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Resumo

Imunossensor eletroquimico para melhor diagnéstico da retinopatia diabética através de fluidos

bioldgicos minimamente invasivos

A retinopatia diabética (RD) é uma das complicacdes mais comuns da diabetes, que afeta a retina e pode
levar a cegueira. Em 2017, estimou-se que cerca de 150 milhdes de pessoas sofriam desta doenca,
sendo expectavel um crescimento na ordem dos 30 % até 2030. Os tratamentos existentes para a RD
sd0 ineficazes a travar a sua progressdo numa percentagem significativa de pessoas. O diagndstico
convencional da RD depende de métodos de imagiologia qualitativos, dispendiosos e complexos.
Tecnologias que permitam uma analise /n sifu quantitativa do impacto da RD s&o, até ao momento,

inexistentes no mercado, revelando assim o potencial e a motivacao para a presente investigacao.

0 uso de fluidos biologicos minimamente invasivos (como lagrimas e saliva) para o estudo de potenciais
biomarcadores da RD é preferivel aos fluidos oculares altamente invasivos analisados atualmente em
investigacao clinica. No entanto, é necessario o desenvolvimento de métodos com alta sensibilidade e
seletividade em volumes de amostra diminutos. As concentracdes de IL-6 e MMP2, dois biomarcadores
associados a RD, foram determinadas em lagrimas de controlos e pacientes com RD, utilizando o método
de quantificacao de proteinas Luminex, verificando-se um aumento estatisticamente significativo em caso
de doenca. Estes resultados provieram de uma colaboracao estreita com a Universidade de Coimbra.
Foram desenvolvidos imunossensores para a detecdo de cada biomarcador, em concentracdes
relevantes para o diagndstico da RD em lagrima, recorrendo primeiramente a solucdes padrdo. Foram
utilizados anticorpos como elementos de bio-reconhecimento especifico, e voltametria ciclica e
espectroscopia de impedancia eletroquimica para detecao e quantificacdo dos mesmos. Os biossensores
apresentados revelaram ainda ser a unica tecnologia adequada a todos os métodos de colheita de
lagrimas, quantificando ambos os biomarcadores em concentracoes criticas para a RD, usando apenas
1 pL de amostra. Como estudo complementar, o sensor |L-6 foi testado em amostras de saliva, e o seu
perfil analitico comparado com o método de quantificacao de proteinas Enzyme-linked immunosorbent
assay (ELISA). O biossensor apresentou resultados semelhantes em concentracdes detetaveis por ELISA,
e capacidade de quantificar concentracdes inferiores ao limite de detecdo deste método. Deste modo,
este trabalho apresenta uma tecnologia inovadora, que podera ser integrada em dispositivos analiticos
point-ofcare para o diagndstico e monitorizacdo da RD /n situ, construindo assim uma base para

trabalhos futuros, com elevado potencial para transferéncia de tecnologia.

Palavras chave: biomarcadores, biossensor, point-of-care, retinopatia diabética



Abstract

Electrochemical immunosensor for improved diabetic retinopathy diagnosis in minimally invasive

biological fluids

Diabetic retinopathy (DR) is one of the most common diabetes mellitus (DM) complications, that affects
the retina and can lead to blindness. In 2017, it was estimated that approximately 150 million people
suffered from this disease, and a rising tendency of around 30 % is expected until 2030. Available DR
treatments are inefficient on halting disease progression in a significantly high percentage of people.
Conventional DR diagnostics relies on qualitative, expensive and complex imaging methods. Technologies
that enable an /n sifu quantitative analysis of DR’s impact do not exist, until this moment, in the market,

thus revealing the potential and motivation for the present investigation.

The use of minimally invasive biological fluids (like tears and saliva) for studying DR’s potential biomarkers
is preferred to the highly invasive ocular fluids currently analyzed on clinical research. However, it is
necessary to develop methods with high sensitivity and selectivity in minute sample volumes. The
concentrations of IL-6 and MMP2, two biomarkers associated with DR, were assessed on the tears of
controls and DR patients, using the Luminex protein quantification method, and statistically significant
increased levels were found in case of disease. These results were provided by a close collaborative work
with the University of Coimbra. Immunosensors for the detection of each biomarker were developed, in
concentrations considered relevant for the diagnosis of DR in tears, primarily using standard solutions.
Antibodies were used as specific biorecognition elements, and cyclic voltammetry and electrochemical
impedance spectroscopy were used for their detection and quantification. The presented biosensors
further revealed to be the only technology adequate for all tear sampling methods, quantifying both
biomarkersin DR critical concentrations, using only 1 pL of sample. As a complementary study, the IL-6
sensor was tested in saliva samples, and its analytical profile was compared with the Enzyme-linked
immunosorbent assay (ELISA) protein quantification method. The biosensor achieved similar results in
ELISA-detectable concentrations, and an ability to quantify concentrations lower than this method'’s limit
of detection. Therefore, this work presents a novel technology, that may be integrated in point-of-care
analytical devices for an /n situ diagnosing and monitoring of DR, thus building a foundation for future

work, with great potential for technology transfer.

Key words: biomarkers, biosensor, diabetic retinopathy, point-of-care
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1. Introduction

In the present section, a contextualization on diabetic retinopathy (DR) is given, highlighting the downfalls
of current diagnosing and monitoring strategies. DR’'s biomarkers and biomarker source fluids are
introduced, as well as the advantages of developing a point-of-care (POC) diagnosing technology.
Thereafter, the motivation and proposed objectives for the work performed on the present dissertation

are stated. Finally, this dissertation’s structure is presented.

1.1. Contextualization

Diabetes mellitus (DM) is a chronic condition that affects millions of people worldwide, and predictions

for its rising tendency in a near future are extremely concerning [1].

One of DM's most dreaded and common complications is DR. This eye-threatening disease was estimated
to affect more than 149 million people in 2017 [2], and projected to reach about 191 million people by
2030. It is considered the leading cause of acquired vision loss in working-aged adults [3], with 1 % of
the total blind population worldwide being supposedly caused by this disease. It has been estimated that
at least one third of the diabetic population will develop some form of DR in their lifetime, and diabetes
increases the probability of their patients to become blind by 25 times [4]. The costs associated with
diagnosing and monitoring, allied with vision impairment-related expenses cause DR patients to be an

economic burden to the society where they are inserted [5].

The complex pathophysiology of DR is still to be fully understood. Nevertheless, some factors have been
strongly linked to the onset and development of this disease, including hyperglycemia, mitochondrial
dysfunction, oxidative stress and inflammation. More recently, neurodegeneration has also been proved

to play a significant role in DR’s onset and development [6].

A variety of treatment options is now available for DR management. However, none of them are truly
capable of hampering disease progression, and therapies fail for a large number of patients. Despite that,
early diagnosis is of utmost importance to enable tight risk factor control, which has a massive impact on

the initiation and progression of the disease [7].

A decades-old method based on seven-field 30 ° stereoscopic color fundus photographs is still considered

the gold standard for DR grading [8]. Despite that, it is a complex, laborious method, that requires and



relies on the qualitative judgment of trained professionals. Only a small area of the retina is examined,

and functional and non-imageable alterations are ignored with this conventional imaging method [9].

In a recent past, studies identifying DR biomarkersin multiple fluids have emerged in the literature, and
it is now obvious that, in the future, structural and functional assessment of the retina will be
complemented by a molecular approach for improved DR diagnosis [10]. Furthermore, biomarker
analysis will contribute to the development of new therapeutic approaches, clarifying the entire spectrum
of diabetic retinal disease. Moreover, the quantification of multiple biomarkers as opposed to single

biomarker analysis increases disease specificity [11].

Tears and saliva are two biological fluids collected through minimally invasive techniques, as opposed to
the ocular fluids typically used for DR biomarker research. Sampling for these ocular fluids is extremely
invasive and can only be performed when the subject is undergoing eye surgery, making it difficult to
obtain a significant number of disease samples, and comparison with healthy controls is disabled [12].
Recent studies have revealed that pathological changes can be detected in patients’ tears and saliva
samples, including DR [13,14]. Therefore, these forms of minimally invasive biomarker profiling are very
promising for DR pre-screening, diagnosis, staging and monitoring. However, scantiness of fluid and low
biomarker concentrations make this process very demanding in terms of sample volume requirements

and limit of detection (LOD) [15].

Interleukin-6 (IL-6) and metalloproteinase-2 (MMP2) are two proteins that have been identified as potential
biomarkers for DR diagnosing, monitoring and stratification [16,17]. However, very few studies have used
minimally invasive biological fluids as biomarker source for IL-6 and MMP2 quantification, making this

information very important and timely for the DR research field.

Biosensing has been explored widely in the past, not only for medical diagnosis purposes, but also for
very different fields like agriculture, industry and military. Electrochemical biosensors bring high
sensitivity, fast and simple detection at reduced costs [18]. The use of antibodies as biorecognition
elements is often applied, due to their high specificity, stability and versatility for biomarker detection
[19]. Biosensors have revolutionized the quantification of different molecules for very distinct applications,
and device technology is constantly improving and miniaturizing, making this field very attractive for
disease diagnosis at the POC, and potentially for DR diagnosing through biomarker analysis. This
knowledge area is still in its infancy, given the very few publications found in literature and exposed in
Section 2.4.4. There is an unmet need for technologies such as the one presented in this dissertation,

that appears timely and with great potential for the DR research community.
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1.2.  Motivation and objectives

As exposed in the previous section, DR is a dreadful disease that causes a significantly high percentage
of worldwide blindness [4]. Treatment options are inefficient on halting disease progression and are
mostly applied on advanced stages of the disease [7]. Diagnosing methodologies do not comprise multiple
factors that are crucial for disease onset and progression, adding to the fact that they are of subjective

nature, extremely complex and highly expensive [9].

The present dissertation introduces a novel technology approach for improved DR diagnosis through
biomarker profiling of minimally invasive biological fluids. It brings together the use of antibody-antigen
interactions, known for their high specificity, sensitivity and versatility [19], and electrochemical detection
techniques that carry high sensitivity themselves, as well as low complexity, fast evaluation and enabled

integration on mobile devices [20].

The use of non to minimally invasive fluids (like tears and saliva) as biomarker source fluid is obviously
advantageous, as mentioned in the previous section, but comes with demanding challenges. This project
aims to contour the downfalls of tear analysis by achieving very sensitive results in minute sample
volumes. In addition, the biomarkers selected have been linked with DR, but are almost unexplored in
minimally invasive biological fluids, which brings valuable knowledge to the field. A simple technology
capable of making the distinction between DR patients and controls in a fast, simple, cheap and accurate
way, using a very low amount of a minimally-invasively obtained biological fluid could revolutionize DR

diagnosing methodologies, and add quantitative factors to this subjective method.
The proposed objectives for the present dissertation are:

=  Analysis of the concentrations of IL-6 and MMP2 in the tears of healthy control subjects and DR
patients achieved with the Luminex technique, and determination of disease-critique values;

= Biofunctionalization of two different antibody-based immunosensors, using electrochemical
detection techniques for IL-6 and MMP2 quantification;

= |mmunosensors’ validation for the quantification of IL-6 and MMP2, using standard solutions
prepared according to tears’ concentration ranges obtained in the previous Luminex analysis;

=  Comparative analysis between the proposed immunosensors and two conventional biomolecule
quantification techniques, namely Luminex and ELISA, for the quantification of IL-6 and MMP2
in tears for DR diagnosing;

=  Complementary study based on the quantification of IL-6 in saliva samples using the developed
immunosensor, and comparison with ELISA.
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1.3. Dissertation structure

Considering the objectives proposed, the present document is organized in 5 sections that are now to be

summarized.

1+ Section - Introduction

The current section presents the introduction and motivation for the selected theme, and corresponding

objectives. Lastly, the dissertation structure is stated.

2 Section - Theoretical framework

In the second section, DR is introduced as the clinical focus on the present dissertation. Current
information about its prevalence, risk factors, costs associated, known pathophysiology, clinical signs,
disease staging and finally treatments available is provided. A brief introduction to conventional methods
for DR diagnosis is then made, highlighting the need for new quantitative technologies. Next, IL-6 and
MMP2 are presented as two potential biomarkers that have been linked with DR, but not yet fully explored
in minimally invasive biological fluids. Afterwards, the biomarkers found to be linked with DR, both in
invasive and non-invasive biological fluids, are presented. The advantages of using minimally invasive
biological fluids are then highlighted. Conventional and novel technologies for biomarker quantification
for DR diagnosing purposes are compared afterwards. The final subsection consists on an introduction
to electrochemical biosensors, which are used in the present dissertation. Antibodies are highlighted as
biorecognition elements, the Randles equivalent circuit is proposed as a simplification to complex

biosensing systems, and detection techniques used for electrochemical measurements are stated.

3+ Section — Materials and experimental procedures

In this section, the materials and reagents required for the experimental procedures are enunciated, and
methodologies applied are presented and explained. The first experimental procedure results from a
collaboration between INL and the University of Coimbra and consists on the quantification of IL-6 and
MMP2 in the tears of healthy controls and DR patients, using the Luminex method. Afterwards, the
protocols used to functionalize and test the performance of two immunosensors for the quantification of

IL-6 and MMP2 are explained, considering the previously obtained results. Then, a comparative study
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analyzing the developed immunosensors and two conventional biomolecule quantification methods
(namely Luminex and ELISA) is explained. Finally, the last experiment consisted on the assessment of
the IL-6 concentrations from 15 saliva samples, using the developed IL-6 immunosensor and the

conventional ELISA method.

4+ Section — Results and discussion

The resultant experimental data, as well as its analysis and discussion are addressed in this section. First,
the IL-6 and MMP2 concentrations found on the tears of healthy subjects and DR patients are presented,
and a critical analysis on the potential of using these biomarkers for diagnosing DR is made. The results
from the development and optimization of the immunosensors are then analyzed, followed by their
performance. Afterwards, the results from the comparative study between conventional biomarker
quantification tools (Luminex and ELISA) and the developed immunosensors for IL-6 and MMP2
quantification in tear samples are presented and discussed. Finally, the resultant salivary IL-6
concentrations from the complementary study are analyzed, and the IL-6 immunosensor’s performance

is compared with ELISA’s.

5= Section — Concluding remarks and future work

In this dissertation’s final section, conclusions drawn from this work are exhibited, and closing remarks

are made. Lastly, suggestions for future work that would improve this dissertation’s value are presented.



2. Theoretical framework

In this section, topics that are key for understanding the importance of the present work are presented.
First, DM is introduced as a world concern, with high prevalence and frightful future prospects. DR, one
of the most dreaded consequences of DM, is presented next. Its prevalence, risk factors and disease-
related costs are exhibited, followed by the explanation of how the disease develops and affects the eye.
The clinical signs that characterize each disease stage, and how it is stratified are the followingly
introduced topics. Afterwards, treatments applied to DR patients nowadays are stated, focusing on the
fact that these treatments are mostly applied to late stages, and highlighting the importance of early
diagnosis. The following section introduces the conventionally used methods for DR diagnosing, which
the present dissertation means to improve. Potential molecular biomarkers for DR, the biological fluids
where they can be detected and quantified are the subsequent matters clarified. The potentially POC
technologies described in the literature for improved minimally invasive DR diagnosis are then highlighted.
The last section of the theoretical framework explains how an electrochemical sensor works, and how it

can be used for biomarker quantification.

2.1. Diabetes

DM is a chronic condition where either a lack of insulin or an inability of the cells to respond to it (also
known as “insulin resistance”) occurs, leading to high blood sugar levels (hyperglycemia). More than 463
million people live with DM nowadays, and the predictions for 2030 and 2045 are extremely upsetting,
as can be seen in Figure 1. Approximately 4.2 million people between the ages of 20 and 79 years old
died from diabetes-related causes in 2019, which is equivalent to one death every 8 seconds. 11.3 % of

global deaths from all causes are attributed to diabetes, in this age group [1].



Europe
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Figure 1. Number of people between 20 and 79 years old with diabetes worldwide, and per international
diabetes federation region in 2019, and predictions for 2030 and 2045.

Type 1 DM is characterized by damaged insulin-producing beta cells of the pancreas, caused by an
autoimmune reaction that leads to limited or no insulin production. Children and young people are the

most affected groups [1].

On the other hand, type 2 DM is initially caused by insulin resistance. During this stage, the hormone’s
ineffectiveness leads to a rise in its production. With time, failure of the pancreatic beta cells to keep up
with demand may occur, causing inadequate insulin production. Type 2 DM is most commonly seen in
older adults, but is increasingly seen in children and younger adults. Comparing with type 1 DM, its
symptoms are usually much milder, and a lack of them is also very common, leading to long pre-
diagnostic periods. The prevalence of type 2 diabetes is high and rising across the globe, following
population aging, economic development and increasing urbanization that lead to more sedentary

lifestyles and greater consumption of unhealthy foods linked with obesity [1].

Itis alsoimportant to highlight the alarmingly high number of undiagnosed cases (overwhelmingly type 2

DM), with more than 50 % of the type 2 DM population living unaware of their condition. Prolonged



undiagnosed diabetes increases the risk for diabetes-related complications, healthcare use and related

costs [21].

2.2. Diabetic retinopathy

DR, the most common microvascular complication arising as a consequence of diabetes, is considered
the leading cause of acquired vision loss across the world, in working-aged adults [3], with 1 % of blindness
worldwide being linked to this disease [22]. This disease develops in the eyes of diabetic patients, affecting

their vision acuity and ultimately leading to blindness.

2.2.1. Prevalence, risk factors and costs

In 2017, more than 149 million people were estimated to be suffering from DR [2]. This number is
expected to follow the DM'’s rising tendency, and reach about 191 million people by 2030, with 56.3
million people being vision-threatening forms of the disease. About one third of the diabetic population is
expected to acquire some form of DR in their lifetime, and people with diabetes are 25 times more likely

to become blind than people without diabetes [4].

Some of the main risk factors for DR include diabetes type (with type 1 DM being the most affected),
duration of diabetes, glycated hemoglobin (HbAlc) values, blood pressure, and cholesterol [23]. More
recently, inflammation, metabolic hormones, oxidative stress, vitamin D deficiency, as well as genetic
predisposition have also been linked with the development of DR. Estimates are similar for men and
women, highest in African Americans, and lowest in Asians. During the first 20 years of disease, nearly

all patients with type 1 DM and more than 60 % of patients with type 2 DM develop DR [24].

A patient with DM brings high expenses to his society, and the presence of diabetes-related complications
greatly increases these costs. In fact, visual impairment has wide-ranging implications in terms of the
burden of dependence, the potential loss of earning capacity and the need for greater social support due
to impaired quality of life, and reduced physical, emotional and social well-being. Health and social care
systems are at risk of being overwhelmed due to personal and social costs of severe visual impairment.
Besides, a great percentage of adults with diabetes live in low and middle-income countries, where
healthcare resources are already severely challenged. Nevertheless, it has been proved that both direct
and indirect economic weight would be significantly reduced if diabetic patients underwent regular DR

screening and received treatment according to the severity of their condition [5,25,26].
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Understanding how DR develops and affects the eye, leading ultimately to blindness is yet to be fully
understood. The following subsection elucidates the reader on what is known so far about this disease’s

pathophysiology.

2.2.2. Pathophysiology

An introduction to how a disease-free eye works is needed, to better understand the alterations caused
by DR. The human retina is composed of three nerve cell body layers interspaced by two plexiform layers
where synapses occur. Rod and cone photoreceptors form the outer nuclear layer. The inner nuclear
layer is composed of bipolar, horizontal and amacrine cells. Finally, ganglion cell bodies and displaced
amacrine cells form the ganglion cell layer. The last form a nerve fiber layer that takes the visual sign to
the visual cortex in the brain, through the optic nerve (Figure 2). This complex neuronal component is a
big contributor to the exceptionally high metabolic demands of the retina, with availability of oxygen and

nutrients being crucial to the process [27], and make it particularly vulnerable to vascular disease in DR.

a Vitreous Humor b Rod phatoreceptor

Sclera " Cone photoreceptor

Iris.

Agueous
Humor

W — Amacrine cell

Pupil Bioolar cell

Horizontal cell

Cornea Ganglion cell

Optic nerve

Lens
Blood vessels

Figure 2.a. Eye's anatomy and b. retinal nervous components.

The vascular component of the retina has two plexuses: the choroid (which supplies 90 % of the total
blood volume to the retina) and the intraretinal vasculature (that supplies the inner layer of the retina,

sparing the macula) [28].



The blood-retinal barrier (BRB) is a fundamental elementto keep the eye as a privileged site in the body,
regulating the contents of its inner fluids and protecting the internal ocular tissues from variations that
occur constantly in the whole circulation. It is a particularly tight and restrictive barrier that regulates ion,
protein, and water fluxinto and out of the retina. It also regulates fluids and molecular movement between
the ocular vascular beds and retinal tissues, and prevents leakage into the retina of macromolecules and

other potentially harmful agents [29].

Retinal blood vessels are complex multicellular units with structural and functional comparability to
vessels in the brain. This often called neurovascular unit regulates oxygenation and nutrition of the
neuropil through blood flow regulation and integrity of the BRB, dynamically responding to circulatory and
neuronal cues [30]. The pericytes wrapped around retinal capillaries not only provide structural support,

but also modulate endothelial cell function [28].

The neuronal component of the retinal vessels is composed of the retinal glia, which includes Miller cells
and astrocytes. They provide metabolic support to neurons and play a critical role in maintaining the inner
BRB [31]. Glial processes are responsible for maintaining normal retinal homeostasis, with Miller cells

regulating glucose flux between the circulation and retinal neurons.

Microglia are the resident innate immune cells of the retina. Their function evolves through time: in the
developing retina, they are involved in the pruning of neuronal and vascular networks through the
phagocytic removal of apoptotic cell debris [32]; in the adult retina, they exist in two stages: resting and
activated microglia. Resting microglia are continuous monitors of their environment, supporting neuronal
survival. However, when activated due to infection or ischemia, these cells become mobile and
macrophagic, and produce of a wide range of pro-inflammatory cytokines [33]. Microglial activation in

disease evokes profound changes to the normal function of the retina.

While diabetes may also cause conditions such as cataract, glaucoma, loss of focusing ability and double
vision, DR needs to be spotlighted given the rapidly rising incidence of this largely avoidable form of vision
loss. The diabetic milieuand hyperglycemic episodes arising from suboptimal glycemic control in patients
with either type 1 or 2 DM have drastic consequences over time. Hyperglycemia causes metabolic
dysfunction, and retinal blood vessels dilate and experience blood flow changes, as a metabolic
autoregulation mechanism to increase retinal metabolism in diabetic patients [34]. Multiple metabolic
pathways have been implicated in hyperglycemia-induced vascular damage: there is an increase in
glucose flux through the polyol and hexosamine pathways, an activation of protein kinase C (PKC)

pathway, overactivation of the plasma Kallikrein-Kinin (PKK) pathway and accumulation of advanced
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glycation end-products (AGE) [35,36]. Mitochondrial dysfunction increases vascular and neuronal
apoptosis [37], but most important, the consequence of reactive oxygen species (ROS) overproduction
causes oxidative stress in retinal tissues, which some consider to be the stressor linking all of the

pathways above mentioned [38].

Reduced insulin activation in retinal neurons and vascular cells leads to neurodegeneration. Also,
hyperglycemia and consequent increase in glycolytic metabolites activate chronic low-grade inflammatory

signaling, which has been detected in both diabetic animal models and patients [39].

The earliest detectable histologic microvascular change in DR is pericyte loss [40]. Also, apoptosis of
endothelial cells occurs, with evidence shown in both /n vitro and /n vivo models [41]. Endothelial cells
and pericyte loss lead both to the thickening of the capillary basement membrane and to the impairment
of the BRB [30,35]. Furthermore, pronounced loss of pericytes and endothelial cells results in vascular
obstruction and tissue ischemia, which itself leads to the upregulation of vascular endothelial growth

factor (VEGF) and neuronal death [42].

Inflammation plays an essential role in the pathogenesis of DR, with pro-inflammatory cytokines being
present in the first stages of the disease [43,44]. Inflammation causes vascular permeabilization, BRB
dysfunction, leukostasis, leukocyte-endothelium adhesion, and glial cell dysfunction [45]. Retinal glial cell
dysfunction is also presumed to be involved in the initiation and amplification of the retinal inflammation
in DR [46]. Under hyperglycemic stress, once dormant glial cells get activated and amplify inflammation

responses by producing angiogenic and pro-inflammatory factors [47].

Even though it is classically regarded as a microvascular disorder, advances in understanding early
cellular changes in the diabetic retina combined with improved retinal imaging techniques have proved
that there is a strong neurodegeneration component in the pathogenesis of DR, and it should in fact be

considered a disease of the retinal neurovascular unit [48].

2.2.3. Clinical signs

DR is characterized by leaky retinal vasculature, retinal ischemia, angiogenesis, retinal inflammation and
neurodegeneration. These result in recognizable clinical features such as microaneurysms, retinal
hemorrhages, hard exudates, cotton wool spots, venous dilation and beading, intraretinal microvascular

abnormalities and neovascularization [27,49]. These alterations can be observed in Figure 3.
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Figure 3. Schematic of the finger-print signs of DR.

= Microaneurysms are a result of ischemia due to capillary occlusion and nonperfusion, and are
often the firstclinically recognizable features of DR. They present as “balloon-like” protrusions of
the capillary wall, and recruit inflammatory cells which further damage the endothelial lining.
Late-stage microaneurysms are sometimes sclerotic and frequently exist in the absence of an
endothelial lining, and are associated with regions of extensive capillary degeneration;

= Retinal hemorrhages result from loss of vessel integrity and present as small spots of blood that
leak into the retina;

= Hard exudates are associated with increased risk of visual loss. They are lipid deposits that
appear after the reabsorption of localized edemas following hemorrhages or leakage of fluid from
microaneurysms into the retina;

=  Cotton wool spots are localized neuronal infarctions caused by disturbed axoplasmic flow;

= |ntraretinal microvascular abnormalities appear as abnormal branching or dilation of existing
blood vessels, and may represent attempted vascular remodeling in areas of ischemia;

= Neovascularization is the final sign of DR. Retinal ischemia causes upregulation of pro-angiogenic
cytokines, resulting in over proliferation of capillary endothelial cells and ultimately
neovascularization. It occurs in the interface between perfused and non-perfused retina and is
associated with poor prognosis for visual outcome. These new vessels often grow on the surface
of the retina and penetrate the inner limiting membrane into the vitreous. They are typically
fenestrated, brittle and leaky, which can result in vitreous hemorrhage. Repeated vitreous
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hemorrhaging is associated with gliosis and fibrovascular scar formation. Contraction of fibrous

tissues can result in tractional retinal detachment and sudden loss of vision.

The presence, amount and severity of these abovementioned clinical signs are the factors that dictate the

stage of the disease. The patient’s two eyes may be classified into two different stages.

2.2.4. Disease stages

The rate at which DR progresses is different from person to person. It advances from preclinical to non-

proliferative DR (NPDR) and proliferative DR (PDR) [50,51].

Within weeks to months of the onset of DM, multiple adaptive responses startto take place in the human
eye. These include reduced electrical activity, reduced biosynthetic activity such as protein and lipid
synthesis, autophagy and apoptosis [52,53]. In this first stage, the adaptive responses compensate for
the metabolic insults, making vision intact, and the retina free of clinical alarming signs. Thereafter, it is
considered that there is no DR, until adaptive responses start to decompensate and clinical signs appear

[54].

NPDR represents the most common form of DR [55], wherein vascular permeability and capillary
occlusion are two main observations in the retinal vasculature. Adaptive changes begin to decompensate,
and the hallmark microvascular features of NPDR appear, which include microaneurysms, intraretinal
hemorrhages, hard exudates and cotton wool spots [56]. NPDR is further subdivided into mild, moderate
and severe, depending on the presence of microaneurysms in the retina and severity of intraretinal
hemorrhages [10]. Mild NPDR is characterized by visible damage to small retinal blood vessels, wherein
microaneurysms may occur. In moderate NPDR, there is evidence of blood vessel blockage, causing a
decrease in the supply of nutrients and oxygen to certain areas of the retina. Finally, severe NPDR is
characterized by a significant number of small blood vessels becoming blocked, causing ischemia. In the
areas where this occurs, there is a release of signals to stimulate the growth of new blood vessels in
order to reestablish the supply of oxygen [57]. Although usually asymptomatic, some patients with NPDR
experience impaired visual field, color discrimination and vision acuity, and a lack of contrast sensitivity

[54,58].

The mostadvanced stage of DR appears after additional time and suboptimal diabetes control. In patients
with type | DM, PDR it is the most prevalent vision-threatening condition [59]. PDR is driven by hypoxia

and characterized by neovascularization. In attempt to supply blood to the deprived areas, aberrant,
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fragile ad highly permeable new vessels form across the retina’s surface and in more severe cases into
the vitreous [10,60]. Severe and sometimes irreversible vision impairment, or even total loss, may happen
in this stage. When the new abnormal vessels rupture, blood can get to the vitreous, a condition known
as vitreous hemorrhage. As it progresses, scar tissue may develop, which may pull and distort the retina,

causing retinal detachment [49,55].

Diabetic macular edema (DME) can occur at any stage of DR and is caused by an excess of fluid that
accumulates in the macula. This leads to vision-threatening swelling or thickening of the macula, and
consequent distortion of visual images and decrease in visual acuity. DME is the number one cause of
visual impairment between diabetic patients, and the presence and severity of DME is usually assessed

separately from the DR stage, on clinical practice [56,61,62].

As stated in Section 2.2.1, diabetes duration is a very important factor for DR onset and progression. The
prevalence of DR’s different stages and their evolution through time was assessed in the Wisconsin
Epidemiologic Study of Diabetic Retinopathy (WESDR). After 3 years of DM diagnosis, 8 % of patients had
some form of DR. This percentage increased with diabetes duration: 25 % of patients had some form of
DR after 5 years of diagnosis, 60 % after 10 years and 80 % after only 15 years [24]. Even though no
patient was diagnosed with PDR after 3 years of diagnosis, 25 % of patients developed this advanced form
of DR after 15 years of diagnosis [63]. Managing DR has been a topic widely studied worldwide for a long

time. The next subsection presents the treatments available nowadays.

2.2.5. Treatments for diabetic retinopathy management

Due to DR’s asymptomatic nature, sometimes even in advanced stages, early and periodic ophthalmic
examinations should occur for diagnosing, staging and treatment guiding purposes. This tight control
could significantly limit visual loss from DR. The complexity of DR reflects on the variety of treatment

options now available. Laser surgery, anti-VEGF therapy and steroids are some of them [9,64].

Surgical procedures include laser and pan-retinal photocoagulation. By sealing or destroying specific and
dysfunctional retinal vessels, these surgical methods can induce the regression of abnormal new vessels,
decrease oxygen tension and reverse angiogenesis in the retina, therefore preventing further progression

of DME and PDR [65].
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Vitrectomy is often applied when initial treatment options fail. It is another form of surgical treatment

where the VH is removed, and can improve or restore the patient’s vision, preventing progressive vision

loss [66].

In a more recent past, pharmacotherapy agents have been investigated, and some have revealed to be
very promising for DR management. Anti-VEGF agents are the most widely applied, and improve the vision
acuity of patients with center-involved DME [64,67]. On the other hand, steroids can be applied when
other therapies fail. They are administrated by intravitreal injection and, in some cases, may inhibit VEGF
expression, leading to a decrease in the severity of DME [68,69]. In spite of their effectiveness,
pharmacotherapies are invasive, expensive, and associated with many side-effects. Moreover, there are

patients that do not respond to this treatment [70].

As exposed, most of the treatments are applied when vision is already compromised, on late disease
stages. It is also importantto note that none of the treatment options available are fully capable of halting
progression or reversing retinal damage, and a large subset of patients do not respond to therapies
available. Moreover, frequent administration and high occurrence of side-effects lower patient compliance.
With that being said, the onset and progression of DR can be largely delayed by a tight control of DR's
risk factors (like the control of glycemic levels, blood pressure and lipidemia) [7,71]. As so, early diagnosis
of DR would greatly improve patients’ disease progression, representing an urgent and unmet need. The

techniques used for DR diagnosing and monitoring are introduced in the next subsection.

2.3.  Conventional methods for diabetic retinopathy diagnosing and monitoring

DR may progress silently, causing clinically invisible and asymptomatic retinal and microvascular changes
for many years. The unawareness of these changes speeds disease progression and leads to vision-
threatening events [72]. Consequently, the correct identification of disease stages and associated
treatments has vital importance. Intense investigation over the past decades has led to the use of novel

technologies to study the natural course of DR [73].

The Early Treatment Diabetic Retinopathy Study (ETDRS) is considered a landmark study that constituted
the basis for our knowledge on DR's natural course [8]. From this study resulted the standardized
guidelines that, despite being a decades-old method, are still considered the gold standard for DR
diagnosis and stratification. This method can be used with or without pupillary dilation, and uses seven-

field 30 ° stereoscopic color fundus photographs, searching the eye’s posterior pole for structural and
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vascular alterations, namely microaneurysms, hard exudates, hemorrhages, cotton wool spots,
intraretinal microvascular changes and neovascularization. Dimension and quantification of these
abnormal events are also assessed by this method. The downfalls of the ETDRS diagnosing technique
are its complexity, and the need for trained professionals not only to perform the analysis, but also for
interpretation. Moreover, it does not take into consideration retinal functional changes like delayed implicit
times and visual field defects [9], and unimageable alterations (namely inner retinal layer disruption or
peripheral changes) for the diagnosis and grading of DR [8,74-77]. These result in an incomplete
assessment of DR-caused alterations. Recent advances have brought forward a new generation of ultra-
widefield (UWF) cameras that can detect peripheral lesions by covering a wider field when compared to
conventional fundus cameras [78]. Many other imaging methodologies are now available for DR screening

[9,79].

Optical coherence tomography (OCT) is often used due to its non-invasive nature, giving cross-sectional
views of tissue structures /n7 vivo. High resolution is achieved by the use of interferometry of low-coherence
infrared light, surpassing fundus photography in imaging the vitreoretinal interface, neurosensory retina
and the subretinal space. Retinal thickness can be assessed using OCT, retinal layers can be evaluated
separately, and DME is easily identified [80]. However, OCT is not accurate for DR severity assessment,
and is a very expensive technique. OCT angiography (OCTA) has enormous potential for improving DR
diagnosing and stratification, because it reveals common vascular lesions and regions of capillary
nonperfusion in the retinal plexuses and choroid, without the need of a contrast dye [81]. This technique
brings, however, many projection artifacts, cannot detect leaks, and no guidelines are available for

structure segmentation [80,82,83].

Fluorescein angiography (FA) is another imaging technique effective in identifying DME and PDR. The
need for a fluorescent dye injection, however, makes it an invasive technique that, moreover, is linked

with abundant serious complications [84,85].

Another non-invasive technique specially used for PDR assessment is B-scan ultrasonography. This
method enables the assessment of vitreous hemorrhage dimension and density, the existence of

vitreoretinal detachment and fibrovascular membranes [86].

The search for potential DR biomarkers has been growing in a recent past. As exposed, even though
imaging techniques have been greatly evolving, recent studies have suggested that the combination of
not only structural but also molecular alterations caused by DR could greatly improve not only diagnostic,

but also grading and prognostic performances, by reflecting a much larger spectrum of DR-caused
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alterations [9]. The next section exposes molecular biomarkers that have been found altered in DR

patients.

2.4.  Molecular biomarkers for diabetic retinopathy diagnosis and monitoring

As exposed in the previous section, DR diagnosing relies on imaging assessment of retinal lesions. The
use of biomarkers has enormous potential for improving accuracy, and also for a worldwide DR screening
at reduced costs. Furthermore, including biomarker quantification in the diagnosing process could aid in
the development of a more reproducible system based on a quantitative approach, with greater staging

and prognostic value.

In the context of DR, a vast number of studies have identified molecular biomarkers that reflect DR's
hallmark events like the patient’s glycemic levels (e.g. serum HbAlc), angiogenesis (e.g. VEGF), AGE
formation, inflammation (e.g. tumor necrosis factor-alpha - TNF-a, IL-6, MMP2, lipocalin 1 - LCN1), among
others, which have been linked with disease onset and progression [87-89]. In the present dissertation,
IL-6 and MMP2 were chosen as representative biomarkers with potential for DR diagnosing and grading.

Accordingly, these two biomarkers are now introduced in more detail.

IL-6 is a pleiotropic cytokine responsible for multiple processes, from the control of the immune response
(both acute and chronic) to the maintenance of pathological states [90]. Altered concentrations of this
cytokine have been linked with multiple diseases, including inflammatory bowel disease and arthritis
[91,92]. In DR, it acts as a pro-inflammatory cytokine, and Table 1 reviews the published papers where

IL-6 has been linked with DR.
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Table 1. Published articles that quantify IL-6 in different biological fluids from DR patients.

Fluid Population Key findings Technique Reference
Six months after
vitrectomy, IL-6
levels were
73 patients with  significantly higher
ELISA [93]
PDR in eyes from
progression group
than in eyes with
PDR regression
Concentration was
38 patients with
significantly higher
VH PDR and 16 Multiplex assay [94]
in PDR than in
controls
controls.
26 diabetic Concentration was
Chemiluminescence
subjects with significantly higher
assay mimicking [95]
active PDR and in PDR than in
ELISA
27 controls controls.
Concentration was
22 patients with
significantly higher
PDR and 16 ELISA [96]
in PDR patients
controls
than in controls
Concentration was
51 non-diabetic
significantly higher
patients
in diabetic patients
(controls), 50 Multiplex bead
AH than in non- [97]
diabetics without immunoassay
diabetics, and
DR, 101 DR
increased with
patients

disease severity.
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Table 1. Published articles that quantify IL-6 in different biological fluids from DR patients (cont.).

Fluid Population Key findings Technique Reference
Concentration
85 controls, 39 significantly
children with type increased from
1 DM without DR,  controls to diabetic
ELISA [16]
and 163 type 1 children with no
DM children with DR, and from
Serum DR diabetic children to
children with DR
Concentration
13 controls, 12
increased from Cytometric
NPDR patients,
controlsto NPDR  bead multiplex [98]
and 12 PDR
patients and again array
patients
to PDR patients
15 diabetic
No significant
patients without
difference was Multiplex bead
Tears DR, 15 DR [13]
found betweenany  immunoassay

patients, and 15

controls

of the groups

MMP?2 is one of the most pervasive members of the matrix metalloproteinase family, responsible for the
cleavage of collagen of the extracellular matrix, thus maintaining equilibrium between matrix synthesis
and degradation. The balance of this protein is critical for cell integrity and survival [99,100]. In diabetic
patients, a link with increased expression of MMP2 has been described in the past [101]. More recently,

it has also been connected with DM and DR development and progression. Table 2 reflects the studies

where MMP2 levels have been quantified in DR and diabetic patients.
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Table 2. Published articles that quantify MMP2 in different biological fluids from DR and DM patients.

Fluid Population Key findings Technique Reference
Concentration was
Enzyme
24 PDR patients significantly higher
VH immunoassay [17]
and 13 controls in PDR patients
(EIA)
than in controls
Concentration was
93 type 1 diabetic
significantly higher
patients and 50 Luminex [102]
in diabetics than in
healthy controls
controls
306 type 1 DM
patients with Severity of
Plasma
vascular retinopathy was
complications significantly
ELISA [103]
(including DR) and associated with
187 without higher levels of
vascular MMP-2
complications
27 type 1 DM Significantly higher
Tears children and 17 levels in disease ELISA [104]
healthy controls group

As noted in Tables 1 and 2, there are few studies that quantify IL-6 and MMP2 in DR patients, and the

present dissertation brings more knowledge to the field. To study molecular biomarkersin DR, the most

widely used fluids are the vitreous humor (VH) and aqueous humor (AH) collected by invasive means.

Recently, less invasive methods using tears, saliva, urine and blood samples have come into play.
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2.4.1. Invasive sampling for molecular biomarker profiling

DR’s biomarker research was initially focused on the ocular fluids obtained during surgery, which include

the VH and the AH.

The VH is a transparent gelatinous mater found in the eye’s posterior segment (as exposed in Figure 2.a,
in-between the lens and the retina). It gives the eye its spherical shape, comprising about 80 % of the
eyeball's volume. The VH provides the lens and cornea with nutrients, coordinates eye growth, aids in
light transmission and supports the retina [105]. The VH is avascular in nature, which means that much
of the its protein content is derived from the retina itself, making retinal pathologies reflect in the VH's
composition. Therefore, this fluid can be used to monitor retinal diseases, DR included [12,106-108].
VH samples can be obtained during a vitrectomy (Figure 4.a), through a needle biopsy or post mortem
[12]. All of the previously mentioned methods are highly invasive, which means that VH can only be
obtained from individuals undergoing treatment for DR management, and recurrent sampling is disabled.
As a matter of fact, no true healthy controls can be used as comparison, so controls are usually patients

with other ophthalmic diseases undergoing vitrectomy.

The AH is stored in the anterior chamber of the eye (Figure 2.a), after being produced by the ciliary body.
Its main functions are nutrient and oxygen supply, removal of metabolism derived excretory products,
ocular immunity, shape and refraction [109]. The AH has a much lower protein content when compared
to the VH, hampering biomarker analysis. However, protein concentration increases in disease [109].
Despite not being in direct contact with the retina, retinal-derived proteins are present in the AH because
of BRB disruption, through cilio-retinal circulation, or diffused by the VH through the VH-AH barrier [110].
Consequently, it is also used as biomarker source fluid. Like the VH, the sampling procedure is highly
invasive and performed during surgery (Figure 4.b). Tables 1 and 2 features some studies where both

the VH and AH were used for DR biomarker analysis.
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Figure 4. Invasive ocular fluids sampling. a. Schematic representation of a vitrectomy and b. the
procedure for AH sampling.

Biomarker-based diagnosis can only be achieved if a large number of samples from patients and true
controls is possible. Therefore, the search for minimally invasive biological fluids is notoriously

advantageous and has been highly researched recently, as explained in the next section.

2.4.2. Minimally invasive sampling for biomarker profiling

Because DM is a systemic disease, biomarkers are found in the patients’ circulation, and can be used
for detecting and monitoring disease progression. Blood serum and plasma can be used as source fluid
for detecting altered proteomic levels in DR, given its notorious microvascular component. Even though
blood sampling is an invasive procedure, it is commonly performed for multiple purposes, allowing for
continuous collection of samples, and also the comparison between control populations and DR patients

in multiple clinical stages [87].

Tear fluid contains proteins, lipids, salts, mucins and other organic molecules, making it a complex
aqueous solution produced by the lacrimal glandat a 1 — 2 pl min* production rate. They actas a lubricant
agent, protect and maintain the underlying tissues’ health [111]. In a recent past, studies have found the
potential of using tears for diagnosing and monitoring mainly ophthalmic diseases, including DR. The
main reason for the potential of using tears as biomarker source fluid is the fact that they are collected
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by minimally invasive means, contrary to other ocular fluids abovementioned. Because of this, pre-
screening, diagnosing and staging is enabled by the use of tears [13]. Figure 5 is a schematic

representation of the methods used for tear sampling.

Capillary tube
method
Absorbent material
method

Figure 5. Schematic representation of tear collection methods.

In the first method, an absorbent material (namely blotting paper, filter paper, cellulose or cotton) is
placed in the lower conjunctival sac where it is soaked with tears, and posteriorly eluted. A low-grade
inflammatory response takes place, resulting in a variable amount of the mucous layer and the contents
of disrupted epithelial cells being collected. The sample volume acquired with the absorbent material
method varies with the material used, but is usually between 10 and 60 pL. On the other hand, when
small glass capillaries are used, capillary suction delivers pure basal tear fluid, and no inflammation
disturbs the eye. However, this method usually results in sample volumes between 2 and 10 uL [112].
As exposed, tear samples have the disadvantage of delivering very low volumes, which can be further
hampered by evaporation, alterationsin the patient’s secretion rate and mixing. Moreover, it is important
to highlight that DM progression is associated with dry eye disease, and PDR patients commonly suffer

from it [15].
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Saliva is another non-invasive biological fluid used as a biomarker source, particularly for oral diseases,
but also in systemic disorders. Studies have proved the potential of salivary proteome analysis for DR

diagnosing and monitoring [14,113].

Urine has also been used as a non-invasive biological fluid. In fact, urinary albumin to creatinine ratio has
been proposed as an estimate of microalbuminuria, whichiis a risk factor for cardiovascular complications
in individuals with DM [114]. Furthermore, urine is often used as a biomarker source fluid for diabetic
nephropathy assessment, since the kidneys are the organ most affected by this condition [115]. When it
comes to DR, a study has used urine for biomarker assessment. However, the biomarker selected is
related to oxidative stress, which is a concern for all diabetic patients. The authors also mention the
correlation of the selected biomarker with diabetic nephropathy, and assume their technique to be a
screening tool, rather than a diagnosing one [116]. This study will be addressed with more detail in
section 2.4.4. The complexity of urine and anatomic distance to the eye make retinal alterations hard to

assess in urine.

When comparing all abovementioned fluids, the VH and blood have the advantage of being in direct
contact with the retina. However, the collection of AH and VH is performed in highly invasive procedures,
during different surgeries for DR managing. Acquiring these samples is only possible when necessary for
the patient’s health, disabling the obtainment of adequate amounts of samples from patients and, more
important, healthy individuals. As so, AH and VH are not adequate biomarker source fluids for diagnosing
and monitoring. On the other hand, blood, urine, saliva and tears can be collected with minimal
discomfort. Even though tears do not directly contact with the retina, they can be used as a window for
pathological events occurring there [117]. Tears’ anatomical position in the eye brings them an advantage
over blood, urine and saliva samples, since local variations can be measured only on the proximity of the
eye. From all of the biological fluids mentioned, saliva sampling is one of the least invasive and
uncomfortable methods. Even though the use of this fluid for DR diagnosing and monitoring has not been
widely explored, it would greatly facilitate the process of sample acquisition and thus can be an alternative

or complement option to tear fluid.

After covering the most used fluids for DR biomarker analysis, an introduction to the conventionally used

techniques to quantify biomarkers is in order.
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2.4.3. Conventionally used technologies for molecular profiling

Using minimally invasive biological fluids such as tears and saliva as biomarker source for diagnosing
and staging DR is notoriously preferable to the other commonly used ocular fluids because of the
minimally invasive nature of the sampling process. Altered biomarker levels could potentially complement
other DR diagnosing techniques, and enable an early and personalized diagnosis. However, there is a

need for technologies that can achieve great sensitivity and selectivity in minute sample volumes.

Conventional techniques such as electrophoresis, high-performance liquid chromatography (HPLC),
ELISA, mass spectrometry, and microarrays approaches have been successfully applied in many DR
biomarker studies (as will be exposed next). In the present dissertation, ELISA and Luminex technologies

were used as conventional methods for comparison purposes.

ELISA is a quantitative analytical technique that relies on antibody-antigen interactions. The use of a
labeled enzyme results in a color change that is proportional to the concentration of analyte in solution.

This color change is measured optically and a single analyte is quantified [118].

Luminex is another biomolecular detection technology that brings the advantage of multi-biomolecule
detection in a single sample. It has high throughput, high sensitivity, requires lower sample volumes (50
1L) when compared with ELISA (typically 100 uL), and also lower costs. The technique used to quantify
moleculesin Luminex is flow cytometry. Multiple beads labeled with different dyes bind to different target
analytes. Subsequently, a reporter molecule binds to the conjugated beads, enabling the detection of that
analyte in solution [119]. Table 3 lists the studies where conventional methods have been applied for

different DR biomarkers, in different fluids.

Table 3. The use of conventional technologies for molecular biomarker detection and quantification in DR

patients.
Sensitivity
Biomarker Fluid Technique Volume Reference
(LOD)
Interleukin-1
receptor Multiplex bead
Tears 50 uL 5.5 pg mL [13]

antagonist immunoassay

(IL-1ra)
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Table 3. The use of conventional technologies for molecular biomarker detection and quantification in DR
patients (cont.).

Sensitivity
Biomarker Fluid Technique Volume Reference
(LOD)
VH ELISA 100 uL 0.70 pg mL* 93]
Multiplex bead
AH 25 uL 0.4 pg mLt [97]
immunoassay
IL6 Serum ELISA 100 uL 0.03 pg mL: [16]
Cytometric bead
Serum 50 uL 2.4 pg mL1 [98]
multiplex array
Multiplex bead
Tears 50 uL 2.6 pg mL: [13]
immunoassay
VH Bio-Plex assays 50 uL 6.1 pg mL: [44]
Interferon-induced AH Multiplex bead 25 L 0.3 pg mL: [97]
protein-10 (IP-10) 'mmtnoassay
Multiplex bead
Tear 50 uL 6.1 pg mL: [13]
immunoassay
Monocyte
chemoattractant
VH Bio-Plex assays 50 uL 1.1 pg mLt [44]
protein-1
(MCP-1)
VH EIA 100 uL 2.4 pg mL: [17]
MMP2 Plasma Luminex 50 uL 25.4 pg mL1 [102]
Plasma ELISA 25 uL 120 pg mL [103]
VH ELISA 100 uL 14 pg mLt [120]
Nerve growth factor
Serum ELISA 100 yL 14 pg mLt [121]
(NGF)
Tears ELISA 100 uL 14 pg mLt [121]
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Table 3. The use of conventional technologies for molecular biomarker detection and quantification in DR

patients (cont.).

Sensitivity
Biomarker Fluid Technique Volume Reference
(LOD)
VH ELISA 100 uL 39.1 pg mL+ [120]
Serum ELISA 200 uL 39.1 pg mL: [122]
TNF-a
Serum ELISA 0,1 mL 39.1 pg mL+ [123]
Tears ELISA 100 uL 39.1 pg mLt [124]
VH Bio-Plex assays 50 uL 3.1 pg mL* [125]
VH Bio-Plex assays 50 uL 3.1 pg mL* [44]
Multiplex bead
VEGF AH 25 uL 1.73 pg mL: [97]
immunoassay
Serum ELISA 50 uL 15.6 pg mL: [126]
Serum ELISA 0,1 mL 15.6 pg mLt [123]

As can be seen in Table 3, sample volume requirements for some of these techniques make them
incompatible with direct tear analysis. Furthermore, these methods are expensive and demand tedious
preparations. In the next section, POC technologies meant to improve DR diagnosis using minimally

invasive fluids are presented.

2.4.4. Point-of-care molecular-based technologies for improved diabetic retinopathy
diagnosis through minimally invasive fluids

Recently, some studies have emerged with novel technologies for DR diagnosing. They present better
sensitivity and lower sample volume requirements, using non or minimally invasive methods [127].
However, this research field is still in its infancy and only a few innovative studies have been reported in

the literature (Table 4).
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Table 4. Analysis of the published POC technologies for biomarker detection and DR diagnosis in
minimally invasive fluids.

Linear range

Biomarker Fluid Technique Volume (LR) LOD Reference
8-Hydroxy-2'-
Colorimetric 0-70
Deoxyguanosine  Urine 80 uL 5 ng mL: [116]
immunosensor ng mL:
(8-OHdG)
Lactoferrin
0.001-1 0.001 ng
(LCF) +
Impedimetric ng mLand mL:
B2- Tear 2 UL [128]
immunosensor 0.1-10 and 0.1
microglobulin
mg mL: mg mL:
(B2M)
Optoelectrokinetic
100 pg mL: 100 pg
LCN1 + VEGF Tear bead-based 1.5 uL [129]
-10 pg mLt mL:
immunosensor
Diffusometric 1 pg mL: 10 pg
Tear 10 uL [130]
immunosensor - 10 pg mLe mL:
TNF-a
Impedimetric 1-25 0.085pg
Tear 1L [131]
immunosensor pg mL! mL:

For instance, it has already been pointed out that DR development and progression, and glycemic control
are strongly correlated. HbAlc is a reflector of glycemic levels and is the only validated marker of DR,
routinely measured in clinical practice. However, POC HbAlc assays (which use finger-prick technology
to collect a single drop of blood and are, therefore, minimally invasive) have not been used for DR
diagnostic purposes, due to their lack of accuracy [88]. To the author’s knowledge, no POC technologies

are available to diagnose or assess the stage of DR through blood.

In 2020, a gold nanoparticle-based colorimetric lateral flow immunoassay incorporated in a paper strip
was presented, for the quantification of urine 8-OHdG and subsequent differentiation between low risk
(no or mild DR) and high risk (moderate or severe DR) patients [116]. 8-OHdG, a biomarker associated
with oxidative stress, produced color changes in the paper strip upon contact with the sample (Figure

6.a.), and a smartphone was used for distinguishing different colors, and thus quantifying 8-OHdG. This
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technology achieved a sensitivity and specificity of 91 % and 81 %, respectively. The average concentration
of 80HdG in the low risk group was 22 + 10 ng mg* of creatinine and 55 + 11 ng mg* of creatinine, in
the high risk group (Figure 6.b.). However, PDR patients were excluded from the study population, and
8-0HdG is also present in diabetic nephropathy that often coexists with DR [11], making this biomarker
not DR-exclusive. This technology shows great potential for self-monitoring and may be used as a

screening tool, but not a diagnostic one.

Q
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Figure 6. Lateral flow immunoassay paper strip for 8-OHdG detection in urine. a. Photograph of the paper
strip and b. distribution of urine 8-OHdG/creatinine values of patients with low and high risk DR.
Reproduced with the permission of Elsevier [116].

A bead-based sandwich immunoassay combined with rapid electrokinetic patterning (REP) was recently
described for the detection of LCN1 in tear fluid [132]. To achieve high sensitivity of low-biomarker
concentrations, the fluorescent signal was enhanced by using immunocomplex conjugated particles with
amine-modified particles functionalized with anti-LCN1 antibody, secondary antibodies conjugated with
dyes or quantum dots, and REP-induced particles. With 1.5 L of tear sample, the LOD achieved by this
technology was 110 pg mL.The authors suggest that it can be used for DR diagnosing purposes because
the concentration of LCN1 in tears of DR patients is 2 to 3 times higher than in healthy controls [133,134].

The authors also point out the possibility of using multiple biomarker detection.

A similar method was applied for the simultaneous measurementof LCN1 and VEGF in tear fluid [129].

The presence of these two biomarkers was primarily enhanced by the formation of sandwiched

29



immunocomplexes on the microbeads, leading to dose dependent fluorescent intensities, and secondary
signal enhancement was achieved by REP. This way, a LOD of 100 pg mL* was achieved. Analyzing a
study population of PDR and non-PDR patients (the latter including healthy subjects and NPDR patients),
they determined values of 250 ug mL*and 10 ng mL as threshold for LCN1 and VEGF, respectively, for
the detection of PDR, with 92.9 % sensitivity, 90.9 % specificity and 88.5 % accuracy values. Moreover,
the authors conducted single-blind tests with tear samples from 5 individuals, and the results are

presented in Figure 7.
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Figure 7. Concentration distribution of the single-blind tests. The solid lines define the thresholds of LCN1
and VEGF for PDR. The 4» quadrant is the suggested PDR domain. The hollow icons represent healthy
subjects, whereas the solid icons representthe patients with PDR [129]. Published by The Royal Society
of Chemistry (RSC) on behalf of the European Society for Photobiology, the European Photochemistry
Association, and RSC.

As can be observed in Figure 7, threshold-based diagnosis was successful for 80 % of cases, with sample-
a being incorrectly classified as a healthy subject. This sample was obtained from a re covered patient

with a history of PDR.

A high sensitivity and reproducible impedimetric biosensor was also reported for the quantification of
TNF-a in relevant body fluids, including blood serum and tears [131]. The platform was based on

antibody-antigen interactions, and read values between 1 and 25 pg mL*, with a 0.085 pg mL* LOD for
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tears, and 2 pg mL: for blood serum, showing great potential as POC platform for inflammatory disease

screening and therapeutic monitoring.

A label-free impedimetric biosensor based on a poly(3,4-ethylene diozythiophene)/gold nanoparticles
(AuNPs) composite was also reported for the quantification of VEGF, that may be applied to clinical
diagnosis of VEGF-mediated diseases [135]. Three different electrode sensor designs were tested (namely
free-standing pads, screen printed dots and interdigitated micro-strip electrodes), and the interdigitated
design showed better stability and reproducibility. LR and LOD of 1 - 20 pg mL* and 0.5 pg mL,

respectively, were achieved.

A diffusometric immunosensing platform was reported for the detection of DR through the quantification
of TNF-a in tears [130]. They enhanced the signal by grafting additional AuNPs to capture particles to
enhance size changes. Also, a dichotomous method was settled to make the technique suitable for
practical use, avoiding calibration. A LOD of 10 pg mL was achieved, and also chosen as the threshold

value of TNF-a concentration for distinguishing healthy subjects from PDR patients.

Another biosensor with a functionalized multi-layer paper-based platform was developed for the detection
of LCF and B2M [128]. This platform was connected to a handheld printed circuit board (PCB) for real-
time measurement of LCF and B2M, two biomarkers associated to dry eye syndrome and DR,

respectively. A LR between 0.001 and 1 ng mL*and 1 to 10 mg mL* was respectively reported.

To achieve precise, low and specific biomarker quantification meant for tear or saliva sample profiling for
the diagnosis of DR, the present work used an electrochemical immunosensor. These sensors also bring
the advantages of high cost-effectiveness and low response times, and enable the integration in POC

devices. Thereafter, electrochemical sensors will be introduced in the following section.

2.5. Electrochemical sensors

Not only in the clinical diagnostics and in medical applications, but also in many other different fields like
agriculture, industry and military, the analysis of biological and biochemical data is of extreme importance.
However, this translation from biological to measurable electrical data is currently a tedious and time-
consuming process. To answer this unmet need, biosensors have been explored widely, with an estimated
60 % annual growth rate, being the healthcare industry its main sponsor [18]. It is widely accepted that

a biosensor is “an analytical device which incorporates a biologically active element with an appropriate

31



physical transducer to generate a measurable signal proportional to the concentration of chemical species
in any type of sample” [136]. With advances in device technology, biosensors now sometimes surpass

conventional sensing systems in terms of LOD.

Biosensors have two main components: a biorecognition element and a transducer (Figure 8).
Biorecognition elements have an immobilized biocomponent meant to detect the specific target analyte.
The transducer’s role is to make the conversion from the biochemical signal that results from the
interaction between the target analyte and the bioreceptor, into an electrical signal. The target analyte’s

concentration is directly or inversely reflected in this signal.
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Figure 8. Schematic layout of a biosensor.

When it comes to type of transduction, as pointed out in Figure 8, biosensors are divided into 4 groups:
electrochemical, optical, piezoelectric and thermal sensors. This section will focus on electrochemical

sensors because of their importance to the present work.

High specificity, sensitivity, and selectivity, in combination with low response time and cost-effectiveness
are the reasons why electrochemical biosensors have been highly explored. According to a technical
report about the recommended definitions and classification of this type of sensors, “an electrochemical

biosensor is a self-contained integrated device, which is capable of providing specific quantitative or semi-
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quantitative analytical information using a biological recognition element (biochemical receptor) which is

retained in direct spatial contact with an electrochemical transduction element” [137].

2.5.1. Biorecognition elements

The biorecognition element is crucial for the biosensor. Originally, these were extracted from living
systems, but advances in material engineering have made recognition element synthesis possible in
laboratory [138]. In a solution, molecules collide billions of times per second. The establishment of stable
and specific interactions is only possible when the surface properties of one molecule are complementary
to the other (/.e., when repulsive forces and entropic costs of bringing them together are surpassed by
the attractive forces created by the interaction between the two). Molecular recognition plays a vital part
in biosensor systems and is defined as the process of specific binding between molecules
(macromolecules or molecular assembly) and respective target molecule/analyte [18]. Biorecognition

elements are usually divided into three categories: natural, semi-synthetic and synthetic (Figure 9).
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Figure 9. Schematic representation of different biorecognition elements used for biosensing.

In the present work, antibodies were used as biorecognition elements. Antibodies are Y-shaped
immunoglobulins formed by two heawy chains and two light chains, which comprise a constant and

variable part. The latter binds with the corresponding antigen in a highly specific and selective way [19].
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Antibody-based biosensors, or immunosensors, are some of the most preferred types of biosensors due
to their high specificity, stability and versatility. Comparable to a lock-and-key model, the interaction
between a specific antibody and its unique antigen is highly selective, and a three-dimensional (3D)
structure is formed. This unique property of antibodies and their ability to identify molecular structures
enables the development of antibodies that bind specifically to chemicals, biomolecules and
microorganisms that can be detected at very low concentrations and in complex biological matrices

(blood, cerebrospinal fluid - CSF, etc.) [139].

Optical and electrochemical are the most widely used transduction methods for immunosensors. Still,
optical-based immunosensors achieve lower sensitivity when compared with electrochemical
immunosensors, and the latter provide fast, simple, and economical detection [18]. The use of
electrochemical immunosensors will vastly improve public health by providing rapid detection, high

sensitivity, and specificity in clinical chemistry, food quality, and environmental monitoring.

2.5.2. Electrodes and interfaces of a biosensor system

In electrochemical systems, charge flows through the interface between an electrochemical conductor
(an electrode) and an ionic conductor (an electrolyte). The movement of electrons (and holes) is
responsible for the transport of charge in the electrode, while the movement of ions carries charge in the

electrolyte phase [20].

A three-electrode cell, schematized in Figure 10, is composed of a working electrode (WE), a reference
electrode (RE) and a counter or auxiliary electrode (CE). Since the reactions are only detected in the
proximity of the electrodes’ surfaces, they have a significant role in the overall performance of the
biosensor, and detection ability depends on electrode material, dimensions and surface modifications.
The RE is commonly made from Silver/Silver Chloride (Ag/AgCl) and kept distant from the reaction site,
so it maintains a known and stable potential. The transduction element of an electrochemical sensor is
the WE, where the biochemical reaction takes place. Its potential is monitored relative to the RE. The CE
forms a connection with the electrolytic solution, so that a current can be applied to the WE. Platinum,
gold, carbon and silicon compounds are commonly chosen materials for the WE and CE, for their

conduction and stability [140].

34



Power Supply

©

Working Auxilliary
electrode electrode
Ewkvs ref
(V)
—/ Reference
electrode

Figure 10. Schematic representation of a three-electrode cell.

Two independent half-reactions describe the chemical changes at the WE and RE. Equations (1) and (2)
describe the oxidation and reduction reactions, respectively, where A and B are two hypothetical

elements that are being oxidized and reduced.

A=At te (1)

B+e =B~ (2)

Each half-reaction is a function of the interfacial potential difference at the electrode, and the chemical
composition of the system near the electrode is consequently altered. Since the WE is the location of
interest to study these differences, the RE is made up of phases having essentially constant composition,
which results in a fixed potential. Consequently, any changes in the cell are attributed to the WE, and its
potential measured with respect to the RE. When more negative potentials are applied to the WE, the
energy of the electrons is raised, and they transfer into available electronic states on the electrolyte
species. It is said that a reduction current occurs, because a flow of electrons from electrode to solution
is happening. On the other hand, more positive potentials applied at the WE lower the electrons’ energy
and leads to more favorable energy on the electrode, which at some point makes electrons attached to
solutes in the electrolyte transfer to the electrode (oxidation current) [20]. The third electrode (CE)

functions as a cathode whenever the WE is on anode mode, and vice versa [18].
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The current resultant from the half-reactions is measured using a potentiostat, that controls the WE's
potential. The concentrations of the reduced and oxidized forms of a redox couple are linked to the

potential (E) through the Nernst equation (3):

RT [Oxidized form]
(et

= FO —_—
E=E +nF In [Reduced form]

where E° represents the cell’s standard potential (V), R is the gas constant (J K mol), T is the absolute
temperature (K), n is the number of electrons transferred, F is the Faraday constant (C molt) and
[Oxidized/Reduced form] is the concentration of the oxidized or reduced species (mol Lt). When
different potentials are applied to the WE, the redox species at the electrode’s surface adjust their
concentration ratios according to the Nernst equation. The resulting electrical signal is related to the
recognition process through the target analyte and proportional to the analyte's concentration [18]. Since
the extent of chemical reaction is proportional to the amount of charge transferred (which is stated in

Faraday’s law), these processes are called faradaic.

The occurrence of these redox reactions results on the accumulation of either the oxidized or the reduced
speciesin the electrode’s surface. So, the maintenance of the redox reactions relies onthe mass transport
of the electroactive species from the bulk solution to the WE surface. The concentration gradient between
reduced and oxidized species limits these movements, and it is said that diffusion limits mass transport.
This will impair the ability of the electrochemical cell to pass current (contributing to the system'’s

impedance), as will be further explained later.

Figure 11 illustrates the electrical double layer formed between the electrode surface and the solution.
As can be observed, the solution side of the double layer contains itself several layers. The inner layer,
also called compact, Helmholtz or Stern layer, contains solvent molecules and sometimes other species
(ions or molecules) that are said to be specifically adsorbed. This area is limited by the inner Helmholtz
plane (IHP). Solvated ions oppositely charged to the WE approach the metal, and the position of the

centers of the nearestions is called the outer Helmholtz plane (OHP).
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Figure 11. Proposed model for the electrical double layer.

The interaction between the solvated ions and the charged metal of the electrode surface involves only
long-range electrostatic forces, essentially independent of the chemical properties of the ions. They are
said to be non-specifically adsorbed. Thermal agitation in the solution makes these ions be distributed in

a 3D regionthat is known as the diffusion layer, extending from the OHP into the bulk of the solution [20].

The use of electrochemical sensors relies on very complex phenomena. To simplify the interpretation of
results, equivalent circuits are commonly used. These theoretical circuits are simplifications of more
complex systems, both behaving similarly. Complex phenomena are replaced by commonly studied circuit
elements, enabling much more direct analysis. The present work used a Randles equivalent circuit to

mimic the developed system, and an introduction to this type of equivalent circuits follows.

2.5.3. Randles equivalent circuit

Generally speaking, an electrochemical cell can be viewed simply as an impedance to a small sinusoidal
excitation. Accordingly, it can be represented by an equivalent circuit of resistors and capacitors. A
frequently used circuit called Randles equivalent circuit is schematized in Figure 12. The current passing
through the WE is influenced by both the faradaic process (i¢) and double-layer charging (i.), displayed

in parallel so that the resulting current is the sum of both branches. As introduced earlier, a double layer
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is formed between the electrode surface and the solution. This acts as a nearly pure capacitor and Cy;
represents it in the Randles equivalent circuit. Since all current must pass through the solution, its
resistance is inserted as a series element (R) to account for that effect. On the other hand, simple linear
circuit components do not adequately portray faradaic processes because these are not frequency
independent. The faradaic process is represented by a general impedance (Z¢), which can be divided
into the charge-transfer resistance (R.;), and another general impedance called the Warburg impedance
(Zy) which stands for the above explained resistance to mass transfer, from the bulk solution to the

electrode surface and wvice versa [20].
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Figure 12. Equivalent circuit of an electrochemical cell and subdivision of Z¢ into R, and Zy, .

As stated before, the capacity of the WE to reduce/oxidize the redox probe is the phenomena of interest
when using electrochemical biosensors. Biofunctionalization steps add layers to the electrode surface
where the electron transfer process will occur. Applying negative potentials to the WE results in the
passage of electrons from the WE surface to the oxidized species, reducing it. This reduced form will then
diffuse to the bulk solution [20]. These redox reactions produce a current that can be assessed by the

following equation:

i = vnFA (4)
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i representing the current (A), v the electron transfer rate (mol cm=s?), n the stoichiometric number of
electrons consumed in the electrode reaction, F the Faradaic constant (C mol), and finally A the

electrode area (cm?) [20].

The rate of the reduction and oxidation processes is given by equations (5) and (6), respectively.

ve = k[ cltds] (5)

Vg = ka[ tllds] (6)

where v, and v, represent the reduction and oxidation reaction rates (mol cm s+), respectively, k. and
k, representthe reduction and oxidation reaction rate constants (cm s?), and last, [0/ 4] and [R] 4]
represent the concentration of the oxidized or reduced species, respectively, adsorbed on the electrode’s
surface (mol cm=) [20]. Substituting v, or v, in equations (5) and (6) gives the electrical current flowing

from the reduction or oxidation reactions, respectively:

lredquction = kc[ éds]nFA (7)

loxidation = ka[ clzds]nFA (8)

It is therefore possible to conclude that the electrode area, the concentration of redox species on the
electrode’s surface, the nature of the redox species themselves, and their rate constants determine the

current flowing from an electrode. Temperature and electrode potential modulate these variables [20].

Ultimately, the current is governed and limited by the rates of the following processes: a) mass transfer
(from the bulk solution to the electrode surface), b) electron transfer (at the electrode surface), c) chemical
reactions preceding or following the electron transfer, d) other surface reactions (such as adsorption). In
conclusion, modifications that decrease the reaction rate of any of these processes is equivalent to an

increase of the resistance of the overall process, reflected on the charge transfer resistance (R ;) [20].
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The way a biosensor works and identifies analytes in a solution has already been elucidated. The next
section brings light into the methods used to monitor the biofunctionalization process and quantify the

target analyte’s concentration in solution.

2.5.4. Detection techniques

In an electrochemical biosensor, quantifying the interest analyte may be accomplished by
amperometry/voltammetry (where current level is assessed), by electrochemical impedance
spectroscopy (EIS, which measures a change in the system’s impedance) or by potentiometry (where an
alterationin charge accumulation or potential is measured). In the following sections, cyclic voltammetry

(CV) and EIS will be presented in detail due to their importance in the present dissertation.

2.54.1. Cyclic voltammetry
When potential is kept constant, and current generated by electrochemical reactions is evaluated, the
technique is called amperometry. On the other hand, the measurement of current against varying

potential, is called voltammetry.

In CV, the potential on the WE is swept at a constant rate (in V s), and the resulting current is recorded
versus time [140]. The term c¢yclic comes from the fact that, when a specific potential is reached, the
sweep s reversed back to the starting potential. Since the sweep rate is constant, and initial and switching
potentials are pre-determined, time can be easily converted to potential, resulting in a graphic like the
one on Figure 13, where current versus applied potential (voltammogram) is shown. The sweep rate must
provide enough time for the redox reactions to take place. This technique is one of the most widely used

electrochemical techniques to monitor the behavior of electroactive species in solution.
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Figure 13. Example of a cyclic voltammogram.

When scanning positively, before reaching the cell’s standard potential, only non-faradaic current is
produced. Once the standard potential is reached, oxidation of the electrolyte’s reduced species starts
and faradaic current (in this case, anodic) starts to flow. The current reaches its maximum value at the

anodic current peak (i, ). At this point, the concentration of reduced species left to oxidize is nearly

depleted in the vicinity of the electrode and delivery of more reduced species to the electrode’s surface
is dependent on mass transport. Oxidized species accumulate on the electrode’s surface, creating a
diffusion layer and slowing down the mass transport, which results in the decrease of the anodic current,
until further increases in potential no longer reflect on the current value, and a steady-state is reached.
When the scan is reversed, the opposite occurs, as the reduction of oxidized species that were
concentrated in the vicinity of the electrode starts, and a cathodic current is created [20]. The reversibility
of these reactions provides information about electron transfer kinetics between the electrode and the
analyte [140]. According to the Nernst equation, the equilibrium should be achieved immediately upon
any potential change, when no barrier to electron transfer exists. However, more positive potentials are
required to drive the oxidation reaction (or the opposite for reduction) if a barrier to electron transfers is

present. This barrier could be built by the increase of a diffusion layer.

Biofunctionalization layers applied in sensors increase the thickness of the diffusion layer, and higher
potential variations (AE,) are required to drive the redox reactions. In biosensing, a redox probe is used
to mediate the electrochemical reactions at the WE. The peak current’s value is proportional to the

concentration of the electroactive species.

41



2.5.4.2. Electrochemical impedance spectroscopy

In the previous section, a large perturbation to the system (potential sweep) was imposed, driving the
electrode to a condition far from equilibrium, and its electrode reaction was studied. Another approach is
to perturb the cell with alternating current (AC) signals of small magnitude and, at steady state, assess
the way the system follows the perturbation. The EIS technique consists on the application of a small
sinusoidally varying potential [E (t)], and the measurement of the resulting current response [1(t)] [140].
The importance of impedance methods comes from the fact that they can sample electron transfer at

high frequencies and mass transfer at low frequencies.

As previously mentioned, charge transfer processes have Faradaic and non-Faradaic components. The
Faradaic component comes from the electron transfer via a reaction across the electrode-solution
interface, when polarization (R,) and solution (Rj) resistances are surpassed. The non-Faradaic
component arises from the charging of the double-layer capacitor (Cy4;). When a redox reaction happens
at the interface, the mass transport of the reactant and product is important for determining the rate of
electron transfer. Zy,, is the equivalent component that accounts for this mass transport process. The

activation barrier at a particular potential is represented by the R,,, but at the standard (or formal)

electrode potential, the barrier becomesthe R ;. Figure 14 is a schematic representation of the proposed

model for the electrical double layer and equivalent circuit.
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Figure 14. WE - double layer - diffusion layer - bulk solution proposed model and equivalent circuit.
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When an AC potential is applied to a system, the current resultant from this perturbation will have an
amplitude that is lower than the applied voltage due to resistance, and shifted by an angle 8 caused by

the reactance (e.g. capacitance or inductance) of that system, as can be seenin Figure 15.

Vv, |
'79‘5 — E(t)

— )

Figure 15. Representation of an applied potential and resultant current.

Therefore, equation (9) characterizes the applied voltage and equation (10) the resultant current.

E(t) = E, sin(wt); w = 2nf 9)

I(t) = Iy sin(wt + 8) (10)

where E(t) representsthe potential as a function of time (V), E, the initial amplitude (V), w the angular
frequency (rad s) and f the frequency (Hz). The impedance of a system (Z), expressed in ohms (€2) is

the extension of the concept of the system’s resistance, given by Ohm'’s law:

_E® _ Eysin(wt) sin(wt)

40h 1) Ipsin(wt+6)  “’sin(wt +6)

(11)
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The impedance can also be expressed in its polar form as such:

7 = Z,elf (12)

where j equals v—1, the imaginary number. Using the Euler’'s formula (Equation 13), it is possible to

assess two components of Z (Equation 14).

e’® = cos(8) + j sin(0) (13)

Z =Zyel? = 7Z,(cos(8) + jsin(0)) = Z, cos(8) + jZ, sin(0) (14)

The first component (Z, cos(8)) is commonly named real impedance (Z'), whereas the second
component (Z, sin(@)) is called imaginary impedance (Z''). The sum of the real and imaginary

components of impedance is called complex impedance and commonly expressed as:

Z=27+jz7" (15)

Graphical representations of complex impedances are usually made using Nyquist plots (Figure 16),
where the x and y axes represent the real and imaginary components, respectively, and each point

represents the impedance for a specific angular frequency.
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Figure 16. Compleximpedance representation through a Nyquist plot.

Another form of analyzing complex impedances is through Bode diagrams (Figure 17), where one can

analyze the module (]Z]) and phase angle (8) separately, and as a function of applied frequency.

|Z]
-Phase (0)

Frequency (Hz) Frequency (Hz)

Figure 17. Compleximpedance representation through bode diagrams: a. module and b. phase.

As elucidated earlier, in the present dissertation, impedance data was fitted into a Randles equivalent
circuit, used to model the physicochemical processes taking place at the WE's surface. The use of
equivalent circuits is common when studying biosensors, as they enable one to assess how the different
components are contributing to the overall impedance [141]. As exposed earlier, this equivalent circuit’s

components take into account the diffusion of the redox probe (R and Zy,), which are independent from
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surface modifications, and also components highly sensitive to interfacial properties of the WE (R and

Car)-

The resultant Nyquist plot for a representative Randles equivalent circuit can be seen in Figure 18. At
high frequencies, a semi-circle region is formed, indicative of kinetically controlled processes, which are
influenced by capacitive and resistive effects. At low frequencies, the linear region represents diffusion-

limited processes [20].
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Figure 18. Randles equivalent circuit and respective Nyquist plot.

Equations (16) and (17) describe the real and imaginary components of the equivalent circuit for a given

frequency, in the semi-circle region [20]:

Rt (16)
1+ (wCqRe)?

7' =R, +
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wCq R (17)

7" =
1+ (wCqR)?

The system’s R is given by the diameter of the semi-circle region of the Nyquist plot. The R behaves
as a true resistance, independently of applied frequency. The region controlled by diffusion (low
frequencies) is characterized by a diagonal line with a slope of 45 °, and Z,, is responsible for this

behavior, as diffusion requires long operational times to produce an effect on impedance.

Analyzing Figure 18, it is easily settled that resistive and diffusional effects are easily extracted from
Nyquist plots. For capacitance (or inductive) measures, Bode plots (Figure 17) are preferred because

phase angle and module are plotted separately against applied frequency.

The phase angle expresses the balance between capacitive and resistive forces of the circuit. At high
frequencies, capacitance rules the impedance, while for low frequencies, resistance is dominant. In a
purely capacitive circuit, © = 90 °. In a purely resistive circuit, 8 = 0 °. As mentioned earlier, the Warburg
impedance is represented in the Nyquist plot as a diagonal line with a slope of 45 °. Therefore, in the
bode phase diagram, a pure diffusion limited process is expressed as 6 = 45 ° for low frequencies [20].
Since the Randles equivalent circuit is a combination of resistive, capacitive and diffusional processes,

the resultis a combination of phases (0 ° <8 <90 °).

When using electrochemical sensors for biomarker detection, potential applied needs to be small when
comparing with non-biological applications in order to avoid protein denaturation [142]. Specific
biomarker detection is achieved through the modification of the WE, by the consecutive immobilization of
layers that alter the WE’s conductivity and impedance. Impedance of the system is evaluated, before and

after the biorecognition event, using a redox probe such as the ferricyanide couple [Fe(CN)s*+.

Consecutive layer formation (either chemical or biological) at the surface of the WE results in the increase
of the system’s impedance, through adsorption, composite layer formation, bio-recognition element
immobilization, and target attachment. This process can be monitored evidently through the analysis of
the Nyquist plot, where R increases with each consecutive layer, or the Bode plot, particularly at low

frequencies, where impedance module also increases with additional layers (Figure 19).

47



— Bare electrode

— Crosslinker
— Probe
. e Mzl — Target protein
) a |
Ry N
Rct
> > >
7' (Q) Frequency (Hz)

Figure 19.a. Nyquist plot and b. Bode phase plot of a representative optimized biosensor for biomarker
detection.

Adding functionalization layers to the surface of the electrode hampers the homogeneity of the electrode’s
surface, and localized regions with dissimilar reaction rates appear, causing the double layer to behave
as an imperfect capacitor. To counteract such phenomena, the constant phase element (CPE) is most

frequently used in the place of the capacitor, in equivalent circuit models of biological systems [142].

48



3. Materials and experimental procedures

The current work presents an electrochemical immunosensor meant to improve DR diagnosing through
the quantification of IL-6 and MMP2 in minimally invasive biological fluids. The first step of the
experimental procedures consists on the quantification of these two biomarkers in tear samples of DR
patients and controls, in order to assess if any difference is found between the two groups and, if so, to
determine their concentration ranges. This analysis was performed in the Prof. Dr. Rosa Fernandes’
laboratory at the University of Coimbra, using the conventional Luminex method. Then, the protocols
followed for the development and optimization of the immunosensing systems are presented. The
immunosensor’s performance in quantifying IL-6 and MMP2 is then assessed, using standard solutions
with biomarker concentrations previously determinedin tears, and considered critical for DR diagnosing.
Then, a comparative study between conventional methods, namely Luminex and ELISA, and the
developed biosensor is made. Finally, as a complementary study, the use of saliva is tested in the IL-6
biosensor, and its performance is compared to the conventional method ELISA. In the present section,

the materials needed to achieve, characterize and test such immunosensors are reported.

3.1. Quantification of potential diabetic retinopathy biomarkers IL-6 and MMP2 in

tear fluid using conventional Luminex analysis

To prove that IL-6 and MMP2 concentrations are altered in the tears of DR patients, and to determine the
concentration ranges and tendencies that distinguish between disease presence or absence, a
collaboration was established between INL and the School of Medicine from the University of Coimbra
(Prof. Dr. Rosa Fernandes and Prof. Dr. Francisco Ambrosio). They used the conventional biomolecule

guantification method Luminex to quantify IL-6 and MMP2 levels in the tears of DR patients and controls.

Atotal of 14 tear samples were collected from healthy volunteers and DR patients, upon written informed
consent (Annex A). Inclusion criteria for the controls were as follows: no history of diabetes or chronic
disease, no ocular diseases requiring topical ocular treatments, no abnormal lid anatomy or blinking
function in either eye, no dry eye resulting from scarring, no history of any systemic or ocular disorder,
and no contact lens wear in the last 8 h. Tear samples were collected by a professional, wearing gloves,
by placing a sterile ophthalmology diagnostic strip (Dina strip Schirmer-Plus from Dina Hitex) in

standardized conditions (strip inserted in the inferior cul-de-sac for 5 min, while subjects closed their eyes
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without any anesthetic) of each anonymized subject. Following collection, the wet portion of the strip was

soaked in Sodium Chloride 0.9 % (NaCl 0.9 % from Sigma-Aldrich) for 1 h to elute tear proteins.

Samples were analyzed using Luminex Multiplex assay (Luminex 100/200 System, [uminex

Corporation), where the tear concentrations of 1L-6 and MMP2 were determined.

3.2. Development and performance of immunosensors for diabetic retinopathy

diagnosing based on the quantification of IL.-6 and MMP2

3.2.1. Materials and reagents

Phosphate buffer (PB, 10 mM, pH 7.4) and phosphate buffer saline (PBS, 10 mM, pH 7.4) tablets,
glycerol, bovine serum albumin (BSA), potassium ferricyanide (Ill), potassium hexacyanoferrate (l1)
trihydrate, sodium phosphate bibasic, sodium phosphate monobasic dihydrate and isopropanol (IPA)
were obtained from Sijgma Aldrich. Sulfosuccinimidyl 6-(3’-(2-pyridyldithio)propionamido)hexanoate

crosslinker (sulfo-LC-SPDP) was obtained from Fisher Scientific.

Anti-IL-6 antibody, recombinant human IL-6, and recombinant human TNF-a were obtained from

Alfagene. Anti-MMP2 antibody and recombinant human MMP2 were obtained from Biolegend.

Sterilized single dose units of NaCl 0.9 % solution were obtained from the local pharmacy.

3.2.2. Experimental setup
A three-electrode cell containing a gold WE (1,6 mm in diameter), a Ag/AgCIRE and a gold CE (C223AT

from DropSens) with an 8 mm active region is the chosen sensing system (Figure 20.a.). All electrodes

are initially cleaned with IPA and deionized milli-Q filtered water, and dried with nitrogen.

50



Gold CE

Gold 1,6 mm
diameter WE

Silver/silver
chloride RE
Ceramic substract

Silver electrical

/ contacts

Figure 20. a. Sensor layout, b. electrochemical measurements setup and c. connector.

As noted in Section 2.5.2., charge flow in electrochemical sensors depends on the existence of an
electrochemical conductor (an electrode) and an ionic conductor (an electrolyte) [20]. In this work, an
electrolyte solution consisting on 5 mM [Fe(CN)sJ>+ in 10 mM PBS is produced and used as the ionic
conductor. Because this solution is light sensitive, it was stored in an aluminum-wrapped container, and
light-proof structures were used throughout the work. Before electrochemical measurements are carried

out, 80 uL of the electrolytic solution are positioned on the sensor’s active region.

Electrochemical measurements are carried out using a potentiostat/galvanostat, equipped with a
frequency response analysis module (PGSTAT302N/FRA32M from Metrohm Autolab) controlled by NOVA
software (Figure 20.b.). The electrode is connected to the analysis equipment through a connector

positioned inside a light-proof box (Figure 20.c.).

In Section 2.5.4, it was explained how CV and EIS can be used for the monitorization of the
biofunctionalization process and for biomarker detection and quantification. CV is often used for studying
the behavior of electroactive species in solution. The widening of the diffusion layer caused by the
consecutive immobilization of biofunctionalization layers can be easily observed in a voltammogram by
the increase in AE), values. On the other hand, using EIS enables the study of the frequency influence
over the system. The resultant complex impedance plots show the capacitive and resistive forces of the
system, and their evolution through the biofunctionalization process or the attachment of the target

analyte.

CV is performed to monitor the surface biochemical modifications, using the following conditions: potential
scan from-0.4 to +0.4V, scan rate of 0.05V s. EISis used to evaluate the functionalization process and

further biomarker detection and quantification. A fixed potential of +0.125 V, with a sinusoidal
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perturbation of 5 mV (amplitude) at a frequency range from 100000 to 0.1 Hz is used. Impedance data
is fitted to a Randles equivalent circuit [R.{(CPE[R:Z4])] presented in Section 2.5.3 through the NOVA

software.

3.2.3. Immunosensors’ functionalization process

Specific biomarker detection depends on the modification of the WE. This biofunctionalization process
consists on the consecutive immobilization of 1 uL of different-function solutions in the WE, following a

protocol described next.

Each immobilization is performed in a dark and humid atmosphere. A petri dish wrapped in aluminum
foil and lined with wet paper (Figure 21) achieves such atmosphere. All sensors are dried with nitrogen
and rinsed with PB before and after each immobilization, respectively. Moreover, CV and EIS are
performed as previously described, before the biofunctionalization process (bare gold WE), and after the

immobilization of each layer, in order to monitor and optimize the process, described below.

Figure 21. Immobilization chamber a. closed and b. opened.

The firstimmobilized layer is the crosslinker that forms a self-assembled monolayer (SAM), allowing for
the covalent attachment of the biorecognition elements (antibodies) to the electrode’s gold surface (Figure

22).
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Figure 22. Formation of a SAM between the electrode's surface and Sulfo-LC-SPDP, and consequent
covalent bonding of the antibody. (1). sulfosuccinimidyl 6-(3-mercapto propionamido)-hexanoate and (2).
2-mercapto pyridine.

Sulfo-LC-SPDP is the selected crosslinker. As schematized in Figure 22, the disulfide bond breaks and
both ends bind to the bare gold surface through chemisorption, forminga SAM of mixed sulfosuccinimidyl
6-(3-mercapto propionamido)-hexanoate [Figure 22.(1)] and 2-mercapto pyridine [Figure 22.(2)]. The first
component will afterwards react with the primary amines of the antibody, resulting in a stable covalent
bond, while the second acts as a spacer between molecules and provides conductive path for charge flow

from solution to electrode surface [143,144].

The formation of a densely packed monolayer is not beneficial for the functionalization of the WE because
it dramatically increases the electrode’s R, and the consequent functionalization and detection steps
are measured with scarce sensitivity. In contrast, the formation of a less compact SAM achieved with a
crosslinker short immobilization interval allows for the efficient antibody immobilization, without saturating
the system. Additionally, as opposed to other SPDP crosslinkers, sulfo-LC—SPDP is water soluble and
suffers from hydrolysis of the sulfo-NHS ester (Figure 23), competing with the desirable amine reaction.
Therefore, an optimization process is performed to determine the sulfo-LC-SPDP immobilization interval

for a successful SAM formation, and prevent significant loss of activity [144].
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Figure 23. Sulfo-LC-SPDP suffering desirable amine reaction and non-desirable hydrolysis.

The second layer is formed by the biorecognition elements, in this case antibodies, responsible for the
nomenclature /immunosensors. Antibodies are selected for their high specificity, stability and versatility,
and for enabling the quantification of very low concentrations in complex biological matrices. The
antibodies are specific for each biosensor: for the I1L-6 biosensor, the antibody immobilized is anti-IL-6,

and for the MMP2 biosensor, the antibody immobilized is anti-MMP2.

The immobilization of bovine serum albumin (BSA) is further applied to prevent unspecific protein binding

to the antibodies, as it binds to free NHS ester groups [131].

An optimization process determines the concentrations and immobilization intervals of each
biofunctionalization layer. The first layer (sulfo-LC-SPDP) is immobilized at 10 mg mL* [131], and
immobilization intervals from 15 to 30 min are tested. The antibody layer's concentrations and
immobilization times are experimented between 0.250 mg mL* and 0.500 mg mL*, and 8 to 12 h,
respectively. The final biofunctionalization layer (BSA) is tested in concentrations ranging from 0.25 to 1
%, and time intervals from 20 to 30 min. These factors are consecutively altered until the immunosensors
can quantify IL-6 and MMP2 in the concentration ranges defined for DR diagnosis in the next section, at
which point the concentrations and immobilization intervals of each biofunctionalization layer are

considered optimal. These optimized factors are presented in Section 4.2.1.
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3.2.4. Immunosensors’ analytical performance using standard solutions with IL-6 and

MMP2 concentrations based on tears’ diabetic retinopathy critical ranges

As stated, the present immunosensors are being developed for the purpose of diagnosing DR through
biomarker profiling in minimally invasive biological fluids. As so, the calibration process uses standard
solutions containing IL-6 or MMP2 recombinant proteins in concentration ranges relevant for DR
diagnosing (previously determined by Luminex), and use NaCl 0.9 % as solvent. NaCl 0.9 % is chosen
due to its similarity with tear fluid, and because it is frequently used to recover the protein content of

tears, when they are sampled through the absorbent material method, as performedin Section 3.1 [145].

Standard solutions range the following concentrations: 1 pg mL*, 25 pg mL+, 50 pg mL1and 75 pg mL!
of IL-6 or MMP2. The calibration curves are constructed by immobilizing 1 uL of each solution for 30 min
at room temperature (RT), from the lower to the higher concentration in the WE of 6 replicate sensors.
This way, calibration curves are constructed using the average and standard deviation values. Between
each immobilization, the sensors are rinsed with milli-Q water, and electrochemical measurements are

performed using the protocol described in Section 3.2.2.

The calibration curves are plotted by means of normalized AR, as a function of the analyte’s

concentration, in pg mL!, and fitted to a linear regression. Normalized AR ; is obtained as such:

R . (analyte) — R..(BSA)
R . (BSA)

Normalized AR = (18)

The LOD is determined as the biomarker concentration in the respective calibration curve at which the

normalized AR, corresponds to:

Normalized R.; = 3 X SEMy;unx + normalized AR .(blank) (19)

In the previous equation, SE My, and normalized AR ..(blank) represent the standard error of the

mean value and the normalized AR, of pure NaCl 0.9 % [131].
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The LRs and LODs achieved with the immunosensors are then compared with the IL-6 and MMP2
concentration values obtained on the tears of healthy controls and DR patients using the Luminex method

as described in Section 3.1.

The IL-6 immunosensor is also tested in terms of specificity, by measuring the resultant normalized AR .;
when 3 different solutions are immobilized: IL-6 (10 pg mL*, in NaCl 0.9 %), a mixture of IL-6 and TNF-a
(10 pg mL*in NaCl 0.9 %), and TNF-a (10 pg mL*, in NaCl 0.9 %). Similar to the formation of the
calibration curves, 1 L of each solution is incubated at RT for 30 min before rinsing with milli-Q water.

3 replicate immunosensors are used for testing each solution.

Statistical analysis is performed using GraphPad Prism 8 (GraphPad Software Inc.). Differences between
experimental conditions are determined using T-Tests, and statistical significance is considered for P <

0.05. Results are expressed as mean value + standard error.

3.3. Comparative study between optimized immunosensors and conventional
methods for diagnosing diabetic retinopathy through quantification of IL.-6 and

MMP?2 in tears

The use of minimally invasive biological samples to quantify IL-6 and MMP2 for DR diagnosing and
monitoring purposes comes with great challenges. Tear sampling methods deliver minute volumes, and
low concentrations are found. In this section, the sample volume requirements, LRs and LODs for IL-6
and MMP2 exhibited on the protocol manuals of two conventional methods used in this dissertation
(namely Luminex and ELISA) are compared to the results achieved with the developed immunosensors
in standard solutions. All methods are critically analyzed for their ability to quantify IL.-6 and MMP2 on the

range of concentrations determined on section 3.2 for DR diagnosing in tear fluid.

3.4. IL-6 immunosensor’'s analytical performance on saliva samples and

comparison with the ELISA method

Saliva is a biological fluid collected by non-invasive means. Thus, to complement the previously described
studies, saliva samples from a non-DR population are tested to assess the biosensor’s viability using this

fluid, and its performance is compared with a conventional method, ELISA. For that, saliva samples are
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collected from 15 volunteers, using a saliva sampling kit (Salivette, Sarsted?), and following product

instructions.

An optimized protocol defined by Cruz ef a/. [131] is followed: 50 pL of each sample are used to quantify
IL-6 using the ELISA conventional method (Human IL-6 ELISA kit, Al/fagene). The increased complexity
and viscosity of the saliva samples calls for a dilution before quantification using the biosensor, in order
to avoid system saturation. An optimization process determined 1:4 as the optimal dilution factor for the
quantification of IL-6 in saliva samples using the developed immunosensor. Since the immunosensor is
calibrated with NaCl as a diluent (mimicking tear fluid), NaCl is also chosen to dilute the saliva samples.
1 pL of each diluted sample is immobilized for 30 min at RT in the WE of 3 replicate immunosensors,
before quantifying IL-6 using the protocol described in Section 3.2.2. The result obtained is then multiplied

by 4 to account for the dilution.
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4. Results and discussion

In this section, the results achieved from experimental assays are presented and a critical analysis is
made. First, tear concentrations of IL-6 and MMP2 from controls and DR patients measured with Luminex,
provided by the collaborators from the University of Coimbra, are presented and analyzed. In the next
section, the results from the immunosensors’ optimized biofunctionalization process are shown, followed
by their analytical performance measuring IL-6 and MMP2 in standard solutions prepared according to
tears’ concentration ranges obtained in the previous study. Subsequently, the performances of Luminex,
ELISA and the developed immunosensors are compared for IL-6 and MMP2 quantification. Finally, as a
complementary study, the results from the quantification of IL-6 in saliva samples using the

immunosensor and the conventional ELISA method are presented and compared.

4.1. Quantification of potential diabetic retinopathy biomarkers [L-6 and MMP2 in

tear fluid using conventional Luminex analysis

For both IL-6 and MMP?2 biomarkers, the immunosensors were calibrated in ranges determined by a
Luminex analysis of tear samples from healthy controls and DR patients, provided by the collaboration
between INL and the University of Coimbra. As previously stated, this prior quantification using a
conventional biomolecule quantification method ensured that the biofunctionalization process of the
biosensor was performed in concentrations that are meaningful and critique for DR diagnosis, given the

lack of published literature on the concentration of IL-6 and MMP2 in minimally invasive biological fluids.

In fact, the use of IL-6 and MMP2 as potential DR biomarkers has not been widely explored, justifying the
timelessness of the present work. As highlighted in Tables 1 and 2 from section 2.4, some studies have
found increased levels of these biomarkers in DR or DM patients, but these results came from invasive
biological fluids. As shown in Table 1, only one study by Liu et a/. quantified IL-6 in tear samples of DR
patients and controls [13] and, in this study, no significant difference was found between the groups.
Regarding MMP2 quantification in tear samples of DR patients, no studies were found until the date.
However, as shown in Table 2, Symeonidis et a/. found increased levels of MMP2 in tear samples of DM
patients [104]. In other biological fluids like the AH, VH and serum, IL-6 and MMP2 were correlated with
the presence or severity of DR. As mentioned in section 2.4.2, retinal pathological changes are reflected

in tears [111], and tears’ proteomic alterations are correlated with other ocular fluids’ [134].
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The Luminex results for lacrimal IL-6 and MMP2 concentrations, obtained by the University of Coimbra,
revealed a positive correlation with DR presence, as DR patients presented significantly superior

concentrations of both IL-6 and MMP2, comparing with healthy controls.

The control population showed [L-6 concentrations between 20.6 and 37.7 pg mL:, with a mean
concentration of 25.7 + 7.0 pg mL. On the other hand, DR patients’ IL-6 concentrations ranged from
34.1 to 56.7 pg mL+, with a mean concentration of 42.9 + 6.6 pg mL", which is significantly superior to
the control group (P = 0.001796 < 0.05).

Regarding MMP2, the control population featured values between 9.3 and 17.7 pg mL*, with a mean
concentration of 10.8 + 4.1 pg mL. The diseased group had concentrations between 11.6 and 23.1 pg
mL, with a mean value of 18.0 + 4.6 pg mL (P = 0.0276 < 0.05), which was also significantly higher

than the control population’s mean value.

These results are of utmost importance because they showed a tendency for increased concentrations of
IL-6 and MMP2 in the tears of DR patients, making them two biomarkers potentially powerful for a
biomarker-based molecular diagnosing of DR in a minimally invasive biological fluid. Even though few
previously reported studies found altered levels of these two biomarkers in DR and DM, the present
analysis has never been done before, to the author’s knowledge. The quantification of these biomarkers
could be seen as a complementary method, bringing objective and quantitative data to the conventional
diagnosing process, which relies on the subjective analysis of imaging techniques performed by
specialized technicians [9]. As mentioned in section 2.4.4, the quantification of two biomarkers instead
of a single one is preferable, increasing specificity to the disease [11]. Future work may include the
development of additional antibody-based biosensors, for other DR-related biomarkers. Moreover, these
results highlight the viability of developing a multiplex system for the simultaneous quantification of IL-6,

MMP2 and other DR biomarkers in the future.

The concentration ranges found in the present section were the basis for the development, calibration

and performance analysis of the immunosensors, described in the next sections.
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4.2. Development and performance of immunosensors for diabetic retinopathy

diagnosing based on the quantification of IL-6 and MMP?2

4.2.1. Immunosensors’ functionalization process

In this section, the functionalization process results are discussed. As exposed in section 3.2.3, the
biofunctionalization layers were immobilized to the WE according to an optimization process. During this
process, the concentrations and immobilization intervals were consecutively altered until the
immunosensors were able to quantify IL-6 and MMP2 in the pretended ranges, and thus considered

optimal. Figure 24 shows a schematic representation of the optimized biofunctionalization process.

Self-assembled
monolayer formation

SulfoLC-SPDP > gs S g > >
20 min, RT
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Antibody Overnight, 4°C
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Figure 24. Schematic representation of the immunosensors’ optimized functionalization process.

As can be noted in Figure 24, the sulfo-LC-SPDP was the first layerimmobilized to the WE to achieve the
formation of a SAM, followed by the immobilization of the antibody layer, and finally the BSA to block
unspecific bonds. Tables 5 and 6 present the optimized concentrations and immobilization intervals for

each functionalization layer for the IL-6 and MMP2 immunosensors, respectively.
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Table 5. Optimized characteristics of the IL-6 biosensor functionalization process.

Concentration Concentration Immobilization time Immobilization temperature
Sulfo-LC-SPDP 10 mg mL» 20 min RT
Anti-IL-6 0.250 mg mL! Overnight 4°C
BSA 0.25% 30 min RT

Table 6. Optimized characteristics of the MMP2 biosensor functionalization process.

Concentration Concentration Immobilization time Immobilization temperature
Sulfo-LC-SPDP 10 mg mL* 20 min RT
Anti-MMP2 0.250 mg mL+ Overnight 4°C
BSA 0.25% 20 min RT

As can be observed, the three layers of the biofunctionalization process, for both the IL-6 and MMP2
biosensors, varied subtly. For their resemblance, and for simplification purposes, these functionalization

steps will be presented and discussed together.

As exposed on Section 3.2.3, CV and EIS were the techniques used to evaluate and monitor the chemical

modifications performed on the gold WE, regarding electron transfer kinetics and redox processes.

The correct formation of a sulfo-LC-SPDP SAM, and subsequent layers were monitored and confirmed by
the analysis of the CV voltammograms and EIS. The analysis of the wave peak-to-peak potential difference

(AE}), given by the difference between the anodic (E), 4) and cathodic (E, ) peaks of CV, was used to

study the functionalization process. Figure 25 illustrates a voltammogram from the biofunctionalization

process.
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Figure 25. CV of the different immobilization steps of a representative optimized immunosensor.

The scan starts and the potential sweeps forward into more positive, oxidative potentials. In an initial
stage, the [Fe(CN)s* remains in the reduced form, as the potential is not sufficient to oxidize it into
[Fe(CN)sJ>. When the onset of oxidation is reached, the current increases exponentially as oxidation occurs
in the vicinity of the electrode surface. A linear increase is then observed as there is still abundant
concentrations of the reduced form near the electron surface, within the diffusion layer. As the reduced
form gets depleted and the diffuse layer extends, the current response decreases from linearity and

reaches a maximum peak (anodic peak current, i,, ;) at the anodic peak potential (E, 4). At this point,

the current increase caused by more positive potentials is counterbalanced by a decreasing flux of analyte
caused by the distance to the electrode surface. Hereafter, the current is limited by the mass transport
of the [Fe(CN)s]* species from the bulk solution to the diffusion layer, resulting in a decrease in current

until a steady-state is reached, where further increases in potential no longer reflect on the current value.

As the potential is reversed towards more negative values, a re-reduction process of [Fe(CN)¢]> species
that were accumulated at the electrode surface starts. This process mirrors that for the oxidation, but

with an opposite scan direction and a cathodic peak current (i, .) correspondent to a cathodic peak
potential (Ey, ). The reversible nature of this process reflects in equal magnitudes of the peak currents
(with opposite signs). The difference between the peak potentials (AE,) is caused by the diffusion

limitation.
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The modificationand biofunctionalization of the WE results in a wider diffusion layer, making it harder for

the [Fe(CN)]>+ species to reach the electrode surface. As a result, the AE,, value increases with each

immobilization step, as can be observed in Table 7. Moreover, the absolute values for the anodic and
cathodic current peaks decrease as a result of an increased resistance to charge-transfer, indicating

suitable surface modification. According with published literature, this increase in AE,, and decrease in

peak current is typical, and characterizes a successful biofunctionalization process [146].

Table 7. Anodic and cathodic peak potential variations of a representative optimized immunosensor.

Bare Gold Sulfo-LC-SPDP Antibody BSA
AE, (mV) 80,6 85,6 100,7 141,0

Figure 26 shows the Nyquist plots of the functionalization steps. The circular symbols correspond to
experimental data. As enounced before, this data was fitted to a modified Randles circuit, Rs(CPE[RZ4]),
to model the physicochemical process occurring at the surface of the WE, using the NOVA software. The

results for the equivalent circuit are also represented in Figure 26 by solid lines.
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Figure 26. Nyquist plots of the differentimmobilization steps of a representative optimized immunosensor.
Symbols represent experimental results, and lines represent respective equivalent circuit results.
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The use of the Randles equivalent circuit is validated by the agreement between the experimental and
fitted data observed in Figure 26, which allows for the extrapolation of the different electrical components’
values, through simulation using the NOVA software. As explained in section 2.5.3, R; represents the
resistance to charge-transfer, which means that its increase correlates with electron transfer blockage.
Consequently, R is the most commonly used parameter to evaluate the concentration of a molecule of

interest, and in the present work was used for biomarker detection and quantification [20].

For the small semicircle component of the bare gold’s Nyquist plot and large diffusion-controlled region,
a fast electron-transfer process occurs on the un-functionalized WE. By the immobilization of Sulfo-LC-
SPDP, the SAM formation widens the diffusion layer between the bulk electrolyte solution and the
electrode surface, resultingin a slightly increased R .¢. The biofunctionalization with the antibody and BSA

further insulate the WE, resulting in further increases of the R, value [20,146,147].

The impedance module and phase angle can also be displayed separately in bode plots, as a function of

the frequency applied. Figure 27 shows bode plots of the biofunctionalization process.
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Figure 27.Bode plots of the biofunctionalization process of a representative optimized immunosensor, a.
representing the module and b. the phase angle.

The impedance was used for observing the interfacial mechanisms of the electrode. For frequencies
below 100 Hz, the system’s impedance value is determined by the capacitive behavior of the electrode,
which acts as an open circuit for very low frequencies, and decreases its impedance value with increasing
frequencies. As so, its magnitude increases with each functionalization step in this section of the xaxis,

because the double layer’s resistive property was increased by a denser and thicker isolation layer [148].
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At higher frequencies, the solution’s resistance to diffusion starts to influence the magnitude ofimpedance
and the conduction of ions in the bulk solution dominates the signal. These results are confirmed by the
phase angle, which tends to zero (characterizing purely resistive processes), for frequencies above 10
kHz. When lower frequencies are applied, the phase angle shifts to more negative values, manifesting the
capacitive behavior of the immunosensor functionalization. For each consecutive immobilization step,
lower phase angles are reached. Since the -90 ° hallmark is never registered, it can be concluded that
the formed system between the electrode surface and the assembled layers behaves as an imperfect
capacitor. Upon the initial frequencies applied below 10 Hz, the phase angle tends to -45 °, characteristic

of diffusion limited processes [20].

Although capacitance increases with charge accumulation on the electrical double layer, the current
obtained from this process is non-Faradaic as it results from charge-discharge processes. Since a redox
probe is used in these measurements, the Faradaic current resultant from the redox reactions will prevail
and impose the impedance value. As so, the formation of biofunctionalization layers that increasingly
block the access of the redox probe to the electrode surface therefore increasing the resistance to charge

transfer can be assumed as dominant and responsible for the impedance value.

Overall, the presented electrochemical data confirm the successful immunosensor modification and
biofunctionalization with the SAM, antibody and BSA layers. Hereon, the IL-6 and MMP2 biosensors will

be addressed separately, for the immunosensors’ analytical performance analysis.

4.2.2. Immunosensors’ analytical performance using standard solutions with IL-6 and

MMP2 concentrations based on tears’ diabetic retinopathy critical ranges
As explained in section 3.1, the tear samples used for the Luminex analysis were collected using an
absorbent material, that was subsequently eluted in NaCl 0.9 % to recover tear protein content. It is also
known that NaCl 0.9 % is a solution comparable to the tear matrix, frequently used as lubricant or cleaning

agent [145]. Thereat, NaCl 0.9 % was used as a medium to perform all analytical performance analysis.

Increasing concentrations of IL-6 and MMP2 were diluted in NaCl 0.9 % (according to IL.-6 and MMP2
range values found in healthy individuals and DR patients in Section 4.1) to construct calibration curves
as the increase of the normalized AR, value relative to BSA. Since literature lacks IL-6 and MMP2

expected concentrations in minimally invasive biological fluids of DR patients, the range of concentrations
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selected for the developed immunosensors included values above and below those obtained by Luminex

in Section 4.1, from 1to 75 pg mL.

Nyquist plots for the IL-6 and MMP2 immunosensors and correspondent calibration curves obtained by

plotting the normalized AR ; as a function of the analyte’s concentration in pg mL+, are represented in

Figure 28.
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Figure 28. Representative Nyquist plots and respective calibration curves: a. and b. IL-6 immunosensor,
c. and d. MMP2 immunosensor.

Linear responses were achieved for normalized AR, values correspondent to IL-6 and MMP2

concentrations between 1 and 75 pg mL*. The IL-6 immunosensor’s equation for normalized AR as a

function of IL-6 concentration was:

Normalized AR, = 0.006918 x [IL — 6] + 0.2629 (20)
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achieved with a coefficient of determination (R?) of 0.98, revealing appropriate fitting of the calibration

curve to linear regression.

For the MMP2 biosensor, R? was also appropriate (0.99), and the equation for normalized AR, as a

function of MMP2 concentration was:

Normalized AR, = 0.004446 X [MMP2] + 0.2045 (21)

The abovementioned results show that the developed immunosensors are able to quantify IL-6 and MMP2
concentrations in standard solutions based on NaCl 0.9 %, between values that were determined for DR

diagnosing and monitoring in minimally invasive biological fluids, using only 1 L of solution.

As stated, the goal of the developed immunosensors is to enable IL-6 and MMP2 quantification in
minimally invasive biological fluids of healthy controls and DR patients, for diagnosing purposes. In section
4.1, the range of I1L-6 and MMP2 concentrations found in the tears of healthy controls and DR patients
was presented, resultant from Luminex analysis. Table 8 compares the concentrations previously
obtained in the tears of healthy controls and DR patients, with the immunosensors’ LRs and LODs, to

assess if they are suitable for quantifying IL-6 and MMP2 in DR critique ranges.

Table 8. Comparison between tear concentrations of IL-6 and MMP2 in healthy controls and DR patients
determined by Luminex analysis, and the biosensors’ LRs and LODs.

IL-6 (pg mLy) MMP2 (pg mL+)
Concentration range
in healthy controls 20.6 - 37.7 9.3-17.7
(Luminex analysis)
Concentration range
in DR patients 34.1-56.7 11.6-23.1
(Luminex analysis)
Biosensor'sLR 1-75 1-75
Biosensor's LOD 0.8 0.6
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Tears' IL-6 and MMP2 concentrations previously found in both healthy controls and DR patients are within
the immunosensors’ analytical profiles. Moreover, the immunosensors’ LODs are much lower than the
minimum concentrations found in healthy controls, which is important because of the lack of guidelines
for IL-6 and MMP2 values in DR patients’ minimally invasive biological fluids. These immunosensors’

analytical profiles are, therefore, suitable for the quantification of IL-6 and MMP2 concentrations in ranges

found critical for DR diagnosing.

Moreover, to assess the biosensors’ specificity in respective biomarker detection, the IL-6 immunosensor
was tested with three standard solutions, using NaCl 0.9 % as solvent. The first solution contained only
the targetanalyte IL-6 (10 pg mL+), the second solution contained a mixture of IL-6 (10 pg mL*) and TNF-
o (10 pg mL?), and the third solution contained only TNF-ot (10 pg mL+). The results for this experiment

are illustrated in Figure 29.

Normalized ARct

Figure 29. IL-6-immunosensor specificity test. The plus and minus signs represent the presence and
absence, respectively, of the respective biomarker in solution. The red dashed line represents the sensor’s
LOD, previously determined.

Statistically significant differences were observed when comparing solutions where the target analyte IL-
6 was present (first and second columns from Figure 29) with the solution where IL-6 was absent (third
column from Figure 29), confirming that the developed immunosensor is able to distinguish between

presence and absence of the target analyte. On the other hand, no statistically significant difference was
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found between the two solutions containing IL-6 (first two columns from Figure 29), which showed that
the immunosensor was able to identify the target analyte, despite the presence of TNF-a in solution.
Moreover, no statistically significant difference distinguished the TNF-a solution (third column from Figure
29) and the immunosensor’s LOD determined previously, and marked as a red dashed line in Figure 29.
Thereafter, the absence of the target analyte produced a response that was statistically equivalent to the
LOD. These results showed that the IL-6 immunosensor was able to detect IL-6 in solutions, in a specific
way, regarding TNF-a. and the concentration tested [131]. In the future, testing the sensor’s specificity

for other biomarkers (including MMP?2), and different concentrations is envisioned.

4.3. Comparative study between optimized immunosensors and conventional
methods for diagnosing diabetic retinopathy through quantification of IL-6 and

MMP?2 in tears

DR diagnosing and monitoring through the molecular profiling of minimally invasive biological fluids is a
very challenging matter. Not only do tears bring a scarceness of sample volume, they also have very low
protein content, and biomarkers are usually at much lower concentrations than in other body fluids [127].
Accordingly, techniques adequate for tear profiling need to require very low sample volumes, and to be

able to achieve very low concentrations.

Table 9 compares the sample volume requirements, LR and LOD achieved using conventional
biomolecule quantification techniques, namely Luminex and ELISA, for the quantification of IL-6 and
MMP2 biomarkers in biological samples (obtained from the protocol manuals), and with the
immunosensors developed in the present dissertation using standard solutions, according to the

concentration ranges obtained by the Luminex analysis of healthy controls’ and DR patients’ tears.
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Table 9. Luminex 1sELISA vsBiosensor for the quantification of IL-6 and MMP2, regarding sample volume
requirements, LR and LOD.

Biomarker Parameter ELISA Luminex Biosensor

Sample volume

50-100 50 1

required (uL)
IL-6
LR (pg mL~) 2-200 7 - 5000 1-75
LOD (pg mL?) 2 0.36 0.8
Sample volume

50-100 50 1

required (uL)
MMP2

LR (pg mL-) 156 - 10000 100 - 100000 1-75
LOD (pg mL?) 43.8 3.8 0.6

As mentioned in section 2.4.2, tear samples can be collected by a capillary tube or through the insertion
of an absorbent material in the subject’s eye, and subsequent elution for the recovery of tear content.
Both methods depend on the subject’s tear production rate. The capillary method delivers a volume
between 2 and 10 pL per eye, while the second achieves between 20 and 60 L of sample [149]. Tear
production is considered normal when at least 40 L are extracted by the second method, and abnormal
for smaller volumes [150]. It has already been noted that the first method delivers the purest result, free

of mucous layer cells.

ELISA assays can be optimized to enable the biomarker quantification in a 50 yL sample, but commonly
require 100 UL to do so [118]. The protocol used in this dissertation was optimized by Cruz efal. [131],
and only required 50 pL of tear sample, enabling the use of the Schirmer’s strip for biomarker
quantification, when the subject’s tear production is high enough to achieve that amount of fluid. However,
ELISA assays can only quantify one biomarker at a time, meaning that a 50 uL tear sample volume
resultant from a single collection would result in the quantification of a single biomarker. Duplicate (or
further) analysis is, therefore, disabled for this method. When the capillary method is used for sampling,
the volume obtained is not enough to fulfill the optimized requirement of 50 L, disabling the use of the
ELISA method to analyze the samples collected by these means. For the mentioned arguments, ELISA is

not a truly adequate method for tear sample profiling, in terms of volume requirements.

On the other hand, Luminex is a multiplex technique, which means that a single sample of 50 uL can

quantify a large number of biomarkers [119]. 50 uL of tear fluid can be collected through the absorbent
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material method, as performed by the University of Coimbra. As with ELISA, however, not all subjects
deliver this amount of fluid. The sample volumes resultant from capillary collection are also not adequate

for Luminex analysis.

Similar to the ELISA method, at this stage, the biosensor can only quantify one biomarker at a time.
However, minute sample volume requirements of a single pL per test enable the use of both collection
techniques, repeated analysis and multiple biomarker assessment. Additionally, the presented systems
can, in the future, be incorporated into a multiplex system, using microfluidic strategies to quantify IL-6,
MMP2 and possibly other biomarkers in a minute volume of tear fluid. It is important to note that, as
mentioned earlier in Section 2.4.2, DR often coexists with dry eye syndrome and other conditions that
affect the patient’s tear production. As so, the need for minute sample volumes is a great advantage for

the use of the proposed biosensors.

When it comes to LRs and LODs, the ELISA method quantifies concentrations between 2 and 200
pg mL1and has a LOD of 2 pg mL for IL-6, which, as noted in Section 4.1, is adequate for DR diagnosing.
However, ELISA MMP2 assay has an optimum detection range between 156 and 10000 pg mL+, and the
lowest value detectable at 43.8 pg mL:. These values make the ELISA method unsuitable for the
guantification of tears’ MMP2 concentrations for DR diagnosing, since the minimum value detected by
ELISAis higher than the maximum value found in the tears of DR patients, reported previously in Section

4.1 as23.1 pgmlL.

Regarding Luminex, the LR for IL-6 quantification stands between 7 and 5000 pg mL+, with a LOD of
0.36 pg mL. These values are accordant with healthy subjects’ and DR patients’ tear IL-6 concentrations.
However, for MMP2 quantification, even though the LOD is 3.8 pg mL-, the optimal detection LR goes
from 100 to 100000 pg mL*, which means that, even though it is able to detect small concentrations
found in DR’s patients and controls, Luminex does not deliver its best accuracy for MMP2 concentrations

below 100 pg mL+, and consequently, for DR critique ranges in minimally invasive biological fluids.

With LRs between 1 and 75 pg mL+, and LODs of 0.8 and 0.6 pg mL for IL-6 and MMP2, respectively,
the developed immunosensors have LRs and LODs that include all concentrations found in the tears of
healthy subjects and DR patients. Minimum values found in tears are within the optimal LR for both
immunosensors, and comparing with either ELISA or Luminex, the upper limits of the LRs are closer to

the maximum values detected in tears.
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Taking into account all the abovementioned arguments, the immunosensors show high potential for DR
diagnosing through IL-6 and MMP2 biomarker quantification in tear fluid. They are the only method where
samples collected through both sampling methods are viable, and their LRs and LODs are more suited
for the quantification of DR critical concentrations in tears, than the ELISA and Luminex assays.
Additionally, their high performance in very low concentrations allows for sample dilution, with less risk
of the lower concentrations falling below the minimum optimal reading values. This brings an enormous
advantage, as tear’s collection rates are one of tear analysis’ downfalls, allowing repeated multiplex
analysis. Additionally, the use of the immunosensors enables their integration in an affordable multiplex

portable device, for a fast /n situ POC measurement.

4.4, |L-6 immunosensor’'s analytical performance on saliva samples and

comparison with the ELISA method

As a complementary study using minimally invasive fluids, the IL-6 immunosensor’s performance was
tested in 15 saliva samples from a non-DR population, and compared with the results obtained with the
ELISA method. Saliva sampling is even less discomfortable for the patients than tear sampling, and it has
been used for biomarker analysis purposes [14]. When comparing with tears, saliva’s anatomical position
in the body is further away from the retina, which makes local ocular alterations less likely to be detected
in saliva than in tear fluid. Moreover, as previously stated in Section 3.4, saliva is a complex and viscous
fluid, and therefore, an optimization process resulted in a 1:4 dilution factor in NaCl 0.9 % of the saliva
samples, to avoid system saturation, before following the protocol presented in Section 3.2. Table 10
compares the results for IL-6 concentration in saliva samples obtained with the ELISA method and the IL-

6 immunosensor.
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Table 10. ELISA vs IL-6 immunosensor results for the quantification of IL-6 in 15 saliva samples. n.d.
stands for not detected.

Sample ELISA (pg mL?) Biosensor (pg mL+)

1 n.d. n.d.

2 n.d. n.d.

3 n.d. n.d.

4 2.2+0.1 2.1+0.1
5 24+0.1 25+0.4
6 3.6+0.5 36+0.5
7 2.3+0.7 2.1+0.2
8 35+04 3.3+0.5
9 2.3+0.2 2.8+0.5
10 n.d. 2.2+0.1
11 n.d. 1.5+0.1
12 n.d. 1.3+0.1
13 n.d. 2.0+0.1
14 n.d. 1.4+0.2
15 n.d. 1.6+0.1

In samples 1 - 3, no IL-6 was detected in both measuring instruments. For that reason, it can be
concluded that these samples had a null IL-6 concentration, or it was lower than the lowest LOD achieved

for both techniques: 0.8 pg mL*, which belonged to the immunosensor.

When testing samples 4 - 9, both ELISA and the immunosensor were able to detect IL-6 in low
concentrations, and similar results were obtained. One can conclude that the immunosensor’s

performance matches ELISA’s performance, within this range.

Samples 10 - 15 unveiled the immunosensor’s superiority to ELISA. In this range of concentrations, the
conventional method failed to detect IL-6 in the samples, as they were very close or inferior to its LOD for

IL-6 (2 pg mL). On the contrary, the biosensor was able to quantify these very low concentrations.

This test validates the use of this biosensor for quantifying IL-6 in clinical saliva samples with [L-6

concentrations between 0.8 and approximately 4.0 pg mL. The biosensor matched the conventional
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ELISA method'’s performance for detecting low concentrations of IL-6 that were within the reading range
of the conventional method, and even surpassed it in terms of LOD, accomplishing the quantification of
very low concentrations of IL-6 in saliva samples, undetected by ELISA. As exposed in Section 2.4, the
quantification of IL-6 in minimally invasive body fluids obtained from DR patients is almost unexplored,
and therefore there are no guidelines for the concentrations to expect. Moreover, the present section
shows that IL-6 is present in saliva samples at very low concentrations. The presence of DR could result
in increased |IL-6 concentrations. However, as stated, the distance of this fluid to the retina would probably
result in very subtle alterations. Accordingly, the high sensitivity of the immunosensor in very low 1L-6
concentrations could be a major factor for the potential use of saliva for the diagnosis and monitoring of

DR.

74



5. Concluding remarks and future work

In this final section, the concluding remarks regarding DR's problematic factors and all experimental
procedures applied in the present dissertation for the development and optimization of IL-6 and MMP2
immunosensors for the diagnosis of DR through minimally invasive biological fluids are stated. Finally,
some suggestions are made as future work to continue the development of the presented high potential

technology.

5.1. Concluding remarks

DR, classically regarded as a microvascular disorder of the retina, is the most common complication
arising from DM and the leading worldwide cause of acquired vision loss in working-aged adults. It

progresses silently for a long period of time, with a significant percentage of its patients left undiagnosed.

Most of the treatments are applied at later stages of the disease when vision is already affected, and none
of them are fully capable of attenuating clinical progression or reversing damage to the retina. Moreover,
they are ineffective in a large proportion of DR patients. Early detection of subclinical DR represents an

urgent and unmet need in providing timely recognition and management for patients.

Technologies used to assess and monitor DR progression have been improving over the past years, and
many novel biomarker-based technologies have been explored to answer the difficulties of conventional
diagnosing methods, that are rather complex expensive technologies solely based on the qualitative
evaluation of ophthalmic images, that require specialized professionals, do not take into account the
complete spectrum of DR-caused alterations, and deliver a subjective evaluation. Affordable POC
diagnosing and monitoring technologies would vastly improve diagnostic performances and relieve health
services from avoidable costs associated to this complication. Moreover, the use of minimally invasive
biological fluids to identify DR risk patients could significantly improve the visual outcome of patients with

DM.

Tears are a minimally-invasively acquired sample that reflect pathological ophthalmic alterations. The use
of this fluid enables continuous monitoring and comparison with a control population. Scantiness of fluid
and low protein concentrations are, however, the downfalls of tear molecular profiling. Saliva is another
biological fluid that can be collected causing even less discomfort to the patient than tear sampling. Even
though it has been more explored as a biomarker source fluid for oral conditions, and it is not an ocular

fluid, some studies have found altered biomarker concentrations in DR patients’ saliva.
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IL-6 and MMP2 are two proteins that have been linked with DR, and can potentially be used for diagnosing,
monitoring and stratification. However, very few studies have quantified IL-6 and MMP2 in minimally
invasive biological fluids, making the present study very relevant and timely for the DR research field. A
collaboration with the University of Coimbra revealed a positive correlation between IL-6 and MMP2
concentration in tears, and DR presence, using a conventional method for biomolecule quantification,
namely Luminex. A total of 14 tear samples were analyzed. Tears’ |IL-6 concentration ranged from 20.6
to 37.7 pg mL" in the control population, and from 34.1 to 56.7 pg mL* in DR patients. The mean
concentration value was 25.7 + 7.0 pg mL* and 42.9 + 6.6 pg mL* for controls and DR patients,
respectively, which corresponded to a statistically significant difference (P=0.001796 < 0.05). Regarding
MMP2, the control population featured IL-6 tear concentrations between 9.3 and 17.7 pg mL+, with a
mean value of 10.8 + 4.1 pg mL+, while the DR population featured concentrations between 11.6 and
23.1 pg mL* and a mean value of 18.0 + 4.6 pg mL, with another statistically significant difference
distinguishing the two groups (P = 0.0276 < 0.05). These results showed great potential for the use of
IL-6 and MMP2 quantification in tear samples as a quantitative factor for the diagnosing and monitoring

of DR.

The biofunctionalization of IL-6 and MMP2 immunosensors was achieved and monitored using CV and
EIS, and the experimental data was fitted to a Randles equivalent circuit where system components and
interactions were simplified. The biofunctionalization layers consecutively immobilized to the surface of
the WE were a cross-linker (sulfo-LC-SPDP), meant to create a SAM and react with the second
biofunctionalization layer comprising antibodies as biorecognition elements, to achieve specific biomarker
detection. The third and final biofunctionalization layer immobilized was the BSA, that prevented
unspecific protein binding to the antibodies. Calibration curves for the IL-6 and MMP2 immunosensors
were constructed using standard solutions of either IL-6 or MMP2, respectively, with concentrations
ranging from 1 to 75 pg mLin NaCl, considering the concentration ranges obtained with Luminex, and
achieved LODs of 0.8 pg mL: for IL-6 and 0.6 pg mLfor MMP2, using only 1 uL of solution. NaCl 0.9 %
was the solvent used for the standard solutions since it was also used for eluting and recovering tear
components upon sampling, and because it is a solution that is similar to tear matrix, frequently used to
lubricate and clean the eye. These curves were fitted to a linear regression with Rz 0.9809 and 0.9864

for IL-6 and MMP2, respectively.

The developed immunosensors’ LRs and LODs were compared to the IL-6 and MMP2 concentrations

found in the tears of heathy controls and DR patients, and considered suitable for DR diagnosing
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purposes. The IL-6 immunosensor was further tested to assess its specificity, which was confirmed with
the presence of IL-6 being detected despite the presence of TNF-a, and no significant signal resultant
from IL-6 absence in solution. As exposed previously, tear profiling comes with demanding challengesin
terms of LOD and very low sample volumes. The proposed immunosensors were, therefore, compared
in terms of sample volume requirements, LR and LOD with the characteristics presented on the manuals
of two conventional biomolecule quantifying methods, namely Luminex and ELISA, to assess which
technique is best suitable for IL-6 and MMP2 quantification in tear fluid for DR diagnosing and monitoring.
For IL-6, both ELISA and Luminex had adequate LRs and LODs for DR critique values in tears. For MMP2,
ELISA's LR and LOD revealed to be unsuitable for DR diagnosing in tear samples. On the other hand,
Luminex has an adequate LOD, but the LR for which it delivers optimal results comprises values above
the maximum MMP2 concentration quantified in DR patients’ tears. Analyzing sample volume
requirements, both the ELISA (50 - 100 uL) and Luminex (50 pL) methods are only suitable for analyzing
samples collected with the absorbent material method. However, it is important to note that DR is
commonly accompanied by dry eye syndrome, and not all subjects reach the 50 uL sample volume
hallmark needed for the use of either of these conventional methods. In contrast, the biosensor requires
a minute sample volume of 1 uL per test, making it suitable for all tear sample collection methods. Also,
repeated analysis of multiple biomarkers is enabled, and low LODs allow for sample dilution. This proves
the proposed biosensing systems to have high potential for IL-6 and MMP2 quantification in tear samples

for DR diagnosing purposes, when compared with the analyzed conventional techniques.

As a complementary study, the IL-6 biosensor was tested in 15 saliva samples, and the results were
compared with the conventional biomolecule quantification ELISA method. The outcomes were very
promising for the immunosensor, since it was able to match ELISA’s performance in concentrations
detected with this method, and surpassed it for very low concentrations, managing to quantify the
concentration of 6 saliva samples that were undetected with the conventional method. This ability to reach
very low concentrations is especially important because there is no information regarding salivary 1L-6
concentrations in DR. Since saliva is also a non-invasive biological fluid, the present work shows great
potential for the use of this fluid, not only for DR, but for biomarker analysis in other diseases. The analysis

of saliva could complement tear profiling for the management of DR.

In conclusion, two biosensing systems were presented. They proved to be capable of measuring IL-6 and
MMP2 concentrations found to be critical for DR diagnosis, using minute sample volumes. It is also

important to note that these immunosensors can be integrated into a portable multiplex system, for an
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in situ simultaneous analysis of multiple biomarkers, that is much cheaper and simpler than the
conventionally used techniques, and does not require a trained professional to perform. This opens the
doors for a simple, fast and quantitative analysis technology to emerge, improve and personalize DR

diagnosis.

During this project, a Progress Report paper entitled “Minimally invasive molecular sensing for improved
diagnosis of diabetic retinopathy” was written by Maria Vieira, Vanessa F. Cardoso, Mariana Carvalho,
Antonio F. Ambrosio, Rosa Fernandes and Inés M. Pinto and submitted to a high impact Journal:
Advanced Biosystems (Annex B). Also, a research paper entitled “IL-6 and TNF-a salivary levels in children
with mental health problems: a lab-on-a-chip for immune quantification” by Andrea Cruz, Maria Vieira et
al.is in preparation. The market value for this project was confirmed by its selection for the 2020 edition
of the University of Porto’s Business Ignition Programme, where a business model has been designed for
a DR-chip. The agenda, participating groups and aims of this programme can be consulted in

bip.up.pt/bip-2020.

5.2.  Future work

The present work shows promising results on the potential use of a biosensing device for DR diagnosis,
stratification and monitoring, through minimally invasive biological fluids’ biomarker profiling. However,

further investigation is still required, namely:

= The functionalization and optimization of a variety of different biomarkers for DR diagnosis;

= Specificity analysis for a larger variety of biomarkers;

= (Clinical validation in minimally invasive biological fluids;

=  Profiling of a larger population of healthy controls and DR patients, in different disease stages, in
order to define standard values;

=  Construction of a multiplex system, using microfluidic approaches for simultaneous multiple
biomarker analysis;

= Design of an artificial intelligence system to conjugate the conventional (structural) and molecular
(quantifiable) data for a multi-factor personalized diagnosis of DR;

= Translation of this technology to other diseases and strategic fluids.
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interventions, and retinal laser photocoagulation, are inefficient on halting disease
progression in a significantly high percentage of patients and have many associated
risks. Such treatments are applied mostly in the advanced stages of DR. Nevertheless,
recent studies have shown that anti-vascular endothelial growth factor (anti-VEGF)
based therapy could potentially limit DR progression if applied at early stages,
highlighting the importance of early disease diagnostics.
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Question Response

Please submit a plain text version of your Dear Dr. Kerstin Brachhold,

cover letter here.
Following our email exchange and your positive feedback about the potential interest
of Advanced Biosystems on our study, we are submitting our manuscript entitled
“Minimally invasive molecular sensing for advanced diagnosis of diabetic retinopathy”
for publication as a Progress Report.
Diabetic retinopathy (DR) is the most common diabetic eye disease and the leading
cause of vision loss and impairment in working-aged adults. It progresses from mild to
severe non-proliferative or proliferative diabetic retinopathy based on several factors
including the magnitude of blood-retinal barrier breakdown, and neovascularization. In
the past few decades, optical coherence tomography angiography has proved its utility
for quantifying retinal and optic nerve changes in patients with retinal diseases, which
has vastly improved DR diagnostics. Dilated indirect ophthalmoscopy coupled with
biomicroscopy and seven-standard field stereoscopic 30° fundus photography are also
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accepted methods for examining DR. However, all these methodologies are solely
based on morphological examination of the retinal vascularization, and are not suitable
for point-of-care and recurrent evaluation. This raises the need for new technologies to
enable early and quantitative diagnosis of diabetic retinopathy.

In this progress report, we critically discuss the possibility to infer an earlier diagnosis
of DR from direct and minimally to non-invasive molecular profiling of the eye. We will
provide an overview on recently developed molecular based-technologies for
quantitative label-free assessment of DR biomarkers in tears (and also in urine and
blood), such as diffusometric, optoelectronic and electrochemical immunosensors and
immunosorbent assays and discuss their potential clinical application for point-of-care
DR diagnostics and monitoring.

Thank you for your consideration.
With kind regards,

Inés Mendes Pinto, PharmD, PhD
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