sensitivity of the PMT was crucial for detecting low concentrations of sorbitol that were

undetectable by the spectrometer.
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2.4.2 Avalanche Photodiodes (APDs)

An avalanche photodiode is a semiconductor device used for converting light into an electrical
current. The initial concept for the APD originated from the seminal work of Jun-ichi
Nishizawa in the 1950s, who proposed the avalanche multiplication effect in semiconductors.
In the following decade, research in semiconductor materials, particularly silicon and
germanium, led to the development of more efficient photodiodes and early versions of APDs
[170]. By the late 1980s and early 1990s, APDs had become commercially available, thanks to
significant advancements in semiconductor fabrication [170]. Since then, APDs have continued
to undergo further development to improve sensitivity, speed, reduce noise, and increase
bandwidth [174-176]. These properties have made APDs suitable for use in several industries
and technologies, including telecommunications, light detection and ranging (LiDAR), and

medical imaging [174-176].

Similar to PMTs, APDs offer high sensitivity and gain [175]. Additionally, APDs generally
have high quantum efficiency due to their intrinsic design and material properties. Since APDs
internally amplify current through impact ionization, charge carriers are contained and can
efficiently interact with other atoms in the depletion region. This mechanism also results in fast
response times, making APDs suitable for high-speed detection applications [175].
Furthermore, optimization of the depletion region and electric field reduces the probability of
electron-hole recombination, leading to greater charge accumulation [177]. For optimal
photoemission, semiconductor materials can be tailored for specific wavelengths of light with

high absorption to promote charge carrier generation [175].

The internal gain mechanism of APDs, while providing many benefits, is also responsible for
the amplification noise associated with APDs [175]. Unlike the predictable gain offered by
PMTs, impact ionization in APDs is stochastic. Thus, while impact ionization amplifies the
signal current, it also generates statistical noise known as Poisson noise. APDs are also limited
in maximum gain. Since a high reverse-bias voltage must be applied to the p-n junction for
impact ionization, APDs are limited by the breakdown voltage of the diode. This issue has been
addressed to some degree in Geiger-mode Single-Photon APDs (SPADs). However, while
APDs operate as linear amplifiers, SPADs operate using a very strong electric field to trigger
self-sustaining impact ionization that is quenched to stop the avalanche process and given time
to recover [178]. Thus, SPADs must operate at a lower count rate to produce single-photon

detection events as signal pulses.
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A whole-cell bioluminescent sensor for detecting E. coli presented by Daniel ef al. used an
SPAD for signal detection [179]. While PMTs were considered for this application, it was
determined that PMTs were too large and unsuited for mobile biosensing applications, and
relatively expensive compared to SPADs. As a silicon-based photon counting element, SPADs
could also be integrated with the signal processing unit, allowing for compact sensor
integration. A similar bioluminescent sensor also used an SPAD for the detection of E. coli
[180]. This study also considered PMTs as well as charge-coupled devices (CCDs) as
alternative detectors but ultimately selected SPADs due to their high quantum efficiency,
relatively low cost, and low operating voltage. The sensor was integrated into a small lightproof
container to create a compact bioluminescent biosensor. Performance testing of the sensor
demonstrated a proportional increase in SPAD readout with the concentration of generated

oxyluciferin, indicating an increase in E. coli activity.
2.4.3 Plate Readers

For measuring individual samples, PMTs and APDs provide a sensitive, high-gain, fast, and
low-noise tool for light measurement. However, as point detectors, scaling to larger sample
sizes proves to be challenging, with low throughput and a labor-intensive and time-consuming
process. To resolve this, the multiplexed integration of PMTs into plate readers can significantly

improve the viability of PMTs in higher-throughput applications.

The first plate readers appeared in the 1970s as simple devices designed primarily to measure
absorbance for colorimetric assays [181, 182]. Future innovations soon incorporated additional
detection modes, including fluorescence and luminescence assays [183, 184]. Fast-forwarding
to the modern era, current plate reading devices feature several improvements, including
automation, user-friendly software integration, and multi-unit detectors, to meet the demands

of drug discovery, clinical diagnostics, and life science use cases [184, 185].

Plate readers are widely used in laboratories for their efficiency and versatility in high-
throughput screening, enzyme-linked immunosorbent assays (ELISAs), and other biochemical
assays. One of the primary advantages of plate readers is their ability to rapidly process multiple
samples simultaneously, significantly increasing productivity and data throughput [186]. They
offer high sensitivity and accuracy in detecting absorbance, fluorescence, and luminescence,
which are essential for quantitative analyses [187]. Additionally, their automation capabilities

reduce human error and variability, enhancing the reproducibility and reliability of results
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[188]. However, plate readers also have drawbacks. The initial cost of purchasing a plate reader
can be substantial, and the maintenance and calibration required to ensure accurate readings
can be time-consuming and expensive [189]. Furthermore, most of old plate readers may not
be suitable for all types of assays, particularly those requiring real-time kinetic measurements,
where more specialized equipment might be needed [185]. Thus, plate readers are generally ill-

suited for POC and PON applications.
2.4.4 Optical image sensors

Image sensors consist of an array of point photodetectors that form pixels, the smallest spatially
resolvable units with submicron size in state-of-the-art technologies, enabling spatial
resolution. The structure of image sensors involves an array of microlens at the top, followed
by a color filter, photodiodes, and electronic components for converting the collected photons
into electrical currents [190, 191]. The layer of microlenses at top of the pixel array focuses
incoming light onto the photodiodes, enhancing the fill factor determined by the ratio of a
pixel’s photosensitive area to its total area. The mosaic color filter array commonly adopts a
Bayer filter arrangement with 1:2:1 ratio of red (R), green (G) and blue (B) to separate the
incoming light into RGB color channels, enabling color resolution. Since its invention in 1980,
the pinned photodiode (PPD) has been widely adopted in most image sensors [192]. In a PPD,
a thin p-type layer located on top of the n-type region of the photodiode stabilizes the surface
potential of the photodiode, resulting in lower noise, higher quantum efficiency, and lower dark
current [192]. Electronic components transform incoming photons into voltage signals, with
amplifiers to increase signal-to-noise ratio and enhance dynamic range, while analog-to-digital
converters (ADCs) transform the voltage signals into digital values, and digital I/O and column

decoder store and output the digitized results [193].

The two main types of image sensors are charge-coupled devices (CCDs) and complementary
metal-oxide-semiconductor (CMOS) image sensors. CCDs and CMOS image sensors differ
fundamentally in their architecture and signal readout mechanisms, with CCDs built on p-
doped metal-oxide-semiconductor (MOS) capacitors and CMOS image sensors using p and n-

doped MOS field-effect transistor (MOSFET).
2.4.4.1 Charge Coupled Devices (CCDs)

The CCD image sensor was the first solid-state image sensor developed. After CCDs were

invented in 1969 at Bell Labs by Boyle and Smith [194], the first CCD image sensor was
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reported in 1970 [195]. A CCD consists of an array of connected capacitors that transfers
electric charge to neighboring capacitors. The electric charge is generated when photons hit the
photoactive area of the capacitor array and subsequently transferred across the series of
capacitors [196]. A common readout point with a charge amplifier is located after the last
capacitor to convert the charge into a readable voltage [196]. The use of a common readout
point outside of the pixels and reduced circuitry in each pixel of CCD contributes to a high fill
factor, leading to better photon collection efficiency that creates higher image quality with
lower noise. However, CCDs suffer from slower readout speed and consume more power due
to the continuous sequential charge transfer process. Since CCDs generally provide superior
image quality and better performance in low-light conditions, they are ideal for applications

such as astronomy, professional photography, and medical imaging [197].
2.4.4.2 Complementary Metal-Oxide Semiconductors (CMOS) sensors

CCDs require high charge transfer performance, leading to several challenges, including
manufacturing difficulties and issues with operating at low temperatures and high frame rates
[198]. An active pixel sensor (APS), where each pixel is equipped with a transistor, can
overcome these inherent problems with CCDs [198]. The first CMOS image sensor using APS
was invented in the mid-1990s by Fossum et al. at NASA Jet Propulsion Laboratory [199].
PMOS and NMOS transistors exhibit low electrical resistance between their source and drain
when a low and high voltage is applied, respectively. Therefore, connecting the sources and
drains of PMOS and NMOS transistors in CMOS transistors results in reduced electrical
resistance across broader applied voltage range, leading to lower power consumption and less

heat generation which contribute to reduced noise [200].

CMOS image sensors were initially front-side illuminated (FSI), where the photodiodes are
located below the electronic interconnects. Newer generations of CMOS image sensors have
adopted back-side illumination (BSI) by placing the photodiodes above the interconnects to
enhance the photon collection efficiency [201]. The state-of-the-art technology in the new
generation of CMOS image sensors includes notable advancements such as PureCel®Plus
Technology. This technology advances CMOS image sensors through several key innovations,
including the implementation of a buried color filter array (BCFA) and deep trench isolation
(DTI)[202]. The BCFA significantly enhances the ability to capture light from various incident
angles. Meanwhile, DTI minimizes crosstalk by creating isolation walls between pixels within

the silicon, thereby improving chief ray angle (CRA) tolerance. The second generation of
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PureCel®Plus further refines DTI for superior pixel isolation and enhanced low-light
performance. Additionally, composite metal grid (CMG) technology boosts pixel sensitivity by
forming walls above the silicon surface, which further reduces pixel color crosstalk. These
advancements collectively contribute to superior image quality, making PureCel®Plus

Technology a leading innovation in CMOS image sensor technology.

Unlike CCDs, CMOS image sensors have individual readout circuits on each pixel, enabling
faster, parallel readout of image data with lower power consumption as well as random access
to pixel information [201]. Although the pixel-level readout circuitry in CMOS image sensors
reduces the area available for photon capture compared to CCDs, resulting in historically lower
signal-to-noise ratio, advancements such as BSI have significantly improved their
performance, offering comparable image quality. Since CMOS image sensors are more power-
efficient, they are suitable for portable devices that are battery-powered such as smartphones
[203] and cameras. CMOS image sensors also offer faster readout speeds and greater flexibility
in data handling, making them ideal for high-speed imaging and applications requiring rapid
real-time processing. These characteristics make CMOS image sensors ideal optical readers for

POC biosensors where portability and fast readout are essential.
2.5 Parameters that affect the analytical performance of a biosensor.

Biosensors are analytical devices that exploit biological or chemical reactions to generate
measurable signals proportional to the concentration of a target analyte within a sample. The
analytical performance of biosensors is influenced by various parameters, which can be
categorized into two main groups: experimental parameters and component parameters [204].
Experimental parameters include factors such as applied potential, scan rate, frequency range,
pH, temperature, incubation time, analyte concentration, and mixing speed. Each of these
parameters plays a crucial role in determining the sensitivity, selectivity, and overall efficiency
of the biosensor [204]. For instance, the applied potential can affect the electron transfer
processes, while the scan rate influences the kinetics of the electrochemical reactions. The
frequency range is pertinent in impedance-based biosensors, as it determines the response
characteristics. Additionally, the pH and temperature conditions are critical, as they can alter
the biochemical activity and stability of the biological recognition elements. Incubation time
impacts the interaction between the analyte and the bioreceptor, and analyte concentration is

directly related to the biosensor’s detection limit and dynamic range. Lastly, the mixing speed
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ensures homogeneity in the sample solution, thereby affecting the reproducibility and accuracy

of the measurements.

The analytical performance of a biosensor is also intricately linked to several key component
parameters. A typical biosensor system comprises three key components: biorecognition
elements, transducers, and output systems. The selection of the transducer, which converts a
physicochemical change into a measurable signal, is crucial. Common choices include
electrochemical, optical, piezoelectric, and thermal devices, each offering specific signal
conversion advantages [205]. Equally important is the selection of the biorecognition element,
the biomolecule responsible for target recognition. Enzymes, antibodies, nucleic acids, and
others can be employed depending on the specific analyte. The interaction between the target
and the biorecognition element triggers a physicochemical change that the transducer can

detect [206].

To ensure efficient target-biorecognition element interaction, a suitable immobilization
technique must be chosen. Techniques such as adsorption, entrapment, encapsulation, covalent
attachment, and cross-linking significantly influence the efficiency of immobilization and,
consequently, the overall performance of the biosensor [207]. Furthermore, the selection of an
appropriate support material is essential. Ideal support materials should possess excellent
chemical and mechanical stability, offer reactive functional groups for biomolecule attachment,
provide a high surface area, and exhibit inert, biocompatible, and cost-effective characteristics
[208]. These materials can be broadly categorized as organic (e.g., alginate, chitosan) or
inorganic (e.g., mesoporous silica, nanoparticles) [209]. Finally, additional constructional
parameters include the selection and ratio of other biosensing components like crosslinkers,
surfactants, and signal enhancers. The chosen coating method on the electrode surface (e.g.,
electrodeposition, drop-casting) also significantly affects the biosensor's performance [210,
211]. By carefully considering these constructional parameters, researchers can optimize

biosensor design for superior analytical performance.

A biosensor's effectiveness hinges on its ability to accurately detect and quantify an analyte
within a specific concentration range. This performance is governed by a complex interplay of
factors affecting the linear range, sensitivity (represented by the slope of the linear range), and

limit of detection (LOD).
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Linear Range. The linear range, where the response correlates directly with analyte
concentration, is influenced by bioreceptor properties [212]. High-affinity bioreceptors can
lead to a narrower range due to rapid saturation at low concentrations. Conversely, lower
affinity interactions might extend the range but compromise sensitivity [213-215]. The
transducer's characteristics, particularly its sensitivity and dynamic range, also play a role.
Highly sensitive transducers might exhibit a limited linear range. Surface coverage of
bioreceptors can further impact this range, with higher densities causing faster saturation. Mass
transport limitations, affecting analyte arrival at the sensor surface, can cause deviations from
linearity at higher concentrations. Fortunately, strategies exist to manipulate the linear range.
Signal amplification mechanisms can extend it by enhancing the sensor response at low
concentrations. Additionally, sensor design considerations, such as geometry and size of the
sensing element, can improve mass transport, leading to a wider linear range. Environmental
factors like temperature, pH, ionic strength, and sample matrix interferences can also affect

linearity. Optimizing these parameters is crucial for reliable measurements.

Sensitivity (slope of the Linear Range). The slope of the linear range, representing the
sensitivity of the biosensor, is influenced by several factors. The affinity of the bioreceptor for
the analyte directly impacts sensitivity, with high-affinity interactions producing a steeper
slope. The efficiency of the transducer in converting biorecognition events into measurable
signals 1s crucial; more efficient transducers generate larger signal changes per unit
concentration of analyte, resulting in a steeper slope [216, 217]. Bioreceptor density on the
sensor surface affects sensitivity, as higher densities enhance the likelihood of analyte binding.
Signal amplification strategies, such as enzymatic reactions or nanoparticle use, increase sensor
response, steepening the slope. The surface chemistry and immobilization methods employed
can preserve bioreceptor functionality, optimizing sensitivity. Mass transport effects, ensuring
efficient analyte delivery to the sensor surface, and minimizing diffusion limitations, also
contribute to a steeper slope. Optimal environmental conditions and reduced interference from
non-specific binding maintain a high sensitivity, while sensor design factors such as electrode

material and surface area further influence the slope.

Limit of Detection. The limit of detection (LOD) of a biosensor, indicating the lowest detectable
analyte concentration, is determined by various factors. The signal-to-noise ratio (SNR) is
critical, as a higher SNR allows better distinction of the analyte signal from background noise,
lowering the LOD. Bioreceptor affinity and specificity enhance the detection of low analyte

concentrations, improving the LOD. The transducer's intrinsic sensitivity also affects the LOD,
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with more sensitive transducers detecting smaller signal changes. [218, 219]. Effective surface
chemistry and immobilization techniques that maintain bioreceptor activity enhance the LOD.
Signal amplification methods increase the generated signal per analyte molecule, lowering the
LOD. Sample volume and pre-concentration techniques can improve the LOD by increasing
the analyte molecules available for detection. Efficient mass transport to the sensor surface
ensures that low analyte concentrations reach the bioreceptor sites, enhancing detection
capabilities. Minimizing background interference and optimizing environmental conditions
such as pH and temperature improve the bioreceptor-analyte interaction, lowering the LOD.
Advanced data processing and analysis techniques further distinguish the signal from noise and

compensate for background interference, improving the LOD.

The performance of optical biosensors, in particular, directly depends on the performance of
the optical detector. As shown in Table 1, different types of optical detectors, such as PMT,
APD, CCD, and CMOS sensors, exhibit distinct characteristics that affect their performance in
biosensing applications. PMTs and APDs are highly sensitive with substantial gain, making
them suitable for detecting low-intensity signals. CCDs and CMOS sensors, while less
sensitive in comparison, offer sufficient sensitivity for most biosensing applications, with

CMOS sensors improving rapidly in this aspect [220].

PMTs generally have low noise but can be affected by dark current and afterpulsing. APDs
exhibit higher noise levels, particularly at high-gain settings. CCDs are known for their low
noise, particularly when cooled, whereas CMOS sensors have historically had higher noise but
are continually improving with technological advancements [222]. CCDs excel in providing a
high dynamic range and full well capacity, allowing for the detection of both low and high
signal intensities without saturation. CMOS sensors are catching up, offering a competitive
dynamic range and full well capacity in modern designs. PMTs and APDs, while highly
sensitive, can have limited dynamic ranges in comparison.

Table 1. Optical detectors and their characteristics

Plate reader*
CHARACTERISTICS | PMT APD CCD CMOS
(PMT)
Photosensitivity (A/W) 0.02-0.09  0.2-0.9 0.02-0.09 0.3-0.4 0.3-0.5
Gain 10%-107 10-100 10-107 e e
Dynamic Range (dB) | - -—— - 60-90 50-70
Quantum Efficiency (%) | 20-35 70-85 20-25 75-90 70-90
Dark Current** (nA) 0.5-5 0.1-100 0.5-5 101°-10®*  10%-107
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Cost Expensive Moderate  Expensive Moderate Low
Power Consumption High Moderate  High High Low
Size/Portability Bulky Compact Bulky Compact  Compact
Multiplexing No No Yes Yes Yes

POC No Yes No Yes Yes

*Italicized specifications for plate reader are identical to PMT

**CCD and CMOS dark current per pixel calculated from e”/p/s CMOS dark current calculated from DN/s to e/p/s with conversion factor.
Specifications for PMT, APD, CCD, and CMOS were sourced from Hamamatsu datasheets. Website: https://www.hamamatsu.com/us/en.html
[221]

By carefully optimizing these factors, the performance of biosensors can be significantly
improved, allowing for more accurate and sensitive detection of target analytes across a range

of applications.

2.6 Integration of chemiluminescence, optical image sensors, and

microfluidic components

Any biosensing/bioimaging device requires a detector. For the system to be fully independent

and stand-alone, this detector must be integrated with other components of the system.

Despite the excellent sensitivity of single-point detectors, achieved through electron
multiplication or avalanche effects, their application at the point of care remains limited. Efforts
have been made to integrate these detectors with optical fibers to extend their use beyond the
laboratory [223], but challenges persist due to their high voltage requirements, size, and cost.
As an alternative, integrating optical detectors with analytical sensors using cellphone cameras
has been explored. As smartphones become increasingly powerful and abundant, the feasibility
of adapting their features into point-of-care sensing applications grows, making smartphone-
integrated CL biosensors an exciting opportunity for accessible, affordable, and effective health
monitoring tools. Numerous studies have employed cellphone cameras as biosensor detectors
[224-252]. However, the variability in camera quality, sensor types, and focal planes across
different cellphone models necessitates additional calibration steps, hindering the widespread
application of this approach. Additionally, in resource-poor areas, access to cellphones with

high-quality cameras is often limited.

Traditional bioimaging relies on magnification via lenses to achieve high spatial resolution.
Advancements in digital sensor technology have led to the development of lens-based digital

imaging. This technique combines magnifying lenses with high-resolution digital sensors,
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enabling rapid image acquisition and facilitating storage and processing. Notably, the
convergence of CMOS image sensors, commonly found in mobile phones, with external
magnifying lenses paves the way for portable and user-friendly microscopic imaging [203, 253,
254]. Lens-based imaging presents inherent trade-offs. Firstly, achieving high spatial resolution
often comes at the expense of a reduced field of view (FOV) [255]. FOV denotes the total
observable area captured by the sensor [203]. Secondly, lenses can introduce optical
aberrations, manifesting as defocus and image distortion [253]. Finally, lens-based systems
typically generate images with only intensity contrast, limiting the extraction of three-
dimensional (3D) information. In contrast, lensless imaging overcomes limitations inherent to
lens-based systems. It achieves aberration-free high-resolution images while preserving a large
FOV. In lensless imaging, spatial resolution is defined by the image sensor's pixel size and
signal-to-noise ratio (SNR). The FOV, on the other hand, is directly proportional to the active
area of the image sensor, reaching up to 30 mm? for CMOS and 20 mm? for CCD sensors, with
pixel sizes as small as 0.7 um [200, 256]. For comparison, a conventional bench-top optical
microscope equipped with a 10x objective lens (numerical aperture of 0.2) offers a limited field
of view (FOV) of less than 4 mm? and a theoretical spatial resolution of 1.5 pm, significantly
restricting the sample area captured in a single image [257]. Additionally, lensless digital
holographic imaging provides the distinct advantage of acquiring depth-resolved 3D
information. Moreover, the absence of lenses translates to enhanced portability and cost-

efficiency for these systems.

Integrated lensless optical systems can be categorized into two main types based on the signal
they detect from the sample: shadow-based systems and luminescence-based systems. Shadow-
based systems record a signal representative of the sample's physical shape [190], while
luminescence-based systems detect photons emitted by the sample. For enhanced ease and
flexibility in sample handling, these two optical platforms were additionally integrated with
optofluidic techniques. Within optofluidics, microfluidic devices enable precise manipulation

of samples directly above the sensor arrays.
2.6.1 Integrated CL-based optical systems

Lensless luminescence imaging offers distinct advantages. This technique captures the
luminescence emitted by the sample, leading to enhanced optical contrast. Additionally, it
yields quantified results in the form of light intensity, enabling the calculation of analyte

concentration [200].
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CL-based lensless imaging offers a versatile approach for biomolecule quantification [130].
This technique relies on placing the sample directly on the image sensor surface and capturing
light emitted during chemiluminescent reactions [258, 259]. CL imaging allows for the
detection of various biomolecules, ranging from toxins [258] to disease markers [259], making
it valuable for applications in food safety [42], diagnostics, and health monitoring. BL-based
lensless imaging utilizes genetically engineered yeast or bacteria cells [260]. These cells
express recognition elements that activate luciferase enzymes upon analyte interaction, leading
to bioluminescence emission. The bioluminescent cells are then immobilized on or transferred
to the image sensor's active area, enabling the capture of light emissions. Since the BL signal
directly correlates with cell viability [261], lensless imaging systems capable of measuring BL
can be powerful tools for drug research (toxicity detection) and environmental monitoring
[262]. ECL-based lensless imaging involves capturing light emitted from an electrochemical
process [98]. This process is driven by an electric field that creates excited states through
energetic electron transfer reactions in molecules at electrode surfaces [263]. Unlike CL, which
often requires catalysts for significant light emission, ECL reactions utilize the electric
potential difference for a more controlled excited state formation. This controlled nature makes

ECL advantageous over CL for applications in lensless contact imaging.
2.6.2 Integration of microfluidic components with optical systems

Microfluidic devices offer precise handling of small volumes of samples, making their
application ubiquitous across various areas of biological sciences [264]. A microfluidic device
mainly consists of inlets for introducing fluids, outlets for removing fluids, microchannels for
guiding, separating, and mixing fluids, and chambers for retaining samples or facilitating
reactions [265]. Fluid movement within a microfluidic device can be driven passively through
capillary forces within the microchannels or actively using externally applied forces such as
pressure from syringe pumps [266]. Additional elements such as valves and flow resistors can

be incorporated to regulate the flow within the device.

Lensless image sensors can be integrated with microfluidic devices to facilitate sample
manipulation through spatial and temporal control, while enabling capabilities such as
multiplexing. In this configuration, the microfluidic device is bonded to the lensless image
sensor, allowing the region of interest in the microfluidic device directly contact the active area
of the image sensor. Samples and reagents are introduced into the microfluidic device through

inlets, with the target analytes within the sample often remaining in chambers that are patterned
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to physically capture them or functionalized with biorecognition elements to bind them. By
surface functionalizing the chamber or adding reaction reagents, analyte-specific reactions can
occur in the chamber, enabling analyte quantification by capturing and analyzing the resulting
optical signals with the integrated image sensor. This integrated approach originated in 2005
by Lange et al., who placed a microfluidic chamber containing Caenorhabditis elegans on a
lensless CMOS image sensor to study the impact of spaceflight on its behavior [267]. Since
then, the combination of microfluidic devices and lensless imaging has been adopted in various
platforms, enabling the identification, quantification, and monitoring of cells and organisms as
well as the detection of biological elements including metabolites, viruses, and proteins [42,

98, 99, 200].

Integrating microfluidics with image sensors combines the capabilities and advantages of both
technologies. The microfluidic component allows for multiplexing through separate channels
for different reactions, precise fluid handling with spatial and temporal control, low sample and
reagent consumption due to small volume intake into the device, and a compact size.
Meanwhile, image sensors enable quantification of target analytes by measuring the optical
changes from the analyte-specific reactions happening in the microfluidic device. The
combination results in lensless microfluidic imaging systems that are compact, provide high
spatial resolution without compromising the FOV, and produce sensitive results due to the close

sample to sensor proximity and high photon collection efficiency.

In lensless contact imaging, the proximity between the sample and the image sensor is critical
for optimal performance. This technique can be implemented using either shadow-based or
luminescence-based methods. Shadow-based imaging benefits from minimal diffraction
artifacts and does not require complex image reconstruction, while luminescence-based
imaging—including CL, ECL, and BL—provides enhanced optical contrast and quantitative
analyte detection. In both cases, maintaining a minimal distance between the sample and the
image sensor is essential for achieving high image clarity and maximizing light collection
efficiency. To ensure close contact, the design of the microfluidic device must accommodate
the topography of the image sensor. This can be challenging due to the size difference between
sensor elements and microfluidic channels, but it can be managed by confining the microfluidic
device within the sensor’s active area or by embedding the sensor in a planarizing material to

match the fluidic channel dimensions.
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2.7 Applications of optical image-based sensors at point-of-care/need

2.7.1 Applications of integrated CL biosensors at point-of-care/need

Integrated optical biosensing technology offers several advantages over traditional microscopy,
such as increased compactness, improved photon collection efficiency, and the elimination of
complex image reconstruction steps. This technique is versatile, enabling applications like cell
detection, classification, counting, and continuous monitoring [269-273]. Blood cell counting
is particularly well-suited due to the portability and automation benefits compared to traditional
methods like microscopy and flow cytometry [270-272, 274]. For instance, the ePetri platform
exemplifies this versatility, allowing continuous monitoring of cells and microorganisms,

including pathogen identification like waterborne parasites and malaria [273, 275-277].

Biomicrofluidics and optoelectronics further enhance biosensing capabilities by utilizing CL
or ECL for the detection and quantification of metabolites, antibodies, proteins, viruses in
bodily fluids, and antibiotic residues in food [98, 278-280]. These platforms hold significant
implications for POC diagnostics and disease monitoring, such as uric acid measurement in
saliva for gout diagnosis and choline concentration monitoring in blood for cancer and
cardiovascular disease. The microfluidic channels in many platforms facilitated both the
detection of flowing samples and subpixel spatial resolution by leveraging the sample's sub-

pixel movements as it passed through the channel [275, 281-283].

Despite significant advances, optical transducers in fluorescence imaging-based biosensors
remain limited by their dependence on specific light sources and the need for dedicated optical
filters [284]. However, researchers have developed innovative solutions to address these
challenges, such as shifting from fluorescence to chemiluminescence-based biosensors. One
notable development is a CCD-based CL biosensor that simultaneously quantifies three targets:
alkaline phosphatase, parvovirus B19 DNA, and horseradish peroxidase [259]. This was
achieved by placing a transparent microfluidic reaction chip made of PDMS or glass slide in
close proximity to a thermoelectrically cooled CCD sensor. A fiber optic taper facilitated the
efficient transmission of light between the microfluidic chip and the image sensor [259, 285].
Additionally a photodiode array, consisting of 32 individual photodiodes arranged in a 4 x 8
grid configuration, was explored for its potential application in integrated CL microarray
readout [286]. Since LFAs were the first option for point-of-care testing due to their portability

and inexpensive components, there have been increased efforts to integrate them with image
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sensors to create independent yet efficient analytical devices. In this context, aflatoxin B1 and
type B-fumonisins have been detected in maize samples using a multiplex CL biosensor that
integrates a multiplex indirect competitive LFA, enzymatic CL reaction, and lensless CCD
image sensor [258]. Furthermore, the LFA-CL system was integrated with a CCD image sensor
to detect ovalbumin and collagen. This LFA-CL system exhibited detection limits two orders
of magnitude lower than those of a similar colorimetric system [287]. Building upon these
advancements, a 3D-printed biosensor employing an LFA with CL detection was designed for
the on-site analysis of salivary cortisol in astronauts [288]. This sensor incorporates a sealed
microfluidic cartridge activated by buttons and capillary forces. Cortisol detection is achieved
using a highly sensitive, cooled CCD camera-based CL reader. Despite these research
developments, the commercialization of LFA-CL immunoassays faces challenges due to two
key limitations: (1) limited bioreagent stability over time and (2) the need for manual reagent
addition during the analytical process. These limitations hinder their ability to meet the

demands of end-users [289].

Shifting focus from CL-based optical sensors, another study presented a novel bioluminescence
ATP detection device utilizing a pixelated CMOS image sensor. This platform effectively
assessed ATP levels following environmental swabs from various surfaces, including fast-food
restaurant tables, kitchen counters, and personal cell phones. These findings highlight the
potential of CMOS devices in the food safety industry, particularly for establishing

standardized surface cleanliness protocols.[42]

In addition to CL and bioluminescence sensors, ECL based biosensors have also shown
significant promise. One early example described a microfluidic microsystem that combined
CMOS technology for high-resolution, direct-contact optical imaging of biochemical analyte
reactions [290]. This microsystem utilized a two-layered, soft polymer microfluidic network
integrated with a CMOS image sensor featuring a 64 x 128 pixel array to detect both CL and
ECL of luminol/H>O» reaction [290]. Similarly, a different study described a microfluidic
platform integrating luminol/hydrogen peroxide ECL detection with a 5-megapixel CMOS
image sensor on a single chip[98]. This design allows both sample manipulation and data
acquisition on the same platform. Using a single electrode as the electrochemical transducer
and a CMOS chip as the integrated detector, the applicability of this platform for detecting uric

acid, a relevant biomarker for gout disease, was demonstrated [98].

63



Recent research describes advancements in single-electrode ECL (SE-ECL) configurations
designed to enhance sensitivity, specificity, and compactness for integration with CMOS image
sensors in analyte detection. By manipulating the electrical potentials applied to single
electrodes within the electrochemical cell, researchers can selectively excite ECL
luminophores to produce distinct emission colors (Fig.31,j) [99]. This strategy employs a
single-electrode design for color-coded ECL reactions, integrates microfluidic techniques for
efficient sample handling, and utilizes a cost-effective CMOS image sensor to capture emitted
light. These improvements show significant promise for developing miniaturized and highly
accurate biosensors suitable for POC diagnostics in biomedical, food safety, and environmental

monitoring applications.

Overall, integrated optical biosensing platforms offer powerful tools for live specimen imaging,
POC diagnostics, and disease monitoring, with significant potential to impact biomedical

research, healthcare, and beyond.
2.7.2 Limitations of integrated CL biosensors for point-of-care applications

Integrated optical biosensing platforms offer significant advantages for point-of-care
diagnostics, such as portability, cost-effectiveness, and rapid imaging. However, their

widespread adoption faces several challenges.

While integrated optical biosensing platforms can achieve reasonable resolution, they typically
fall short of traditional lens-based microscopy for resolving fine details. High-resolution
imaging requires sophisticated reconstruction algorithms, which can limit practical utility due
to their computational intensity. The reliance on advanced algorithms can slow down data
processing and necessitate significant computing power. Additionally, these platforms struggle
to distinguish objects at different depths due to their relatively shallow depth of field. This
limitation makes imaging thick samples or obtaining accurate 3D reconstructions challenging.
Sample preparation is also critical, as the technique is sensitive to dust, debris, and bubbles.
This meticulous preparation requirement may render integrated optical biosensing platforms
unsuitable for certain sample types. Moreover, the field of view is limited due to the nature of
the setup, and adjusting magnification is not as straightforward as in traditional microscopy.
Despite these challenges, advancements in computational imaging, machine learning, and
sample preparation techniques offer promising solutions to overcome these limitations. By

addressing these challenges, integrated optical biosensing platforms can significantly enhance
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their utility for point-of-care applications. [30, 291-293] The reusability of lensless sensors,
such as those utilizing CMOS or CCD imaging chips, is dependent on the specific application
and sensor design. Generally, these sensors are designed for multiple uses, though their
longevity can be influenced by factors like sensor surface stability, sample nature, and required
sensitivity. For example, in the case of chemiluminescence biosensors, it was observed that a
CMOS sensor exhibited good reusability, with a low Relative Standard Deviation (RSD) in
measurements after five uses, and maintained acceptable performance after ten uses [104].
Additionally, the affordability of CMOS chips, due to advancements in manufacturing, has
made them suitable for use as disposable components in single-use biosensors, especially in
point-of-care diagnostics. While CCD chips offer higher sensitivity and image quality, they are
typically more expensive, and their use as disposable elements is more application-specific,

depending on the required sensitivity and cost considerations.

Chemiluminescence (CL) is a phenomenon where light is emitted as a result of a chemical reaction.
CL-based biosensors leverage this property to detect and quantify various analytes with high
sensitivity and specificity. These biosensors are particularly valued for their ability to produce
measurable optical signals without the need for external light sources.

Chemiluminescence (CL) biosensors include various phenomena, including chemiluminescence,
bioluminescence, and electrochemiluminescence (ECL). Chemiluminescence biosensors utilize
direct chemical reactions to emit light, while Bioluminescence biosensors employ biological
molecules to produce light through biochemical reactions, often utilizing ATP assays for detecting
cellular activity. Electrochemiluminescence biosensors combine electrochemical and
chemiluminescent techniques to trigger light emission. Each type offers unique advantages:
chemiluminescence biosensors are simple and highly sensitive, bioluminescence biosensors provide
high specificity for detecting biological substances, particularly through ATP assays, and ECL
biosensors offer precise control and high sensitivity for a wide range of applications.

ECL systems can be configured in various ways to optimize performance and application:

o Three Electrode System: Consists of a working electrode, a reference electrode, and a counter
electrode. This configuration allows precise control over the electrochemical environment,
enhancing the accuracy of measurements.

e Bipolar Electrode System: Utilizes a floating conductor, serving as both the anode and cathode,
with the potential of the solution playing a crucial role in driving the redox reactions. This setup
is advantageous for miniaturized and portable applications.

e Single Electrode System: Relies on a gradient potential over the surface of a single, partially
conductive electrode, such as ITO. This configuration simplifies the design while still facilitating
effective ECL reactions.

Optical signal detection in CL biosensors is achieved using point detectors and pixelated detectors.
e  Point detectors, such as Photomultiplier Tubes (PMT) and Avalanche Photodiodes (APD),
convert light into electrical signals through the photoelectric effect and avalanche
multiplication process, respectively, offering high sensitivity for weak light signals.
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e Pixelated detectors, including Charge-Coupled Devices (CCD) and Complementary Metal-
Oxide-Semiconductor (CMOS) sensors, use arrays of photodiodes to capture light and
produce high-resolution images. CCDs provide excellent sensitivity and image quality, while
CMOS sensors are favored for their low power consumption, faster readout speeds, and cost-
effectiveness, enhancing their suitability for portable and point-of-care devices.

The integration of CL biosensors with microfluidic technologies and CMOS sensors has led to
significant advancements. Microfluidic systems, often referred to as lab-on-a-chip (LOC) platforms,
enable the miniaturization and automation of assays, reducing sample and reagent volumes and
enhancing reaction efficiency. CMOS image sensors provide high-resolution imaging, enabling
spatially resolved measurements and the simultaneous detection of multiple analytes. The combined
system offers compactness, portability, and the potential for point-of-care diagnostic applications.

2.8 Landscape and outlook of optical image sensors and machine learning

in analytical chemiluminescence biosensors

The development of biosensors has seen remarkable progress, marked by distinct generations,
each introducing significant advancements. The first generation of biosensors utilized natural
receptors such as enzymes, antibodies, and cells as biorecognition elements. These elements
interacted with target analytes to generate a signal, which was then converted by a transducer

into a measurable and identifiable form. [294]

In the second generation, the focus shifted towards enhancing the transducer itself. By
incorporating nanomaterials to modify the transducer surface, there was a marked improvement
in sensitivity and signal amplification. This era also saw the miniaturization of biosensors,

making them suitable for point-of-care and portable applications. [294, 295]

The third generation introduced the capability of simultaneous detection of multiple analytes,
achieved through direct signal transfer between transducers and analytes. This advancement
significantly improved the specificity and sensitivity of biosensors. The fourth generation
further integrated nanotechnology, the Internet of Things (IoT), and bioinspired biomimetic
materials [296] with microfluidic platforms. This integration enabled real-time monitoring of
biological processes, resulting in instantaneous measurements. Wearable and implantable
devices became more prevalent, with Lab-on-Chip platforms exemplifying this generation.

[294, 295, 297]

Looking to the future, the fifth generation of biosensors, illustrated by the concept of a hospital-

on-chip, is expected to refine existing technologies even further. The sixth generation will
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likely incorporate 6G networks and holographic technology into microfluidic systems,
potentially leading to innovations such as surgery-on-chip. The Internet of Medical Things

(IoMT) will also expand applications in telemedicine.[294, 295, 297]

A rapidly growing field within optical biosensing is quantum sensing, which leverages quantum
phenomena like quantum interference, entanglement, and coherence to detect physical
properties such as temperature, electromagnetic fields, and strain. Quantum materials can
significantly enhance the precision of conventional analytical observations. Numerous
quantum biosensors have already been developed for disease diagnosis, and integrating
quantum biosensing with fifth and sixth-generation technologies promises novel and exciting

possibilities. [295, 298]

The future of quantum biosensing holds transformative potential. Anticipated advancements
include unprecedented sensitivity, enabling the detection of minute biomarker concentrations,
which could revolutionize early disease detection and monitoring, significantly improving
patient outcomes. Integrating quantum biosensing with nanotechnology is expected to lead to
the miniaturization of devices, enhancing portability and making them suitable for wearable
applications. These developments promise a shift towards user-friendly, cost-effective, and
rapid POC applications, marking a paradigm shift in disease diagnosis and monitoring. [295,

298]

Despite these advancements, traditional laboratory assays still outperform POC testing in terms
of reliability and accuracy. The integration of machine learning (ML) methods into POCT
offers an opportunity to bridge this gap. ML can improve sensor reliability and accuracy in real
sample measurements. Smartphone applications integrated with ML algorithms could provide
direct readouts of POCT biosensors, potentially pushing these technologies towards home-

testing and self-testing scenarios. [299]

Single-molecule detection presents significant challenges due to poor signal-to-noise ratios,
signal overlap, and dispersive signals. In single-molecule sequencing biosensors, large datasets
must be analyzed, and traditional hypothesis-driven data exploration may miss unexpected
signals. ML methods can reduce noise and extract multidimensional signal features, improving

pattern recognition resolution and sensitivity in single-molecule biosensors. [299, 300]

The combination of wearable biosensors and ML presents a significant opportunity for health

monitoring. Wearable biosensors can noninvasively monitor human physiology through
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various biological fluids, such as sweat, tears, and saliva. The vision is to integrate a series of
sensor networks on flexible patches that continuously monitor biomarkers. ML can parse time-
series data from multiplexed sensors to identify health states. However, ML in these
applications must be explainable rather than a black-box system. Medical professionals and
decision-makers must understand machine decisions, and incorporating human knowledge and
reasoning into deep learning systems can enforce and regulate the learning process, reducing

the sample size needed for training. [299, 301, 302]

Like other optical biosensors, the development of chemiluminescence biosensors, particularly
ECL microscopy, has also shown significant promise. ECL microscopy combines the high
sensitivity of electrochemical methods with the spatial resolution of microscopy, making it a
powerful tool for visualizing biochemical and cellular processes at a molecular level. This
technique has been employed in two experimental configurations: positive ECL (PECL) and
shadow ECL (SECL) [303]. In PECL, the imaged object generates ECL directly or is labeled
with an ECL-active luminophore, resulting in a bright image against a dark background. SECL,
a label-free method, produces a dark image of the object against a bright background by
blocking the diffusional flow of the luminophore and co-reactant towards the electrode surface.
Both configurations mitigate issues of photobleaching and phototoxicity associated with
classical microscopy techniques, contributing to the detailed and precise investigation of
various biological systems and reactions. Integrating the advancements in ECL microscopy
with the innovative technologies in optical biosensing could further enhance the capabilities

and applications of biosensors in biomedical research and clinical diagnostics.

The landscape of optical biosensors is rapidly evolving, with each generation bringing
significant advancements in technology and functionality. Quantum sensing and machine
learning integration are poised to revolutionize biosensing further, enhancing sensitivity,
specificity, and usability. These developments herald a future where disease diagnosis and
monitoring are more precise, portable, and accessible, paving the way for groundbreaking

advancements in healthcare.

Despite these advancements, traditional laboratory assays still outperform POC testing in terms
of reliability and accuracy. The integration of machine learning (ML) methods into POCT
offers an opportunity to bridge this gap. ML can improve sensor reliability and accuracy in real

sample measurements. Smartphone applications integrated with ML algorithms could provide
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direct readouts of POCT biosensors, potentially pushing these technologies towards home-

testing and self-testing scenarios. [305]

Single-molecule detection presents significant challenges due to poor signal-to-noise ratios,
signal overlap, and dispersive signals. In single-molecule sequencing biosensors, large datasets
must be analyzed, and traditional hypothesis-driven data exploration may miss unexpected
signals. ML methods can reduce noise and extract multidimensional signal features, improving

pattern recognition resolution and sensitivity in single-molecule biosensors. [305, 309]

Building on these advancements, the application of ML in enhancing CL and ECL biosensors
has garnered significant attention. In the following sections, recent progress in integrating ML
techniques with ECL and CL biosensors will be reviewed, highlighting how these approaches
can improve sensor performance, data analysis, and ultimately, the practical implementation of

these technologies in various testing scenarios.
2.8.1 Machine Learning-Assisted ECL Sensing

Electrochemiluminescence (ECL) sensing offers a powerful technique for detection due to its
high signal-to-noise ratio [304]. Traditionally, researchers relied on analyzing ECL data
directly. However, recent advancements leverage the power of machine learning (ML) to
extract valuable insights from images captured by smartphone cameras. The intensity of light

in these images correlates directly with the target analyte's concentration [305, 306].

The field of healthcare diagnostics is a prime beneficiary of this integration. ECL assays are
highly sensitive and specific, making them ideal for biomarker detection in body fluids. Early
and accurate diagnosis is crucial for effective patient management, and ML-assisted ECL holds
significant promise in achieving this goal. Studies have shown that ML techniques can improve
detection accuracy in ECL-based assays for various analytes, including glucose, lactate, and

choline [307].

Researchers have also explored ML-assisted ECL for environmental and food safety
applications. For instance, one study employed a portable molecularly imprinted polymer ECL
system with smartphone camera capture and artificial neural networks (ANNs) to detect
nitrofurazone, a banned carcinogen [246]. Similarly, another study utilized convolutional

neural networks (CNNs) to analyze images from an ECL system designed to detect the harmful
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pesticide 2,4-Dichlorophenoxyacetic acid (2,4-D) [238]. These examples showcase the

versatility of the approach for diverse analytes.

Recent advancements have even extended ML-assisted ECL to the realm of infectious diseases.
In response to the COVID-19 pandemic, researchers developed an ML-assisted ECL
immunosensor for SARS-CoV-2 detection [308]. This sensor was designed to provide user-
friendly readouts comparable to RT-PCR CT values, a familiar metric for healthcare

professionals.

Overall, the synergy between ML and ECL sensing is demonstrably powerful. By leveraging
image analysis capabilities, this approach offers enhanced accuracy, user-friendliness, and

broader applicability across various detection fields, particularly in healthcare diagnostics.
2.8.2 Machine Learning-Assisted Chemiluminescence and Bioluminescence Sensing

Light-emitting luminescence techniques offer valuable tools for analytical detection.
Chemiluminescence (CL), where a chemical reaction excites molecules leading to light
emission, avoids limitations of fluorescence (FL) like scattering and background noise [309,
310]. However, CL suffers from high blank signals and interference from other oxidants and

quenchers [311, 312].

One study explored CL's potential for profiling phenolic compounds in wine using a machine
learning-assisted assay. Capitalizing on CL's established role in evaluating food antioxidants,
researchers employed neural network regression models (NNRMs) to detect phenolic

compounds within a wide concentration range (5 pmol dm™ to 2 mol dm™) [313].

Bioluminescence (BL), a subclass of CL, involves light emission by organisms like fireflies. It
offers advantages such as minimal background signal, low required analyte concentration, and
high sensitivity due to enzymatic turnover. However, its limitations include dependence on

advanced molecular biology techniques for large-scale production of recombinant enzymes

[48, 314].

While ML-aided BL detection is still less explored compared to other strategies, recent research
demonstrates promising applications. A study employed a whole-cell sensing array with
genetically modified E. coli strains, each expressing a bioluminescence reporter system. This
system allowed detection and classification of various antibiotics based on unique

bioluminescence patterns [315]. The patterns were processed into different indices and used to
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train a Multiclass Decision Forest (MDF) model. This approach achieved over 70% accuracy
in classifying eight antibiotics and could even categorize unknown antibiotics based on known

samples.

Another study utilized a bioluminescent bacterial system to detect water contaminants. Here, a
multilayer perceptron model was trained on light emission kinetics in response to different

contaminants, showcasing promising results for rapid detection [316].

Despite the limited number of published studies on ML-assisted CL and BL detection, these
examples highlight the exciting potential of this approach for enhancing sensing and biosensing

capabilities.

2.9 Conclusions

The integration of optical biosensors into lab-on-a-chip (LOC) platforms represents a
significant advancement in the field of analytical biochemistry, enabling precise, real-time
detection of various analytes at the point of need. These integrated systems leverage optical
phenomena such as fluorescence, chemiluminescence, and electrochemiluminescence to
provide high sensitivity and specificity in biomolecular detection. By combining these optical
biosensors with microfluidic technologies, it is possible to achieve rapid and efficient sample

handling, reducing the overall assay time and minimizing sample volumes.

A crucial development in this field is the coupling of optical biosensors with pixelated image
sensors, such as CMOS image sensors, which offer significant advantages over traditional
single-point detectors. CMOS image sensors provide high-resolution imaging capabilities,
allowing for the simultaneous detection of multiple analytes across a wide field of view. Their
pixelated nature enables spatially resolved measurements, which is particularly beneficial for
applications requiring detailed mapping and analysis of complex biological samples.
Additionally, CMOS sensors are known for their low power consumption, compact size, and
cost-effectiveness, making them ideal for integration into portable and point-of-need diagnostic

devices.

The development of fully integrated optical biosensors has shown promising results in various
applications, including medical diagnostics, environmental monitoring, and food safety. These
systems are not only efficient and effective but also pave the way for more widespread and

accessible diagnostic solutions.
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Looking forward, several exciting developments are anticipated to shape the future of
integrated optical biosensors. One of the key areas of growth is the incorporation of machine
learning algorithms to enhance the data analysis and interpretation capabilities of these
biosensors. Machine learning can facilitate the processing of complex datasets, identify
patterns, and provide predictive analytics, thereby improving the accuracy and reliability of

biosensor outputs.

Advancements in microfluidic technology are expected to further refine the integration process,
allowing for more complex and multifunctional LOC platforms. Innovations in material
science and nanotechnology will likely contribute to the development of more sensitive and
selective biosensors, expanding their range of detectable analytes and improving their

performance in diverse environments.

Additionally, the continued miniaturization and integration of optical components, coupled
with advancements in portable power sources and wireless communication technologies, will
enable the development of truly portable and user-friendly point-of-need diagnostic devices.
These devices will be particularly valuable in resource-limited settings, providing essential

diagnostic capabilities without the need for extensive laboratory infrastructure.

In summary, the future of fully integrated optical biosensors holds immense potential, driven
by advancements in microfluidics, material science, and machine learning. These innovations
will pave the way for more sophisticated, efficient, and accessible diagnostic tools,

revolutionizing point-of-need applications across various fields.
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Transition to Chapter 111

The previous chapter provided a review of the combination of chemiluminescence-based
biosensors with lensless image sensors for point-of-care and point-of-need applications. We
reviewed optical modalities that can be used in an optical biosensor, and we explored the
integration of these systems with microfluidics and artificial intelligence. The fundamental
principles of chemiluminescence signal generation and optical detection methods were
discussed. Subsequently, we delved into the integration of image sensors with luminescent

biosensors, microfluidic sample handling, and artificial intelligence.

Among all optical modalities, chemiluminescence demonstrates significant potential for the
purpose of this thesis, which aims to develop a fully integrated analytical device.
Chemiluminescence offers distinct advantages over other optical methods, such as the absence
of the need for a light source or filter sets. Among various optical detectors, CMOS sensors
emerge as the optimal choice due to their superior performance and ability to integrate
seamlessly with other components of the biosensor. Developing a cost-effective
chemiluminescent (CL) device that also promotes portability, accuracy, and rapid results is
crucial for early detection and appropriate treatment. Additionally, there is a critical need to
construct a point-of-care (POC) diagnostic device suitable for food safety applications. These
challenges underscore the motivation to develop POC diagnostic and prognostic tools with new

modalities, such as CL, specifically for food safety applications.

In this chapter and as the first demonstration of the platform, we introduce a novel biosensor
utilizing a CMOS image sensor for detecting ATP via bioluminescence. Samples were collected
from various surfaces using UltraSnap swabs and directly applied to the sensor. The close
proximity between the sample and the sensor optimized light capture, enabling accurate
quantification of microbial contamination through bioluminescence intensity analysis. The
biosensor demonstrated a wide linear range and high sensitivity for ATP detection.
Comparative analysis with a commercial luminometer revealed strong correlation and
comparable performance, while the CMOS-based biosensor offered a significant cost

reduction.

This chapter is based on my co-first-author publication. The contributions of each author are

as below:
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3.1 Abstract

Detection of microbial pathogens is important for food safety reasons, and for monitoring
sanitation in laboratory environments and health care settings. Traditional detection methods
such as culture-based and nucleic acid-based methods are time-consuming, laborious, and
require expensive laboratory equipment. Recently, ATP-based bioluminescence methods were
developed to assess surface contamination, with commercial products available. In this study,
we introduce a biosensor based on a CMOS image sensor for ATP-mediated
chemiluminescence detection. The original lens and IR filter were removed from the CMOS
sensor revealing a 12 MP periodic microlens/pixel array on an area of 6.5 mm x 3.6 mm.
UltraSnap swabs are used to collect samples from solid surfaces including personal electronic
devices, and office and laboratory equipment. Samples mixed with chemiluminescence
reagents were placed directly on the surface of the imaging sensor. Close proximity of the
sample to the photodiode array leads to high photon collection efficiency. The population of
microorganisms can be assessed and quantified by analyzing the intensity of measured
chemiluminescence. We report a linear range and limit of detection for measuring ATP in
UltraSnap buffer of 10-1000 nM and 225 fmol, respectively. The performance of the CMOS-
based device was compared to a commercial luminometer, and a high correlation with a
Pearson’s correlation coefficient of 0.98589 was obtained. The Bland-Altman plot showed no
significant bias between the results of the two methods. Finally, microbial contamination of
different surfaces was analyzed with both methods, and the CMOS biosensor exhibited the

same trend as the commercial luminometer.

Keywords: bioluminescence; CMOS image sensor; ATP; microbial contamination; food safety
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3.2 Introduction

According to the World Health Organization, foodborne diseases (FBD) are mainly caused by
microbial contamination[1]. Pathogenic microorganisms including Salmonella spp., Listeria
spp., Clostridium spp., and E. coli spp. are main common causes of FBD outbreaks with high
hospitalizations and death rates in Canada and worldwide[2, 3]. Environmental swabbing
techniques are traditionally used to quantify the level of bacterial contamination of surfaces[4,
5]. One of the established methods for quantification is microbiological evaluation of surfaces,
which involves a substantial number of samples and long periods of incubation. This process
is followed by the isolation of bacterial colonies and subsequent biochemical and serological
analysis, making this technique highly time-consuming (5-14 days), labor-intensive, and
potentially posing the risk of bacterial contamination[6]. Therefore, more efficient and
accessible methods for surface cleanliness assessment have been developed, including
immunoassays[7], nucleic acids analysis[8], and adenosine- -5'-triphosphate (ATP)-based
ChemiLuminescence (CL) assays[9, 10]. Among these, the latter has gained popularity due to
its convenience and the rapid, almost real-time results it provides. This method has become an
important tool for ensuring food safety, offering impressive sensitivity and accuracy in
detecting contaminants. This advancement is mainly attributed to the application of

chemiluminescence for detecting adenosine triphosphate (ATP).

ATP is an energy-providing molecule that has been found in all living organisms[9, 11, 12]. It
acts as an energy unit in the anabolic processes and therefore presence of ATP reflects the
existence of metabolic cells. This phenomenon is used to assess microbial load in the analyzed
samples including food[13]. The quantification of the ATP amount gives insight into the level
of environmental contamination[14] and measures microbial biomass[15]. ATP measurements
indicate the presence of various types of living organic materials including microbial
contamination and organic contamination such as food residues, skin fragments, and body
fluids. The analysis of various surfaces, particularly floors, has revealed significantly elevated
concentrations of extracellular ATP. In certain instances, these levels are two to three orders of
magnitude higher than the corresponding intracellular values. This high ATP concentration is
likely attributed to cells that have undergone lysis or are no longer viable[15]. However, these
cells lack the ability to produce ATP, and any ATP synthesized in them is rapidly degraded
within a few minutes post-lysis. Therefore, measuring intracellular ATP serves as an

appropriate indicator for determining the quantity of viable cells[16].
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ATP-based CL is a process in which ATP reacts with luciferin resulting in light emission based

on the following equation[12]:

Luciferase, Mg?*

Luciferin + ATP + 0, ——— > Oxyluciferin + AMP + Pyrophosphate +
CO,+ hv (1)

The reaction is catalyzed by luciferase, an enzyme that has high substrate specificity and reacts
only with luciferin, in the presence of oxygen (O2) and magnesium cations (Mg?)[17]. During
the reaction, adenosine triphosphate is converted to adenosine monophosphate (AMP) with the
emission of light, which can be detected using an optical detector. One of the most common
devices for measuring emitted light during the reaction is a luminometer. The key element of a
luminometer is a light detector that can be a photomultiplier tube or photodiode. The light
detector converts a photon flux emitted during a chemiluminescence reaction into an electrical
current. In addition to the light detector, another important part of a luminometer is a dark
chamber that provides absolute protection from external light. The intensity of the optical signal
is expressed in Relative Light Units (RLU) and correlates with the total ATP molecules. The
ATP results are available within seconds which enables immediate feedback. Low RLU values
are indicative of a safe environment that is free of microbiological contaminants. High RLU
values on the other hand show points of contamination. There is a wide range of commercially
available luminometers including microplate readers and portable luminometers. The detection
limit of currently commercial luminometers is 0.1 pg of ATP per sample[16]. The samples
measured could be in solid as well as in liquid form. Portable luminometers have particularly
gained popularity due to ease of operation, and fast reading time. These luminometers have
been applied for the assessment of microbial contamination of surfaces contaminated with food

residues[ 18] and beverages in various locations[19, 20].

Following sample collection, the extraction of ATP is the next important step. While ATP-
bioluminescence assays offer rapid detection of ATP these technologies lack specificity of
detection and fail to discriminate the type or species of the contaminant[15, 21, 22]. In addition,
commercially available luminometers and bioluminescence kits are expensive compared to

traditional culture-based techniques[23].

To date, improvements in ATP bioluminescence detection include the incorporation of
nanoparticles to enhance the intensity of the CL under resonance excitation[24-27], the

development of immunoassays[28] and electrochemical methods[29-31]. While these
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techniques provide accurate ATP measurements with good repeatability, they have several
drawbacks that limit their universal and commercial use. Recently reported portable detection
platforms aimed at achieving low-cost detection of ATP have shown promising results in
simplification of the sensing part by introducing ATP-sensing paper technology[32, 33]. Yet,
the detection of the CL using a smartphone results in a signal loss and subsequently affects the

sensitivity of the platform.

To address the shortcomings of the existing bioluminescence detection methodologies and
ultimately to promote food safety and human well-being, we aimed to develop accurate, rapid,
and cost-effective technology that allows the detection of environmental contamination and
enables the assessment of the quality of cleaning and maintenance. To achieve this goal, we
turned our attention to the field of contact mode, on-chip, lensless microscopy. The use of
lensless CMOS image sensors in contact-mode imaging has been previously explored to
integrate optoelectronic and microfluidic components[34]. As an example, our group has
demonstrated the integration of microfluidic systems and electrochemiluminescence (ECL)
systems onto a CMOS sensor. This integration resulted in the creation of a compact ECL
biosensor, facilitating both sample handling and data collection on a unified platform[35]. The
system's superiority over other detection systems results from its proximity of the sample to
the detector, resulting in a substantial solid angle for the collection of photons. In this study,
we introduce a new, directly on-chip CL detection strategy for the measurement of intracellular
ATP collected from various surfaces. This was achieved by using an inexpensive CMOS
imaging sensor and placing the sample directly on the sensor’s surface, thus enabling high
photon collection efficiency and subsequent high sensitivity while maintaining low cost and
portability of the biosensing device. The performance of the device is compared with a

commercial luminometer.

3.3 Materials and methods

3.3.1 Chemicals and reagents

PDMS (polydimethylsiloxane) (SYLGARD™ 184 silicone elastomer kit) was purchased from
DOW Corning Corporation. Raspberry Pi 4 2GB Model B-128 GB was purchased from
CanaKit. Raspberry Pi Camera Module 3 was obtained from PiShop (Ontario, Canada). ATP

determination kit was purchased from Invitrogen (A22066) and includes the following
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reagents: D-luciferin, Smg/ml solution of firefly luciferase, dithiothreitol (DTT), 5 mM
solution of adenosine-5’-triphosphate in TE buffer, and 20X reaction buffer containing 25 mM
Tricine buffer, pH 7.8, 5 mM MgSO4, 100 uM EDTA, and 100 uM sodium azide. UltraSnap
ATP-sampling tests were purchased from Hygiena and measured using the Hygiena Ensure
luminometer. ATP-sampling tests contain pre-moistened swab buds and bulbs with
luciferin/luciferase reagent. Milli Q water was used to prepare solutions and wash the CMOS

sensor imaging sensor between experiments.
3.3.2 Design and fabrication of the biosensor

To fabricate the sample well, PDMS was prepared in a 10:1 (monomer: crosslinker) ratio,
mixed with white resin dye, and cured at 70 °C for 4 hours. Next, using a leather puncher, a
cavity with a diameter of 3 mm was punched in the white PDMS, establishing the PDMS well
for sample handling. To fabricate the biosensor, we removed the original lens and IR filter from
the CMOS sensor (IMX708, SONY) revealing a microlens array of 6.5 mm x 3.6 mm. By
removing the IR filter and the lens, we can use the CMOS image sensor in contact mode. This
proved to improve the photon collection efficiency by a factor of 10 compared with a lens-
based CMOS (such as a cell phone) and a factor of 8§ compared with a microscope that uses a
4x magnification, 0.1 NA (that provides a comparable field of view with the CMOS image
sensor)[35]. The field of view (FOV) of the device is 7.07 mm?, representing the area of the
well on the CMOS sensor, and the spatial resolution of the system is constrained to 1.4 um,
determined by the pixel size. The PDMS well prepared before was then precisely aligned and
mounted onto the active area of the CMOS imaging sensor using the adhesive microfluidic tape
(ARcare®-90445Q, Adhesive Research Inc). The CL emission was observed and recorded
using a Raspberry Pi 4 computer with an ISO of 800 and exposure time of 15 seconds, which

is comparable to the reading time of the luminometer.
3.3.3 Measurement of ATP

The measurements of ATP were performed using both an EnSURE luminometer (Hygiena) and
CMOS imaging sensor, therefore results were reported in RLU and pixel intensity. ATP and
standard reaction solution were prepared following the kit protocol (Invitrogen). Briefly, 1 mL
of 1X reaction buffer was prepared by 50 pL of 20X reaction buffer to 950 pL of deionized
water. Then 1 mL of a 10mM d-luciferin stock solution was prepared by mixing 1 mL of 1X

reaction buffer with one vial of d-luciferin and stored protected from the light in the freezer. A
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100 mM DTT stock solution was prepared by adding 1.62 mL of deionized water to the veil
containing 25mg of DTT. The standard reaction solution was prepared by combining
components of the reaction including 8.9 mL of deionized water, 0.5 mL of 20X reaction buffer,
0.1 mL of 0.1 M DDT, 0.5 mL of 10 mM d-luciferin, 2.5 pL of firefly luciferase 5 mg/mL stock
solution. The solution then gently mixed in the fridge (+4°C) protected from light. The series
of ATP concentrations (1 nM, 10 nM, 50 nM, 100 nM, 300 nM, 700 nM, 800 nM, and 1 uM)
were prepared for the generation of the calibration curve. To create a calibration curve using
the EnSURE UltraSnap luminometer, 30 puL of various ATP concentrations were added to the
swab tube where the swab bud was removed, and the 270 puL of reagents were released from
the swab bulb prior addition of the ATP. CL measurements of samples were performed within
30 seconds after activation. The swab tube then was gently shaken for 5-10 seconds to allow
reagent mixing. Additionally, we performed ATP measurements using the same amount (270
pL) of Invitrogen standard reaction solution added to the luminometer sample tube instead of
UltraSnap swab kit reagents. For building calibration curves for each type of reagents solution
using the CMOS image sensor, 9 uL of Invitrogen and UltraSnap Swab reagents solutions were
added to the PDMS well. Then, 1 puL of ATP samples of various concentrations were added to
the reagent solution mix followed by gentle pipetting. The CL measurements were performed
immediately after adding the samples. The reading time was 15 sec. All measurements using
the CMOS image sensor were performed in a complete darkroom. To compare and validate the
CMOS measurement with another instrument, we measured ATP luminescence with a
Multimode Microplate reader (BioTek, USA) with a white opaque 96-well plate. Each well
was loaded with 45 pL of UltraSnap buffer. Subsequently, 5 uL of varying ATP concentrations
were added to each well, and luminescence readings were immediately taken after the addition
of ATP for 15 seconds of exposure time. The corresponding luminescence values for ATP
concentrations ranging from 0 to 10° nM were obtained, and a linear fit was plotted for the

range of 1-1000 nM.
3.3.4 Surface swabbing procedure

ATP samples were collected from flat surfaces. In order to minimize sampling variability,
surface swabbing was conducted by one researcher. Tested surfaces include the common
kitchen counter, food court table, tables in fast-food chain restaurants, personal cell phone, five-
dollar Canadian bills, microwave buttons, and elevator buttons. The analyzed surfaces were
mechanically wiped before sample collection to eliminate food residue and dust. An area of

100 cm? was thoroughly swabbed with an UltraSnap swab in three directions horizontally,
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vertically, and diagonally as recommended by the manufacturer’s guidelines for conducting
sample collection. The swab tip was rotated during sample collection and sufficient pressure
was applied to ensure sufficient sample collection. Once the swab was placed into a swab tube
the reaction solution was added by breaking the SnapValve bulb located on top of the sample
tube. Then, the swab bud was bathed in the reaction solution for 10 seconds. The activated
sample was read immediately by placing the UltraSnap sample tube into a Hygiena
luminometer positioned upright with an exposure time of 15 seconds. The ATP concentrations
were then measured using both an EnSURE luminometer and the CMOS image sensor. In
CMOS-based measurements, only 10 pl of the sample was used while in EnSURE luminometer

the sample size is 300 pl.
3.3.5 Data analysis and statistics

All images were analyzed using Fiji Image] and visualized using OriginPro (OriginLab,
Northampton, MA). Calibration graphs were constructed by correlating RLU values obtained
from the luminometer with mean intensity values derived from CL images across varying
concentrations of ATP. Best-fit lines were applied to each plot, and the coefficient of
determination was subsequently reported. For the comparative analysis, we initially prepared
spiked samples with varying ATP concentrations (1 nM, 10 nM, 50 nM, 100 nM, 300 nM, 700
nM, 800 nM, and 1 uM). Subsequently, we measured these samples using both Hygina
EnSURE the luminometer and CMOS image sensor, recording the respective signals.
Employing the calibration equation and the recorded signals, we calculated the recovered ATP
concentrations and plotted them for both the Luminometer and CMOS devices to facilitate
comparison. The recovered ATP concentrations were then utilized to generate a Bland-Altman
plot. In this plot, the differences between the measurements of the two devices were plotted
against the average of the two methods. The mean value of the difference and the limit of

agreement were calculated based on the mean + 1.96 times the standard deviation (SD).

3.4 Results and discussion

3.4.1 Design and fabrication of the biosensor

Fig. 1 illustrates the fabrication and use of the device. To construct this platform, we utilized a
backside-illuminated 12-megapixel imaging CMOS sensor camera module (IMX708, SONY),
controlled by a Raspberry Pi 4 computer. The original lens and IR filter were removed to

minimize the distance between the sample and the sensor surface, maximizing photon
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collection efficiency. We decided to use this inexpensive, user-friendly, and portable CMOS
image sensor as the detector. We demonstrated previously that by enabling contact-mode
imaging capability, CMOS can collect 8 times more signal compared to using a microscope

and cellphone as detectors for the CL or ECL biosensor [35].
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Fig. 1. Schematic of CMOS device: On-chip CL biosensor for the detection of surface contamination.
In this platform, a backside-illuminated 12-megapixel imaging CMOS sensor (Raspberry Pi Camera
Module 3) controlled by a Raspberry Pi 4 computer was utilized. The original lens and IR filter were
removed to enable contact-mode imaging capability. For the sample holder, PDMS prepared in a 10:1
(monomer: crosslinker) ratio was mixed with white resin dye, cured, and then punched with a 3mm
diameter hole. Attaching the sample holder to the CMOS sensor was achieved by cutting pressure-
sensitive double-faced tape to match the dimensions of the microfluidic channels and precisely aligning
it with the CMOS sensor. To operate the device, the selected surface was swabbed using Hygiena
UltraSnap swabs. The swab was subsequently combined with the UltraSnap buffer, and 10 pl of the
resulting solution containing liquid-stable reagents and ATP extracted from the surface were transferred
to the CMOS device. The CL emission was promptly measured in a dark room, with the signal recorded

for 15 seconds (exposure time). The results were then illustrated on a Raspberry Pi touchscreen LCD.
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A higher ATP concentration indicates more surface contamination and results in a more intense CL

emission.

For the sample holder, PDMS prepared in a 10:1 (monomer: crosslinker) ratio was mixed with
white resin dye and cured at 70 °C for 4 hours. After curing, this device was punched with a
3mm diameter using a leather puncher. The attachment of this opaque-white PDMS device to
the CMOS sensor was achieved by cutting pressure-sensitive double-faced tape to match the
dimensions of the microfluidic channels and precisely aligning it with the CMOS sensor using
a mask aligner (OAI Model 200). The field of view (FOV) of the device is 7.07 mm?,
representing the area of the hole on the CMOS sensor, and the spatial resolution of the system
is 1.4 um, constrained by the pixel size. The opaque-white PDMS prevents the reflection of CL

signals and enhances the signal-to-background ratio.

To operate the CMOS device, the selected surface was swabbed using a pre-moistened swab
bud, following the standard Hygiena UltraSnap swabbing protocol. The swab was subsequently
combined with the UltraSnap buffer. Next, 10 pl of the resulting solution containing liquid-
stable reagents and ATP extracted from the surface, was transferred to the CMOS image sensor,
and the CL emission was promptly measured in a dark room to address the issue of the rapid
emission kinetics characteristic of ATP CL that is associated with the elevated concentration of
luciferase in the assay[36]. The signal was recorded for 15 seconds (exposure time) to ensure
a fair comparison with the EnSURE Luminometer, which also utilizes the same amount of time
to read the signal. The results were then projected on the touchscreen LCD that was connected
to the Raspberry 4 computer and processed with Fiji Imagel. A higher ATP concentration

indicates more surface contamination and results in a more intense CL emission.
3.4.2 Characterization of the surface of the CMOS sensor

Fig. 2 shows data collected for the characterization of the CMOS image sensor. The CMOS
sensor with the IR filter and lens is shown in Fig. 2a, while by removing the lens and IR filter,
the bare CMOS image sensor is exposed (Fig. 2.b). The PDMS well capable of holding the
sample is shown in Fig. 2¢. As previously reported for another, SMP CMOS image sensor, the
surface of the sensor exhibits a pitch of the size of the pixels (1.4 um), as evidenced by optical
and AFM images in Fig. 2d,e [37, 38]. This square unit cell pattern has a 3D morphology as
shown in Fig. 2e-g, which is typical for the microlens array deposited by the manufacturer to

ensure a high fill factor of individual pixels.
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Fig. 2: Characterization of the CMOS image sensor. Top: Photographs of the CMOS image sensor with
the lens (a), without the lens and IR filter (b), and with the PDMS well on top of the bare CMOS image
sensor (¢). Middle: Optical image at 100x magnification (d) and AFM image (e) of the bare CMOS
image sensor. Bottom: AFM 3D representation of the surface of the CMOS sensor (f) with the profile

line plots indicating the size of the domes and wells (g).
3.4.3 Analytical performance of the biosensor

To assess and compare the performance of the device, we measured the sensitivity and Limit
of Detection (LOD) of the CMOS device and EnSURE Luminometer for ATP detection. The
CL intensity corresponding to ATP at varying concentrations in two distinct buffers (Invitrogen
Buffer and UltraSnap Buffer) was recorded. A minimum of three experiments were conducted
for each concentration. Based on the average intensity at each concentration, a calibration plot

illustrating the relationship between ATP concentration and CL intensity was generated. Fig.
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3a exhibits the calibration plot for ATP detection in the Invitrogen buffer using the
luminometer, while Fig. 3b portrays the calibration plot for ATP detection in the same buffer
using the CMOS device. Correspondingly, calibration plots for ATP detection in the UltraSnap
buffer using the Luminometer and CMOS device are displayed in Fig. 3c and Fig. 3d,

respectively.

For ATP detection in the Invitrogen buffer using the Luminometer, a linear detection range
from 0 to 20,000 nM was established, yielding a coefficient of determination (R?) of 0.88. The
linear detection range for ATP detection in the Invitrogen buffer using the CMOS sensor
extended from 1,000 to 200,000 nM with an R? of 0.83. In the case of ATP detection in the
UltraSnap buffer, both the Luminometer and CMOS sensor exhibited linear detection ranges
of 1 to 1,000 nM. The linear range of the ATP detection with different buffer solutions
(Invitrogen and UltraSnap) depends largely on the chemical composition of the solutions
(proprietary to the manufacturer). These solutions were optimized by the manufacturer for
specific applications to work in desired concentration regimes. The Invitrogen buffer was
optimized for research applications such that it worked on a wider linear range of ATP

concentrations.

The Limit of Detection (LOD) for ATP was calculated to be 0.38 nM and 22.5 nM for the
Hygiena EnSURE Luminometer and CMOS, respectively. The LOD was determined using the
formula LOD = 3SD/S, where SD represents the standard deviation of blank measurements in
the absence of analyte, and S is the slope of the linear equation derived from the calibration
plot. It is worth mentioning that the sample volume used in the CMOS-based platform was 10
pL, whereas the luminometer utilized 300 pL of samples. This implies that for each
concentration, the CMOS device measured a quantity of ATP moles in the sample that was 30
times lower, and the limit of detection (LOD) for CMOS device is 225 fmol, which is relatively
close to the LOD of the Luminometer (115 fmol). The proportional reduction of the sample
volume leads to the lower number of ATP molecules contributing to light emission. In addition,
reaction rates might be affected by different (larger) diffusion rates in the lower volume. Yet,
when converted to moles, the limit of detection of the CMOS image sensor has been measured
at 225 fmol, which is close to the limit of detection of Hygiena EnSURE Luminometer (115
fmol). This further indicates that the reduction in the reaction volume used in the CMOS sensor

does not have a significant impact on the sensitivity of the CMOS sensor.
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Hygiena EnSURE Luminometer as the detector; b) Detection of ATP in Invitrogen buffer using CMOS

as the detector; ¢) Detection of ATP in UltraSnap buffer using Hygiena EnSURE Luminometer as the

detector; d) Detection of ATP in UltraSnap buffer using CMOS as the detector; e) Detection of ATP
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luminescence in UltraSnap buffer with the plate reader . ATP concentration is shown in logarithmic
scale to cover the entire concentration range. A linear range that is similar to the other two devices is
shown in the inset. Invitrogen standard reaction solution contains 0.5 mM D-luciferin, 1.25 pg/mL
firefly luciferase, 25 mM Tricine buffer, pH 7.8, 5 mM MgSOs, 100 uM EDTA, 1 mM DTT, and 100

UM sodium azide.

As the linear ranges of both devices fall within the same range for the UltraSnap buffer, all
subsequent experiments were conducted using this buffer. It also offers superior sensitivity for

ATP detection and enhances the signal.

To compare the performance of the Luminometer and CMOS image sensor with a third
instrument, we performed additional quantitative measurements of ATP luminescence in
UltraSnap buffer with a plate reader. The data is presented in Fig. 3e and indicates a wider
concentration range than both other portable devices. For the concentration range typical for
the other devices (1-1000 nM) a linear range was determined with an R? of 0.99, and the
calculated LOD is 0.3 nM. Since the volume of sample used with the plate reader was 50 uL,
the corresponding mass-adjusted limit of detection is 15 fmol. While this LOD is lower than
that obtained with both portable devices, it is important to note that the plate reader is a

research-grade instrument and therefore better results are expected.
3.4.4 Reproducibility and reusability of the biosensor

Essential parameters for demonstrating the viability of a biosensor for practical applications
are its capacity for consistent performance across diverse devices (reproducibility) and its
potential for reuse in various experiments (repeatability). Consequently, these parameters were

measured, and the results are illustrated in Fig. 4a and Fig. 4b.

In order to study the reproducibility of the manufacturing process, ten distinct devices were
inspected for their ability to detect 1 uM of ATP individually in the UltraSnap buffer. The
collected CL intensities were then analyzed, revealing a relative standard deviation (RSD) of
9.20% for the intensity across these ten experiments. This percentage signifies favorable
reproducibility within the linear detection range for ATP. The CMOS device has the capability
for cleaning and subsequent reuse. To assess the practicality of this approach, the reusability or

repeatability of the device for multiple experiments was investigated, focusing
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Fig. 4. Repeatability and reproducibility of the CMOS device; a) Repeatability (reusability) of the
biosensor demonstrating 10 measurements (n=10) of 1 mM ATP in UltraSnap buffer using the same
device b) Reproducibility of the biosensor demonstrating 10 measurements (n=10) of 1 mM ATP in

UltraSnap buffer using 10 different devices.

on the measurement of CL intensities for 1 pM of ATP. The CL signal was successfully recorded
using the same device with a fresh sample solution in each of 10 consecutive uses. The resulting
RSD was calculated to be 8.25%, indicating a relative consistency in results over the 10 usages.
However, given the device's cost-effectiveness (with the CMOS chip priced at $5 and the
approximate cost of the PDMS device at $1), it can also be considered as a disposable device,

making its reusability a less significant concern.
3.4.5 CMOS vs Luminometer comparison analysis

To assess the performance of the CMOS device in comparison to the commercial luminometer,
a widely employed method for ATP detection in food safety applications, spiked ATP solutions
of varying concentrations were measured using both devices. The recovered ATP
concentrations, determined using the calibration equations from Fig. 3¢ and Fig. 3d, are
presented in Fig. 5a. The results demonstrate a close alignment between the ATP concentrations
measured by the CMOS and the luminometer with the actual concentrations spiked into the
solution. Specifically, the coefficient of determination (R?) for the y = x line is 0.95 for the
luminometer and 0.98 for CMOS. Fig. 5b illustrates the recovered ATP concentrations
measured by the Luminometer plotted against the recovered ATP concentrations measured by
CMOS. This comparison reveals a trend close to the y=x line, indicating a closely related
performance of both the luminometer and CMOS for ATP detection, as evidenced by Pearson’s

correlation coefficient of 0.98589.
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The Bland-Altman plot as a method for assessing agreement between two measurement
techniques is depicted in Fig. 5c. This plot illustrates the difference between the ATP
concentrations recovered by the Luminometer and CMOS plotted against the mean values of
these measurements. The proximity of the mean difference between measurements (blue line,
8.32) to zero indicates that both measurements are reporting relatively similar results and a
consistent level of agreement. The scattered data does not exhibit a specific trend, implying the
absence of systematic bias. The analysis demonstrates a limit of agreement ranging from -117
to +133 nM, which is sufficiently narrow, suggesting that the two methods for ATP detection

can be deemed interchangeable.
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Fig. 5. Comparison between the performance of Hygiena EnSURE Luminometer and CMOS for
detection of ATP. a) Performance analysis of Hygiena EnSURE Luminometer and CMOS for spiked
ATP samples b) Correlation analysis of Hygiena EnSURE Luminometer and CMOS performance for
detection of spiked ATP samples. c) Bland-Altman plot demonstrating the level of agreement between

EnSURE Luminometer and CMOS for ATP detection and presenting potential biased trend.
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Notably, in Fig. 5c, a stronger agreement is observed for concentrations below 200 nM. It is
important to acknowledge the difference in sample volumes between the two methods, with 10
uL in the CMOS device and 400 pL in the Hygiena EnSURE Luminometer. This difference in
sample volumes should be considered a limitation of the Bland-Altman plot, potentially

impacting the overall level of agreement between the two methods.
3.4.6 Real sample analysis - detection of surface contamination

In Fig. 6a-c we present real sample analysis of microbial contamination of various surfaces.

Elevator buttons, cell phones, fast food tables, microwave buttons, and wallets were swabbed
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Fig. 6. Real sample analysis. Measuring different surfaces for ATP and potential contamination using
CMOS. Surfaces were chosen based on their relationship with food safety. Hygiena UltraSnap swabs
were employed for sampling. The same surface area was sampled three times (a), (b), and (c) to measure
ATP using both the Luminometer and CMOS. The recovered ATP concentration is determined based on
the calibration graphs illustrated in Fig. 3¢ and 3d for the Luminometer and CMOS, respectively. (d)
shows the comparison between the recovered concentrations with the Luminometer and CMOS,

normalized for the Luminometer values.
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measured with both Luminometer and CMOS sensor. Both devices reported similar trends for
microbial contamination. Among the various surfaces measured, the highest level of
contamination are the back of the personal cellphone and elevator buttons (with ATP
concentrations range from 100 to 200 nM), and wallet and microwave buttons (with ATP
concentration range between 50 and 500 nM). Furthermore, the dining table at a fast-food chain
restaurant was found to have a range of ATP between 50 and 150 nM. Both devices indicate a
similar trend in ATP concentrations that are recovered. In Fig. 6d we present a statistical
comparison of the measurements (recovered ATP concentrations) recorded with the two
devices. The data is normalized for the Luminometer values. The recovered ATP concentrations
with the CMOS sensor are consistently higher (on average 40% higher) than those by the
Luminometer. This could be due to the different sample preparation methods. In the case of the
CMOS device, the whole sample is placed directly onto the CMOS sensor via the PDMS well.
On the other hand, for the Luminometer, the reagents are mixed in the UltraSnap tube and will
be adsorbed on the swab and may adhere to the walls of the tube. These residuals of the sample
may not reach the detection region at the bottom of the tube. This would lead to lower readings

and recovered concentrations.

3.5 Conclusions

In this article, we introduce a novel device based on a pixelated CMOS image sensor for ATP
detection. The CMOS device presented here exhibits reliable performance for ATP detection,
demonstrating good linearity up to 1 pM and a limit of detection (LOD) of 225 fmol.
Additionally, we compare the performance of this device with a commercial luminometer
commonly used to evaluate food safety. While maintaining the same level of performance,
including similar linearity and LOD, the CMOS device is significantly more cost-effective. The
cost of a CMOS image sensor is approximately $5-20, whereas a commercial luminometer can

cost between $3000 and $10000.

To demonstrate the functionality of the device, we prepared polydimethylsiloxane (PDMS)
sample wells that hold the liquid sample and protect the electrical circuits of the image sensor.
Commercial ATP detection kits including the Invitrogen ATP determination kit and Hygiena
UltraSnap were used to characterize the analytical performance of the detector. The results
were validated using a portable luminometer. The new detection strategy enables high-
sensitivity detection of ATP (fmol of ATP) that is comparable to the LOD of existing

luminometers. These results were consistent across a variety of CMOS image sensors, showing
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high reproducibility of the measurements. It requires low amounts of samples and reagents that
are beneficial in terms of sample accessibility and cost-effectiveness. The platform has been
used to assess the amount of ATP after environmental swabbing of a variety of surfaces
including tables in fast-food chain restaurants, kitchen counter, and personal cell phones. The
results of the surface swabbing experiments showed the detection of low ATP levels and were
validated using a commercial luminometer. In addition, the platform can be adapted to
particular analytical needs such as the detection of specific microbial species by
immunofunctiolization of the CMOS-imaging surface or enhancement of the CL by turning the

CMOS-imaging sensor into a plasmonic substrate.

Overall, the CMOS device presented in this article proves to be a portable, user-friendly
platform for ATP detection at the point of need. It exhibits good reproducibility, with an RSD
of 9.20% and can be reused with an RSD of 8.25%, and it shows good agreement with a
commercial luminometer. Moreover, we used this device to measure ATP concentrations from
various surfaces relevant to food safety, highlighting its potential for use outside laboratory
setting. Overall, the CMOS device demonstrates its potential for application in the food safety

industry, where a distinct standard can be established to assess the cleanliness of surfaces.

While ATP-based bioluminescence assays offer rapid detection of microbial contamination,
these technologies fail to discriminate the type or species of the contaminant. The distinction
between extracellular ATP, dead cells, food residues, and other organic materials, and
intracellular ATP also remains challenging. Further developments will need to address these

key requirements.

In addition, current commercially available luminometers and bioluminescence kits are
expensive compared to traditional culture-based techniques. Ultimately, the low stability of
bioluminescence reagents and low light emission require continuous improvement of

bioluminescence methods to enhance the sensitivity and accuracy of the measurements.
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Transition to Chapter IV

In the previous chapter, the fabrication, characterization, and application of the
chemiluminescence device integrated with a CMOS image sensor were demonstrated. In this
configuration, the optical lens and IR filter of the CMOS were removed, exposing the surface
of the CMOS imaging sensor and microlens array. The bioluminescence reaction of luciferin
and ATP in the presence of the enzyme luciferase occurs on the surface of the CMOS imaging
sensor, which collects almost half of the signals from the CL reaction. The ability of this
biosensor to detect surface contamination through the concentration of ATP, collected using
commercial Ultrasnap swabs, was evaluated. The performance of this device was compared
with that of a commercial luminometer, the common method for assessing surface cleanliness
in the industry. While the CMOS-based biosensor demonstrated similar performance to the
luminometer, it is significantly cheaper and can be a viable option for use in all food-related

industries, including kitchens, restaurants, and warehouses.

Electrochemiluminescence (ECL) and chemiluminescence (CL) are both Iuminescent
techniques used in biosensing applications, yet they differ significantly in their mechanisms
and advantages. While chemiluminescence involves the emission of light through a chemical
reaction, ECL combines electrochemical and luminescent processes, generating light in
response to an electrical stimulus applied to the electrode. One of the primary advantages of
ECL over CL is the precise control over the reaction afforded by the applied electric potential.
This control enables the modulation of luminescent intensity and timing, leading to improved
sensitivity and specificity in detection. Additionally, ECL systems can be designed to minimize
background interference by controlling the emission phases temporally and spatially, thus
enhancing signal-to-noise ratios. Moreover, ECL allows for the possibility of multiplexing
through potential-dependent emission, enabling the simultaneous detection of multiple
analytes. This level of control and flexibility makes ECL a highly versatile and powerful tool
in the development of integrated biosensor platforms, offering significant improvements in

performance and applicability over traditional chemiluminescence methods.

In this chapter, an ECL platform integrated with a CMOS image sensor is introduced for the
point-of-care detection of uric acid, a biomarker for gout disease. This biosensor utilizes a
single-electrode electrochemical system configuration, where the electric potential gradient
along the indium tin oxide (ITO) single electrode drives the ECL reaction. As a result, ECL

signals are emitted, and the emission is detected by the CMOS image sensor. To precisely
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control the small sample volume (2 pL), a microfluidic device containing two parallel channels
is employed, with one channel serving as a control and the other for testing. Different
concentrations of hydrogen peroxide and uric acid were measured using this platform, yielding
a linear range of 25-300 uM. As the ECL reaction occurs close to the surface of the sensor and
photodiodes, nearly half of the emitted signal is detected, resulting in improved sensitivity
compared to cellphone and microscope-based detection methods. This device demonstrated
good reproducibility and reusability across different experiments. Furthermore, uric acid
measurements from saliva and urine samples confirmed the potential of this device for point-

of-care applications.
This chapter is based on my first-author article. The contributions of each author are as follows:

RA and SWH conceived the idea. RA and SS designed the experiments. RA performed the
experiments with assistance from JL and SS. RA analyzed the data and wrote the manuscript
with input from all co-authors. SWH supervised the project. All authors reviewed and approved

the manuscript in its current form.
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4.1 Abstract

Biosensors exhibit high potential for the detection of analytes of interest at the point-of-need.
Over the past two decades, combination of novel biosensing systems — such as
electrochemiluminescence (ECL) biosensors — and advances in microfluidic techniques have
allowed the development of lab-on-a-chip devices with enhanced overall performance and
simplified sample-handling. However, recording data with conventional platforms requires
advanced and complicated instruments, such as sensitive photodetectors coupled to
microscopes, to capture the photons from the chemiluminescent reaction. In this work, we
integrated microfluidic and luminol/hydrogen peroxide ECL systems on a complementary
metal-oxide-semiconductor (CMOS) chip for sample handling and data collection on the same
platform. This was achieved by the adaptation of a single electrode as electrochemical
transducer and a CMOS chip as built-in detector. We demonstrated the application of this
platform for the detection of uric acid (UA), a biomarker of gout disease. A linear detection
range was observed from 25 to 300 pM, with a detection limit (LOD) as low as 26.09 uM. The
device showed high reusability and reproducibility within the linear detection range, while
maintaining high selectivity for UA detection. The analytical performance has also been
evaluated in simulated saliva and urine samples, demonstrating the potential utility in medical
diagnosis at the point-of-need. Compared to other ECL imaging platforms, this device showed
an eightfold increase in photon collection efficiency. Overall, this approach has promising
potential as an inexpensive, portable, and efficient ECL platform for measuring analytes at the

point-of-need.
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4.2 Introduction

Point-of-need testing has tremendous value in diagnostics (medical and non-medical) in
resource-poor areas. The ideal point-of-need device is a portable ‘sample-in-answer-out’
system, which requires simplicity in operation [1, 2]. However, most diagnostic technologies
require quantitative, diagnostic-level performance, and necessitate specialized instrumentation,
limiting their use in point-of-need applications [3]. To this end, certain biosensors can be

adapted to be used at the point-of-need.

In order to adapt biosensors to resource-poor locations, device miniaturization for portability,
cost-effectiveness, and easy sample processing need to be considered while maintaining
efficacy [4, 5]. Often, at the point-of-need only a limited amount of sample is available, leading
the sample handling issues that need to be addressed. Microfluidic technologies can address
these challenges by integrating microchannels, chambers, pumps, and other components to
manipulate the small volume of sample through pressure or capillary force [6]. These platforms
also show advantages such as minimized consumption of reagents and the potential for
automation and integration of many analytical procedures into a single device [7]. Therefore,
lab-on-a-chip platforms make the collection of biological fluids less invasive and their analysis
feasible at the point-of-need. Current improvements in lab-on-a-chip devices include
miniaturization of key fluidic components for enhanced compactness, easier sample handling,
high performance, and reduced cost [8]. However, for the most part, lab-on-a-chip platforms
require complex external instruments to read the signal [9]. Consequently, incorporating

detectors into the lab-on-a-chip biosensing platforms is needed to addres