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Abstract

La broncopneumopatia cronica ostruttiva (BPCO) ¢ una malattia comune e trattabile, che
comporta una limitazione del flusso aereo e un’infiammazione polmonare. Oggigiorno la
sua diffusione cresce rapidamente tanto che 1’Organizzazione Mondiale della Sanita ha
stimato diventera, entro il 2030, la terza causa di mortalita nel mondo. Esacerbazioni e
comorbidita contribuiscono alla gravita complessiva dei singoli pazienti. Al giorno d’oggi,
il Gold Standard utilizzato per la diagnosi della BPCO ¢ la spirometria, considerato come
un test non invasivo ma fortemente dipendente dallo stato fisico del paziente. Gli studi piu
recenti si concentrano, invece, a valutare il ruolo di alcuni Biomarcatori coinvolti nei processi
di inflammazione della BPCO come le proteine Interleuchina -6 (IL-6 ), Interleuchina -
8 (IL-8), Metalloproteina- 8 (MMP-8), Metalloproteina- 9 (MMP-9), Fattore di Necrosi
Tumorale ¢ (TNF-), Elastasi Neutrofila (NE) e la Proteina C-Reattiva (CRP). 1l fine €
quello di valutarne il loro ruolo diagnostico. I campioni di fluidi corporei piu studiati sono il
sangue e la saliva. E’ stata osservata la possibilita di differenziare una persona sana da una
malata basandosi sulla concentrazione, nel campione fluido, dei Biomarcatori citati; la loro
concentrazione media tende inoltre ad aumentare nei giorni precedenti ad un’Esacerbazione.
Da queste nuove scoperte nasce 1’esigenza di creare un metodo di analisi, che si avvalga
dell’utilizzo delle nuove tecnologie ‘ Point-of-Care’ (PoC) e di campioni non invasivi come
la saliva, al fine di garantire la prevenzione e il follow-up del paziente. In questa tesi viene
proposto il modello di un dispositivo ottico microfluidico in polimetilmetacrilato (PMMA),
che analizzi la concentrazione di un cluster di tre Biomarcatori in un piccolo volume di
saliva. Il dispositivo di analisi appartiene alla classe PoC, e si propone di utilizzare materiali
innovativi come i Quantum Dots e fototransistori ibridi di grafene. Il dispositivo proposto
¢ stato testato numericamente nel software di simulazione COMSOL Multiphysics 5.3.a.
Un suo possibile processo di fabbricazione, la soft-litografia, ¢ stato testato in laboratorio.
Inoltre, ¢ stata valutata e studiata la concentrazione di IL-8 nella saliva di 5 persone sane,
utilizzando il convenzionale ELISA Kit per le analisi di laboratorio. I risultati ottenuti
nell’analisi numerica microfluidica mostrano il possibile funzionamento del dispositivo per
effetto capillarita. Il processo di fabbricazione studiato si ¢ dimostrato facile da eseguire

ed a basso costo, caratteristiche fondamentali per una produzione di massa del dispositivo



proposto. I test di saliva hanno invece dimostrato e confermato che la proteina IL-8 puo
essere rilevata nel campione non invasivo; essa tende ad avere una concentrazione media
comparabile nei diversi soggetti ed inoltre stabile nei diversi giorni di analisi. Queste
caratteristiche rafforzano il suo possibile ruolo diagnostico.



Abstract

Chronic obstructive pulmonary disease (COPD) is a common and treatable disease that
results in airflow limitation and pulmonary inflammation. Nowadays its spreading grows
too rapidly that the World Health Organization has estimated it will become, by 2030, the
third cause of mortality in the world. Exacerbations and comorbidities contribute to the
overall severity of individual patients. Nowadays, the Gold Standard used for the diagnosis
of COPD is spirometry, considered as a non-invasive test but strongly dependent on the
patient’s physical state. The most recent studies, on the other hand, focus on the role of some
biomarkers involved in the inflammation processes of COPD such as proteins Interleukin -6
(IL-6), Interleukin -8 (IL-8), Metalloproteinase- 8 (MMP- 8), Metalloproteinase-9 (MMP-
9), Tumor Necrosis Factor-a (TNF-«), Neutrophil Elastase (NE) and C-Reactive Protein
(CRP). The aim is to evaluate their diagnostic role. The most studied body fluid samples are
blood and saliva. The possibility of differentiating a healthy person from a patient has been
observed based on the concentration, in the fluid sample, of the mentioned Biomarkers. Their
mean concentration also tends to increase in the days preceding an Exacerbation. From these
discoveries, the need arises to create a method of analysis, which makes use of the new ’Point-
of-Care’ (PoC) technologies and non-invasive samples such as saliva, in order to ensure
prevention and patient follow-up. In this thesis, the model of a polymethyl methacrylate
(PMMA) microfluidic optical device is proposed, which analyzes the concentration of a
cluster of three Biomarkers in a small volume of saliva. The analysis device belongs to
the PoC class, and it is proposed to use innovative materials such as the Quantum Dots
and graphene hybrid phototransistors. The proposed device was tested numerically in the
simulation software COMSOL Multiphysics 5.3.a. A possible manufacturing process, the
Soft-lithography, has been studied in the laboratory. Furthermore, the IL-8 concentration in
the saliva of 5 healthy people was evaluated and studied using the conventional ELISA Kit
for laboratory analyzes. The results obtained in the microfluidic numerical analysis show
the possible operation of the device by capillary effect. The studied manufacturing process
has proved easy to perform and low cost, fundamental characteristics for mass production
of the proposed device. Saliva tests have instead demonstrated and confirmed that the IL.-8

protein can be detected in the non-invasive sample. It tends to have a comparable mean
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concentration in the different subjects and is also stable over the various days of analysis.

These characteristics reinforce its possible diagnostic role.
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Chapter 1
Motivation

The vision of this thesis is to develop a comprehensive strategy for efficient follow-up of
the chronic obstructive pulmonary disease (COPD) patients in Norwegian municipalities by
introducing a new saliva assay device. It can predict their worsening than the conventional
tests, subsequently triggering early treatments and significantly reducing the total cost over
the national insurance system. The proposed idea is an innovative solution based on a few
drops of saliva, providing a portable device accompanied by a smartphone APP, which would
be possible to perform for all COPD patients. It is based on detecting the critical biomarkers
in the sample to predict exacerbation or worsening, newly found in recent medical studies.
As it will be explained, it has been proven that some salivary biomarkers have increased
levels in saliva of COPD patients 2 or 3 days before an exacerbation comes. The currently
available procedure to analyse these biomarkers is to send samples to central labs, similar
to blood tests. Thus, a problem arises: the analysis done in central labs takes at least 48 to
72 hours, during which worsening of patient’s health condition can occur before knowing
the analysis results. To remove the foregoing obstacles has motivated the development of
a revolutionary strategy comprising a portable biomarker-detection device together with a
smartphone APP.

The user friendly device is to be used for point of care (POC); all the elements necessary for
the analysis must be included in it. In one step the patient should insert the saliva sample
in the device, or with the assistance of a nurse at home care services. The analysis for the
biomarkers can significantly be shortened, without sending to a central lab. Ideally, the
device measures the analytes trough photoelectrical signals on the spot corresponding to the
levels of the biomarkers in saliva. The signals are transferred wirelessly to a smartphone,
in which an APP would display and record the results of biomarker detection (figure 1.1).
When the APP displays the “red level” for the measured salivary biomarkers, the General

practitioners (GPs) in the municipality are immediately notified. The early notification of
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biomarker-level increasing will allow the GP to step in at the early stage. The GPs will then
proceed with immediate alternation of medication to the patient or promote the initiation of
preventive treatment.

This thesis is structured as follow: in the second chapter there is an introduction to the
discussed disease, where its spreading and importance is put in relevance; the third chapter is
about the literature research of the most important COPD biomarkers in the body samples.
On the basis of this, experimental research was done for taking data about the biomarker
Interleukin-8 protein in the saliva of healthy people, as explained in the fourth chapter. In
the fifth chapter, new literature research was done for describing the state of the art of
the point-of-care devices linked to COPD biomarkers; this was useful for developing the
idea of the innovative prototype proposed in this work. In the sixth chapter, a microfluidic
simulation with FEM analysis of the new device is done by using the software COMSOL
Multiphysics 5.3.a.In the seventh chapter a possible fabrication method for the proposed
device is practically studied. In the last chapter, the conclusions of this work are described,

also with the future work that will be developed thanks to the contributions of this thesis.
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Fig. 1.1 Innovation strategy for convenient and efficient follow-up of COPD.



Chapter 2

General knowledge about COPD

2.1 What is Chronic Obstructive Pulmonary Disease?

" Chronic Obstructive Pulmonary Disease, a common preventable and treatable disease, is
characterized by persistent airflow limitation that is usually progressive and associated with
an enhanced chronic inflammatory response in the airways and the lung to noxious particles
or gases. Exacerbations and co-morbidities contribute to the overall severity in individual
patients [172]."

Chronic obstructive pulmonary disease (COPD) is a great problem for the social healthy
nowadays; it is the fourth cause of chronic morbidity and mortality throughout the world, but
World Health Organization (WHO) in 2015 predicted it would be the third cause of mortality
until 2030, affecting more than 80 million people worldwide.

According to the GOLD COPD 2017 guide, more than 3 million of people died because of
COPD in the last 2012, representing the 6% of all deaths. The prevalence it is expected to
rise over the next 30 years because of the increasing prevalence of smoking in developing
countries, the prevalence of air pollution and aging populations [97].

2.2 Pathology

In the COPD the small airways inflammation (Obstructive bronchiolitis) and parenchymal
destruction (emphysema) contribute to the development of the disease.

Usually, the small airways change in their structure because of chronic inflammations. They
lose the alveolar attachments leading to the decreases of lung elastic recoil. Consequently,
the airways diminish the ability to remain opened during expiration.



4 General knowledge about COPD

Furthermore, a deregulated production of extracellular matrix proteins is observed, so it is

more difficult for the organism to sustain connective and epithelial tissue repair [146].

2.3 COPD in the World: statistics

COPD is a significant, growing public health problem nowadays.

According to the World Health Organization (WHO), the continued exposure to risk factors
together with the population aging and growth will contribute to its increasingly becoming
the third leading cause of death by 2030 [160].

The European Community Respiratory Health indicated that the 10% of adults was affected
by non-reversible airway obstruction in the last decade.

In detail, according to the WHO, in 2002 more than 50 million people could be included in
the group of moderate to severe COPD patients.

In the 2005, the costs of total health care reached 38.6 billion Euros only for COPD. As
reported from the European Union (EU), they represented almost the 3% of the total costs
[27].

The prevalence of COPD increased from 1.2% to 6.2% in 2008, considering the European
population as reported from the European Health Interview Survey (EHIS).

The 2010 Global Burden of Disease (GBD) study reported that COPD was responsible for
about 5% of global disability and 5% of total deaths (2.9 million) [108, 93].

In 2011, the total annual cost per case in Europe was €6147 (ERS White Book). According
with Global Health Observatory (GHO), in 2012 COPD became the third leading cause of
deaths.

In 2014,the American Thoracic Society (ATSSociety) reported that about 6% of the total
European Union health care budget expenditure was on respiratory problems with 56% of it
is constituted by COPD.

On the base of these data, it is evident the importance of the growing of COPD disease and
the great weight it has on the healthy social economy.

In recent research of 2018 [15], a big cohort from European countries was studied for
examining the spreading of COPD in the whole territory. By using a geographic interpolation
technique they represented the spatial distribution of COPD in a red-blue scale (Figure 2.1).
Black spots indicate the places of origin of the samples. The maximum values are represented
from dark-red colors (28%), while light colours between brown and orange represent the
moderate COPD prevalence (15%-20%). Finally tones from light yellow to blue represent
minimal values (0%-5%). Italy results to have a moderate prevalence of COPD throughout

the country (from 11.7% to 23.4% ), so for this reason it is important developing a prevention
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program for this disease and an accurate system of follow up for the current patients; the
main goal of this thesis is to reduce hospitalization risk for COPD patients, by adopting a

control method based on saliva biomarkers that can predict an adverse event (Figure 2.1) .
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Fig. 2.1 Results from geographic information system inverse distance weighted (IDW)
interpolation for COPD spreading [15].

2.4 COPD symptoms

When a person is affected by COPD, firstly shows difficult to breath coupled with production
of mucus. This involves the cough manifestation that can become chronic and also, during
the time, the mucus increases in purulence and volume. Finally wheeze and noisy breathing
are characteristic of this disease,as reported from NICE in 2010. As a consequence, the
patient becomes not more able to perform breathing as a passive action but he starts to involve
the use of accessory muscles and also to take air from lip breathing. The breathing pattern
becomes altered and this comports the presence of less oxygen in the peripheral vessels; from
this the most evident consequence is the inability from the patient to complete a sentence
without interruptions. Apnoea periods are the cause of this condition.
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Finally some patients manifested tremor, heart arrhythmia and changes in skin’s colour
[104].

2.5 COPD risk factors

2.5.1 Acquired risk factors for COPD

Active and passive smoke have a relevant role in the development of the disease. The use of
cigarette and similar tobacco substances like the pipe, cigar, water pipe [10] and marijuana
[54] is a risk factor for developing COPD.

People who live in high-income countries are more exposed to this disease ( 73 % of COPD
mortality) than who live in low-and-middle- income countries ( only 40% of COPD mortality),
because of the different lifestyle and quality of life [144].

The passive smoke is dangerous too, especially for people frequently exposed to it or , in a
different case, for the fetus during pregnancy period; the baby can develop airways diseases,
abnormalities on lung growth that leads to lung disease premature birth with incomplete
development of the lungs [172]. In this conditions the child has a major risk to suffer from
airways inflammation during his life and so to develop COPD disease.

Furthermore, indoor pollution has to be considered as a risk factor. The exposure to biomass
fuels used for cooking or heating in poorly ventilated dwellings or poorly functioning stoves,
is a big risk factor for COPD especially for developing countries; the elements that contribute
to this pollution are for example wood, animal dung, crop residues and coal, typically burned
in open fires. The COPD can also be linked to occupational exposures. The prolonged
exposure to organic and inorganic dusts and chemical agents and fumes in the workplace
plays a big role as a risk factor for COPD.

A recent industry-based study on the European Community Respiratory Health Survey has
examined the relationship between occupation and COPD-related outcomes. It has been
estimated that about 15% of COPD cases are attributable to exposures at the workplace, with
a higher population attributable fraction among non-smokers.

The main dangerous exposure substances are biological dust, mineral dust, gases and fumes,
vapors, herbicides, insecticides, fungicides, pesticides, an aromatic solvent, chlorinated
solvents and metals [94].

Nowadays,outdoor pollution plays a role in respiratory diseases. For example the ozone can
affect lung inflammation and the alveolar epithelial damage [1].

WHO estimates that ambient air pollution was responsible for 3.7 million premature death

worldwide in 2012. Furthermore, some indicators are related to the socioeconomic status and
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lifestyle such as income, education, type of work, house conditions, poor nutritional status,

exposure to pollutants and poor access to health care [96].

2.5.2 Genetic risk factors for COPD

Alpha-1 Antitrypsin (AAT) deficiency is a genetic disorder that can cause the onset of emphy-
sema at younger ages coupled to liver disease [57].

A recent large screening study followed people who were identified at birth as having alpha-1
antitrypsin deficiency to examine the natural course of the disease. It demonstrated that
severe AAT deficiency (typically PiZZ homozygosity) is associated with the increase of
airflows obstructions, specially gene-by-smoking interaction contributes to the pathogenesis
of the disease [75]. Regarding gender and age, COPD in women is distinct from in men
concerning phenotype, symptom burden and comorbidities, for example because of female
sex hormones that influence airways to function in several ways [136].

Data demonstrate that women have different susceptibility to cigarette smoke and develop-
ment of airways disease; for example women are more predisposed to the ’chronic bronchitis’
phenotype than to the ’emphysema’ that is more frequent in men and also they suffer from
more dyspnoea than men [136].

Overall, women suffer a higher risk of developing COPD and develop a disease that is
phenotypically distinct from that of their male counterparts; they appear to have a mortality
advantage.

Nowadays the world’s population lives longer thanks to the excellent nutrition, the reduction
of infectious diseases. On the other hand, it is a risk for chronic medical disorders such as
COPD [96]. Pre-existing asthma can be relevant to the development of COPD. Sometimes
asthma and COPD may develop physiologic features that are quite similar. Usually asthma,
that is caused from eosinophilic inflammation, is present from younger ages while COPD
shows itself only in the adult age, and it is associated with neutrophilic inflammation [102]
. Data from a 20-years follow-up study showed that ’active’ asthma was significantly as-
sociated with subsequent development of emphysema and COPD [85]; ’Active "asthma is
associated with the showing of asthma symptoms or disease attack in a period of the last 12
months. The increased risk is associated with active asthma but not inactive asthma [157]. It
is linked with an increased rate of decline FEV|.When asthma and COPD coexist the term
asthma-COPD overlap syndrome is used for representing this condition. It includes patients
who have airflow obstruction because of smoking and also have features of asthma or who

have pre-existing asthma [152].
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Finally, according to GOLD POKET GUIDE 2018 COPD [103], infections have an
important role in both the development and progression of COPD. If a person is exposed to
infections in young age, it risks developing changes in the airway working.

2.6 Pathophisiology

The airways walls in our system are made of cartilage for preventing collapse, smooth
involuntary muscle and inner lining of the mucose membrane. These elements are damaged
in the presence of the chronic inflammation of central airways, lung parenchyma and alveoli
that leads to increasing the resistance and the compliance respectively of the small airways
and the lung. The lung tissue results dilated beyond terminal bronchiole (Emphysematous
lung destruction), comporting a prolonged time constant for lung emptying [62] (Figure 2.2).
Furthermore, there is an increase of the goblet cells and mucus production from the glands of
the central airways leading to pulmonary hypertension [77] and chronic bronchitis (Figure
2.3).

Normal alveoli (left), and damaged by Emphysema
(right). Sacs combine into larger sacs and become
harder to expand and contract.

Fig. 2.2 Emphysema [60].

Besides, the alveoli attachments to the small airways are partially destroyed, contributing
to obstruction [62].

These events all together diminished the ability of the airways to remain open during the
expiration. This event is called air trapping.
Expiration is typically a passive process, but in case of airflow limitation, it becomes an
active process involving accessory muscles (i.e the abdominal muscles, sternocleidomastoid,
trapezius and scalene) and requires more energy.

Gaseous exchanges take place at the alveolar capillary membrane, and this phenomenon
is known as external respiration, that involves a process of diffusion.As well known, the blood
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A healthy airway (left) and an airway damaged by
Chronic Bronchitis (right). The lining swells,
thickens, and produces mucus.

Fig. 2.3 Chronic bronchitis [60].

poor of oxygen comes from the right side of the heart and goes to pulmonary capillaries; here,
in the healthy cases, it is reached of oxygen thanks to the alveoli action. After this blood can
travel to the left side of the heart saturated with oxygen. In some patients gas exchange at
the alveoli becomes altered [105] over time because of the trapped air in the conducting
airways. The air cannot reach the alveoli and take part in the diffusion process, so the body
actives a protective mechanism to equalize ventilation and perfusion. This mechanism, in the
presence of low oxygen levels, diverts blood away from poorly ventilated alveoli thanks a
pulmonary arteries constriction.

In our system, cilia are important components of airways , they are designed for filtering

debris from the air on inhalation. Inhaled fumes and gases and active or passive cigarette
smoke, damage the airways epithelium and cilia function [186]. Therefore, inflammatory
cells expanded in number and size and can infiltrate in the mucosa, sub-mucosa and glandular
tissue, allowing an increase of the production and viscosity of mucus and a disturbance in
tissue repair and thickening of the small airways, causing luminal occlusion of the airways
[104]. This phenomenon is known as mucus hypersecrection.
Chronic airways inflammation could cause pulmonary hypertension , as explained before.
In this case, the vascular bed is modified as a consequence of the destruction of lung
parenchyma or of alveoli hypoxia. This last one comports and increase of muscularization of
no muscularized arteries, resulting in pulmonary hypertension [147].

In COPD, the worsening consequence is the exacerbation. According to GOLD COPD
2018 [103], an exacerbation is defined as follow:

"An exacerbation of COPD is dened as an event in the natural course of the disease charac-
terized by a change in the patient’s baseline dyspnoea, cough, and/or sputum that is beyond

normal day-to-day variations, is acute in onset, and may warrant a change in regular medica-
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tion in a patient with underlying COPD."

COPD exacerbations are associated with reductions in quality of life and lung function. They
increase the risk of death. They are caused by many factors that interact witch others, like the
relation between the host, respiratory viruses and airway bacteria in the airways (Figure 2.4).
Other risk factors that contribute to increasing the airways inflammation are smoking and air
pollution, severe airflow limitation, bronchiectasis, prior exacerbations and comorbidities
[173].

Exacerbations can be classified on the base of three cardinal symptoms presence and gravity,
these are increased breathlessness, increased sputum purulence and volume. The exacer-
bation is type 1 if all the symptoms are present, type 2 if two of them are present and also
type 1 if only one symptom is presently coupled with one of the supporting symptoms
(cough, wheezing, fever with an obvious source) [114, 112]. Furthermore the gravity of the

exacerbation can be:
* mild, in which the patient needs more medications but they can be managed at home;

* moderate, in which the person has a sustained worsening of respiratory status that

requires medical treatment.

* severe, in which the person experiences a rapid deterioration in respiratory status that

requires hospitalization.
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Fig. 2.4 During an acute exacerbation event, airway neutrophils like interleukin 6 and
interleukin 8 increase compared to the stable state. They are mediators of the inflammation,
such as tumor necrosis factor oo (TNF- ), and they promote the activity of other proteins
such as neutrophil elastase (NE) and MMP-9. Furthermore, the reactive oxygen species start
to work because of the cited mediators and damage the airway epithelium. This condition
leads to worsening of airflow limitation [4].
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Finally, comorbidities have a great impact on quality life and exercise capacity [133];
they also are greatly linked to exacerbation risk. It is possible to split the ones that affect the
organism directly because of COPD, in terms of metabolism and body conditions such as
malnutrition and pulmonary artery disease. While some comorbidities are not directly linked
to COPD, such as osteoporosis, obesity, diabetes, thromboembolism and anemia. Some
patients showed also sleep disturbance, anxiety and depression. These aspects can increase

the COPD morbidity , leading to increased hospitalizations and healthcare costs [21].

2.7 COPD evaluation of GOLD tests

2.7.1 Spirometry, CAT questionnaire and mMRC questionnaire

The new guideline GOLD 2018 [103] for COPD patients describes the gravity classification
of the disease considering the respiratory symptoms such as dyspnea, chronic cough and
sputum production, the exacerbation history, the presence of comorbidities ,the history of
exposure to risk factors for the disease, family history of COPD and childhood factors.
Finally, post-bronchodilator has to be evaluated.

Expiratory airflow is usually measured as the forced expiratory volume in 1 s (FEV) and
lung volume as the force vital capacity (FCV) by using a simple non- invasive test, that is
spirometry. In the analysis, if the post-bronchodilator FEV/FVC is less of 0.8 it means that
is present an important limitation of the airflow. This confirms the diagnosis of COPD [100].
Referring to the GOLD, the spirometry classification of airflow limitation severity in COPD
identifies four classes by using specific spirometry cut-points for purposes of simplicity
[172] (Table 2.1 ). GOLD 1-2 indicate Low Risk, while GOLD 3-4 indicate High Risk.

The severity of airflow limitation in COPD by considering FEV)
Patients with FEV;/FVC <0.8

GOLD 1 | Mild FEV| >80% predicted
GOLD 2 | Moderate 50% <F EV1<80% predicted
GOLD 3 | Severe 30% <FEV1<50% predicted
GOLD 4 | Very severe | FEV] <30% predicted

Table 2.1 Spirometry COPD classification [135].

The increased risk of exacerbations and death are directly related to the worsening of

airflow limitation.
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For defining COPD, conventional thresholds are set on the base of different FEV/FVC
values. However, this variable can change during the time, becoming lower, so they cannot

be used alone for a predictive role. As a consequence the ratio diminishes with age.
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(b) The diagram shows how the FEV;/FVC ratio declines with aging. The
overdiagnosed elderly patients are represented from the blue part, while the
orange part represents the underdiagnosed younger adults [141].

These data come from Fletcher and colleagues studies [182] in which they show how
FEV changes with age are declining during the time.Furthermore it results that stopping
smoking has a beneficial effect at any age. Because of the age-related changes, the elderly
patients could be overdiagnosed while the younger adults underdiagnosed [141].
Nowadays in addition to the spirometry test, the patients use questionnaires for checking the
development of dyspnoea (mMRC questionnaire 2.6b) and symptoms (CAT questionnaire
2.6a). A mMRC grade > 2 or a CAT score > 10 indicates a high level of symptoms.
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Fig. 2.6 COPD questionnaires.
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The aim of these tests together with the spirometry exam is to separate patients with a
significant symptom burden from those with fewer symptoms. The groups of patients can be

summarized as follow (Figure 2.7):

5
g
x < x
4 5 u S
& 5 X 3
£ 2 1§
o
S [A] [B]
1 0
mMRC 0-1 mMRC = 2
CAT <10 CAT =10
Symptoms
(mMRC or CAT score)

Fig. 2.7 The number represents the severity of airflow limitation (spirometry grades 1 to 4)
while the letter (groups A to D) the symptom burden and risk of exacerbation [135].

The Low Risk for the patients is associated with the bottom part of the box, while the High
Risk with the top part of the box.

 "Patient Group A: Low Risk, Less Symptoms
GOLD 1-2 — Mild or Moderate airflow limitation
0-1 exacerbation per year
mMRC grade 0-1 or CAT score < 10
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* Patient Group B: Low Risk, More Symptoms
GOLD 1-2 — Mild or Moderate airflow limitation
0-1 exacerbation per year
mMRC grade > 2 or CAT score > 10

 Patient Group C: High Risk, Less Symptoms
GOLD 3-4 — Severe or Very Severe airflow limitation
>=2 exacerbations per year or >= 1 hospitalized exacerbation per year
mMRC grade < 2 or CAT score < 10

 Patient Group D: High Risk , More Symptoms
GOLD 3-4 — Severe or Very Severe airflow limitation
> 2 exacerbations per year or > 1 hospitalized exacerbation per year
mMRC grade > 2 or CAT score > 10"
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2.7.2 CT technique

Nowadays computed tomography technique (CT) is a complementary diagnosis method for
better evaluate the COPD gravity disease. Some airway abnormalities such as emphysema
and airway-wall thickening can contribute to the progression of COPD.

Different studies extract quantitative measurements of emphysema and airways disease
from thoracic computed tomography [52]. The used methods consider CT scans from a
single inspiratory act, or also include the expiratory act. Furthermore, extra-pulmonary
manifestations can be evaluated. Overall, CT can detect changes in vessels, which usually
are strongly linked with COPD but this analysis technique requires specialized personnel and
expensive machines for being performed [32].






Chapter 3

COPD Biomarkers

The worst state of COPD is the manifestation of an Acute Exacerbation; for a patient, the
happening of this condition means that the inflammation of bronchial wall increases with
an influx of eosinophils, neutrophils and lymphocytes. These products can be detectable
in the body fluids such as sputum, saliva or urine also that in the blood; it is proved that
their concentration in the body samples is linked with the inflammation gravity, so new
tools for COPD monitoring consider to study their levels in non invasive samples as a new
ideal technique for assessing the development of COPD. Nowadays the used technique for
the COPD diagnosis and follow up is blood analysis, but it has disadvantages such as the
requirement of specialized medical personnel and sterile materials and analysis machines
added to the fact that it is considered an invasive method, time-consuming and expensive [91].
New studies proved the presence of some blood biomarkers involved in the inflammation
processes and representative of COPD gravity in a stable state and not, also in non invasive
samples such as sputum and saliva [12]; the future goal is to find a cluster of the most
relevant of them for predicting the onset of the worsening of COPD, the acute exacerbation.
It is demonstrated that people suffering from numerous exacerbation attacks risk more in
term of life condition respect to patients in the stable state, especially the hospitalized patients
risk higher mortality and morbidity than patients can be managed at home [5, 124]. In
this context, it is important to define that patients in the stable state are those do not have
changes in the gravity of their inflammatory symptoms and life condition from the time of
the diagnosis and their status continues to be the same associated with the initial gravity
classification. The day-to-day increasing (two or more consecutive days ) variations in two
or more symptoms determines the end of the stable state and the necessity for the patients of
changing in the regular medication, while in the worst case the needing of hospitalization
and medical intervention [11]. Frequent acute exacerbations of COPD are associated with

accelerated decline in lung function, in severity increasing of the disease resulting in the
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decline of the quality of life and higher difficulties to accomplish daily activities [5]. In
the worst case it causes hospitalization [11]. COPD exacerbations are often triggered by
airway infections such as Bacterial Infections, Viral Infections, Co-existing viral and bacterial
infections, and other [11, 5, 177] ; as introduced before, during an acute exacerbation, airway
neutrophils such as Interleukin-6 (IL-6 ) and Interleukin-8 (IL-8) increase compared to the
stable state; they together with Tumor Necrosis Factor (TNF- o ) are mediators of the
inflammation and stimulate the release of proteases such as Neutrophil Elastase (NE) and
metalloproteinase 8 and 9 (MMP-8, MMP-9) and also of reactive oxygen species which
damage the airway epithelium and lead to worsening of airflow limitation [5]. Furthermore,
C-reactive protein (CRP) concentrations are elevated in inflammatory cases, so it is true for
conditions such as COPD [66]. On the base of these data, in this chapter a review of the
concentration of these biomarkers and their evolution and correlation in the time is reported
for blood , sputum and saliva samples of different cohorts including healthy and COPD
patients. There is, therefore, the need of creating a ‘ cluster of biomarkers’ that can improve
sensibility, consistency and accuracy and provide objective prediction of exacerbation. The
goal also would be monitoring the stable state of COPD and be able to differentiate different
stages [189]. A symptom-based definition method for exacerbation should be developed,
which considers the daily evolution of the airway inflammatory markers, quality of life,
and rate of decline in FEV|. A daily recording of the symptoms variation on a diary by
patients such as increasing in sputum purulence, can be coupled with the interpretation of the
quantitative biological data registered by a point-of-care device and sent from home to the

specialized personal thanks to the advantages in recent Tele-healthcare.
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3.1 Blood biomarkers for COPD

In literature, great importance is given to the correlation between biomarkers concentration
in body samples and the COPD severity state [155, 22, 46]. For example IL-6 is a pro-
inflammatory cytokine that increases locally in the airways and systemically in COPD,
especially in association with acute exacerbations [71]. It has a role in the enhancement of
organ inflammation and also creates a stimulus to the CRP formation;however, biological
elements such as lymphocytes, macrophages, epithelial cells and neutrophils produce IL-8,
which is a chemotactic cytokine with the role of recruiting neutrophils. Bradford et al. [19] in
their study analyzed the concentration of 9 cytokines and chemokines in a significant cohort,
evaluating the criteria for studying COPD. From the results, IL-6 and IL-8 were independently
associated with the decline of (FEV{%) and FEV{/FVC. IL-6 could differentiate the COPD
stages and it was associated with more rapid progression of airflow obstruction, emphysema
progression and more rapid rate of decline in lung function. Furthermore IL-8 was directly
associated with progression of emphysema. They concluded that these biomarkers might
add additional predictive value on data clinically collected with spirometry. Furthermore,
in [22] IL-6 was also directly associated with the wall area as a percentage of total airway
area (WA%). The biomarker CRP is a protein usually present in acute-phase inflammation
conditions; its production is stimulated from the IL-6 activity and raises in conditions such as
infections or sistemical morbidity. Together with IL-6, CRP could, therefore, provide a link
between airway inflammation and systemic inflammation [66]. Hurst et al. [66] studied
plasma samples at exacerbation of COPD for confirming the diagnosis; the most selective
biomarker resulted being CRP which concentration increased at the Acute exacerbation.At
the same time, the patients recorded the increase of some important symptoms such as sputum
volume and purulence, and changes in the brief rhythm. CRP concentration alone cannot be
sensitive for an accurate exacerbation prediction. Furthermore, Zemans et al. [189] proved
that multiple biomarkers can predict disease severity, progression and mortality in COPD; in
the combination of biomarkers chosen, CRP was also included. They demonstrated that CRP
tends to be elevated in patients with frequent exacerbations, it can be individually associated
with airflow limitation (FEV{/FVC andFEV). Similar result are reported in [37, 34]. In
[22] CRP was directly associated with wall area as a percentage of total airway area (WA%).
In Karadeniz et al. study [72], CRP values were found in high levels in patient with low
FEV; in COPD. Its values were higher in ex-smoker and current smoker than in non-smoker
patients, it reached the highest value for smoker patients with COPD. In their study, they
did blood analysis for a cohort of 64 patients at the hospital acceptance. From the CRP
level results obtained, they demonstrated the potential role of this biomarker in predicting
outcome in acute exacerbations; they specified a threshold of 10 mg/dl for delimiting the risk
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area. Furthermore, they concluded that CRP can be associated with the gravity of airflow
inflammation and risk of death. They also reported increased CRP values in the presence
of Bacteria Virus and infections.Furthermore, during inflammation processes the Matrix
MMP-9 degrades components of the extracellular matrix; it is considered to be a gelatinase B
while MMP-8 a neutrophil collagenase. Ji et al. [71] found a relationship between MMP-9
and disease severity in COPD, by observing elevated levels in patients serum. Brajer et al.
[59] also studied the concentration of MMP-9 in COPD patients and healthy controls, and
they found that COPD patients had increased serum MMP-9 concentration compared with the
control group, it was also negatively correlated with FEV| and FEV/FVC; they proved that
higher MMP-9 serum concentration is connected with higher airway obstruction and disease
progression. Furthermore, Linder et al. [90] reported same considerations regarding MMP-9
concentration in COPD patients serum, and found a link also with productive cough and
decreasing of FEV; the increasing levels of serum MMP-9 indicated an enhanced proteolytic
activity that is related to disease severity.The inflammatory response is also dominated
by pleiotropic, proinflammatory mediator such as TNF-¢ that is capable of macrophage
activation and stimulation of metalloproteinase production. Ji et al. [71] found lower levels
of TNF-« in saliva and serum in smokers with COPD than in non-smokers; according to
this, it seems that in the stable state it is a quiescent biomarker, that has higher values during
exacerbations becoming biologically active. In a study of Pinto-Plata et al. [127] there was
a positive relationship between the blood levels of TNF-o and the severity of the disease
in patients with COPD. Furthermore, Franciosi et al. [49] demonstrated that serum IL-8,
TNF-a and CRP showed a trend toward separation between COPD stages. In [11] serum
TNF-a and CRP resulted in increasing in hospitalized patients at exacerbation.Neutrophil
Elastase is a mediator in the pathogenesis of COPD [121]; at neutrophil degranulation,
NE concentration increases. It can represent an ideal biomarker of COPD and disease
activity. Carter et al. [20] studied different COPD biomarkers including NE and IL-8
and NE -specific fibrinogen degradation product, demonstrating its higher values in COPD
patients respect to the controls, and also in the exacerbation onset. Furthermore, Pawar et al.
[122] reported significantly increased levels of serum neutrophil elastase in COPD patient as
compared to healthy controls.

Below there is a table were all the cited biomarkers are summarized (Table 3.1).
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Table 3.1 Blood biomarkers for COPD.

Reference  Samples Stable state COPD Acute exacerbation
[19] 3240 COPD
T1L-8
551 controls L6 -
TIL-6
[66] 90 COPD 1CRP TCRP
T1L-6
[22] 146,255 COPD 1CRP -
[72] 64 COPD TCRP TCRP
23 Controls, 28 Smokers TMMP-9
[71] 29 Smokers with COPD }TNF-o TTNF-a
23 COPD
[59] 23 Controls TMMP-9 )
[189] >3000 COPD TCRP TCRP
48 COPD
[127] 48 Controls TTNF-a )
T1L-8
[49] COPD TTNF-& -
TCRP
TTNF-« TTNF-o
[11] 145 COPD YCRP YCRP
TIL-8 TIL-8
[20] COPD ANE NE




24 COPD Biomarkers

3.2 Sputum biomarkers for COPD

Collection and analysis of sputum are a commonly used non-invasive means of assessing
airway inflammation in COPD. Sputum is a product of the lungs; as explained before, it is a
fluid which production increases in COPD patients as a consequence of the inflammatory
process where inflammatory cells increase in number and size penetrating in the mucosa and
conducting to its hypertension. Induced sputum can provide important information about the
inflammatory process, it is easy to collect as a non-invasive sample. Biomarkers in sputum
soluble phase can be measured using immunoassay such as ELISA test, and the repeatability
of inflammatory mediators results consistent [169]. However, some disadvantages could
present, such as neutrophilic inflammation caused by the inhalation of hypertonic saline
solution, required from the standard procedure for sputum induction and collection; for this
reason collection of non-induced sputum is preferred when it is possible. Inflammatory
mediators in sputum during stability may predict future risk of exacerbations [155]. In Paone
et al. [119] study, IL-8 sputum levels resulted increasing in individuals with COPD and
also had a negative correlation with FEV| and FEV/FVC. Franciosi et al. [49] observed
a trend toward separation of IL-8 between COPD stages and also registered increasing
values of IL-6 in COPD patients compared with controls. Fujimoto et al. [51] studied the
changing of IL-8 concentration between the stable state and during an acute exacerbation;
they observed a significantly increase in its levels during the adverse attack from values
in a stable phase. Ji et al. [20] found higher levels of IL-6 in sputum of smokers than
non-smokers, and also IL-8 [31]levels higher in COPD patients compared with non-smokers.
In [168] IL-8 resulted increasing at the visit prior to the exacerbation and also during the
adverse event together with CRP; from these results IL-8 should be used as a predictor for a
forthcoming exacerbation. Eickmeier et al. [43] compared COPD patients and cystic fibrosis
(CF) ones with controls, and they observed more elevated levels of IL-6 and IL-8 in CF and
COPD than controls; IL-8 was also correlated with lung functions.In [50] an increase is
reported in COPD sputum of CRP levels during an acute exacerbation together with 1L-6
and IL-8; however CRP biomarker requires further investigations in literature.Regarding
the other biomarkers, Paone et al. [119] reported an increase of MMP-9 levels in sputum
samples of COPD patients compared with the controls. The increased expression of MMPs
is considered to be a key factor in the development of COPD, for this reason it was well
inspected by Vernooy et al. [171] by using immunocapture assays. In their study they
included MMP-8 and -9, which resulted higher in COPD patients than in controls. They were
also strongly correlated to each other and positive related to the degree of airflow limitation.
These results in subjects with mild-to-moderate COPD, support the concept of an impaired
proteinase-antiproteinase balance in COPD. Kleniewska et al. [81] in their study included
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COPD, asthmatic patients and healthy controls; they reported higher concentrations of MM-9,
IL-6 and TNF-¢ in induced sputum of COPD patients compared with healthy subjects and
asthmatic patients; their data also confirmed that CRP is an important systemic biomarker
while IL-6, TNF-o« and MMP-9 are local biomarkers of an inflammatory process in the
airways of COPD patients. lllumets et al. [68] found that MMP-8 may differentiate Stage O
in COPD patients from healthy smokers; also MMP-9 levels were elevated in the induced
sputum of non-symptomatic smokers and Stage 0 COPD. In [71] sputum TNF-o levels
were under detection limit in almost cases, but its receptors TNFR1 and TNFR2 resulted
positively related to IL-6 and IL-8 concentrations and higher in levels in COPD patients.
In [74] TNF-o and IL-8 resulted to be involved in the inflammation process of COPD,
and their levels in COPD sputum samples were higher than controls; similar results were
reported in [11], where the TNF-o and IL-6 concentrations also increased at exacerbation,
especially for hospitalized patients. In contrast, Vernoy et al. [171] did not find differences
in TNF-o values in COPD patients and controls, but its receptors could differentiate the
groups together with IL-8 in induced sputum, by presenting higher levels. TNF receptors
were related with the degree of airflow limitation in patients with COPD. In [43] TNF-«
differentiated between COPD and CF patients, resulting in higher values in these last ones.
Aaron et al. [3] compared TNF-a and IL-8 values in sputum samples collected from COPD
patients when they were clinically stable, during the time of an acute exacerbation, and one
month later. Results show an important increment of their concentrations at exacerbation
compared with when they were clinically stable, and also a consequent decline 1 mo later.In
another study [6] they demonstrated that IL-8 too is higher in COPD patients then in controls.
Paone et al. [119] reported increased NE sputum concentrations in individuals with severe
airway obstruction as compared to subjects with mild and moderate COPD; so, NE could be
capable of differentiating the COPD stages. Furthermore, from the obtained results it was
correlated with the degree of airway obstruction linked to the Gold parameters. Data also
demonstrated a correlation between NE and IL-8 sputum samples and pulmonary functions.In
[24] elevated NE activity in sputum was associated with a higher frequency of exacerbations
and independently associated with FEV decline; it showed good discrimination for severe
exacerbations and its levels increased during the happening of them. Papi et al. [120]
demonstrated that sputum neutrophils increase in exacerbations of COPD patients and they
were related to their severity independently of the association with viral or bacterial infections
present in the samples. Similar results were reported from Sethi et al. [153] that in their study
obtained sputum and serum samples before, at, and following exacerbations; the biomarkers
included were sputum IL-8, TNF-o, NE and serum CRP. Exacerbations onset was associated

with significantly greater increases from the baseline in sputum TNF-o and NE and serum
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CRP. Clinical exacerbation severity was significantly correlated with levels of all markers. In
another study [154] they evaluated the role of the same biomarkers as predictors for acute
exacerbation; obtained results were valued and developed an area under the ROC of 0.79 for
TNF-a, 0.68 for IL-8 and 0.76 for NE. They demonstrated that when they are combined with
each other and considered all together, the area under the curve is 0.71, showing consistency
and sensitivity for the prediction role.

Below there is a table were all the cited biomarkers are summarized (Table 3.2).
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Table 3.2 Sputum biomarkers for COPD.

Reference Sample Stable state COPD Acute exacerbation
T™NE
[119] 42 Smokers, 42 COPD TL-8 -
TMMP-9
67 CG
[49] 371 COPD, Eig -
23 11 COPD, 19 III COPD
[51] 68 COPD TTHl\}ES TTHl\HES
29 COPD Eig
[71] 28 Smokers TMMP-9 -
23 Non Smokers FTNF-a
11 COPD
[168] 14 11 COPD TL-8 TL-8
16 III COPD TCRP TCRP
91V COPD
19 Cystic fibrosis (CF)
[43] 26 COPD Eig -
21 Non Smokers i
[171] 17 COPD, 10 Smokers TMMP-8
7 Non Smokers TMMP-9 i
20 COPD TL-6
[81] 24 Asthmatics TTNF-« -
22 Controls TMMP-9
20 Non Smokers
12 Ex Smokers INE INE
[68] 78 Smokers TMMP-8 TMMP-8
18 I-1II COPD TMMP-9 TMMP-9
IL-6 IL-6
[11] 145 COPD T"I"NF—OC T"I“NF—Oc
14 COPD
[74] 12 Smokers T'E\IIJI;SOC -
18 Non smokers, 23 Asthmatics )
[171] 18 COPD, 17 Smokers TTNF'TOI‘Lr_egePtO“ ]
TIL-6
[43] 19 CF TIL-8 -
26 COPD, 21 Controls FTNF-a
(6] 21 COPD, 8 Smokers TIL-6
13 Ex Smokers 1IL-8 i
[4] 50 COPD &%Fga -
[120] 64 COPD TNE T NE
TCRP TCRP
[50] 33 COPD TL-8 TL-8
TL-6 TL-6
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3.3 Salivary biomarkers for COPD

Saliva is the last non-invasive sample described in this chapter; as explained before, the
goal of this work will be to find a practical method for early diagnosis of diseases, that
is crucial to prevent complication that could have a negative impact on patient’s quality
life. sSaliva sample is easier and safer to use and work than serum. Its collection does not
require medical invasive instruments but just a sterile container, and it can be done at home.
Risk of contamination results minimum and its processing lee time requiring [70]. The
hypotonic nature of saliva comes from the homogeneous composition of a mix of water,
electrolytes and organic molecules [101]. These element come from the serum and thanks to
the intracellular passive diffusion that acts in the capillaries bed, enter into saliva. For this
reason, a great number of molecules in saliva are representative of systemic diseases. The
osmotic gradient takes place for driving electrolytes to enter in the saliva; the mechanism is
also regulated by the rate of secretion and nature of stimulus [101]. Protein synthesis is the
responsible of the organic components of glandular saliva. The data utility given from the
samples depends on the kind of saliva analysed. The main salivary glands are the parotid,
submandibular and sublingual. The whole saliva derives for 65% from submandibular, 23%
parotid and 4% sublingual glands while the remaining part derives from minor salivary glands
and contains constituents of non-salivary origin such as serum derived from mucosa and sites
of inflammation, food debris and many microbes. Saliva can be collected in two ways , these
are stimulated and non-stimulated; for diagnosis applications this last one is not preferred
because it could contain foreign substances used to stimulate saliva and finally influence the
final analysis results [101].In literature there are many studies which prove the presence
of the same blood and sputum biomarkers seen before, also in saliva samples [188].The
presence of salivary IL-6 and IL-8 was proved in patients with oral cancer or cardiovascular
diseases; regarding COPD, further studies are necessary for exploring the correlation of its
role with lung function. An interesting research was conducted by Blicharz et al. [16] that
tested their electrochemiluminescence lab-on-chip device by analyzing saliva samples from
COPD and asthmatic patients; in their results, values of IL-8 and IL.-6 were definitely higher
in COPD patients than in controls. Furthermore, in the European Respiratory Society annual
congress 2013, it was reported a negative correlation between lung function and IL-8 and
MMP-9 in smokers with COPD; they were also correlated with COPD severity. In this thesis,
the goal will be to explore the IL-8 role in saliva samples of healthy people. This biomarker
keeps attention because of its good characteristics reported for blood and sputum samples.
Consistent results relative to its salivary concentrations may be an innovative method for
disease assessment.Furthermore, elevated values of serum CRP are linked with inflammation

and cardiovascular disease; the chance to measure it in non-invasive samples could be a great
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opportunity for the development of non-invasive assessment of disease risk.Dillon et al. [41]
investigated the relationship between blood and saliva CRP levels in healthy subjects, they did
not find correlation but they were well measurable in both kind of samples. In contrast, Patel
etal. [121] proved a strong correlation between salivary CRP and its serum counterparts. It
also was able together with NE , to distinguish COPD patients in different stages, resulting
higher than in controls. CRP concentrations were related to breathing scores and sputum
features, but not for NE; patients with acute exacerbation had a median increase in both
biomarkers. Furthermore, Bhavasar et al. [13] reported a positive correlation between serum
and saliva CRP in COPD patients, that presented higher values than those in the controls.Ji
etal. [71] reported a negative correlation between lung function and salivary MMP-9 and
IL-8 in COPD patients in the stable state, confirming that their role may be related with
the disease severity. MMP-9 presents an increase activity in COPD patients, corresponded
with the airway obstruction and the destruction of the extracellular matrix [149]. It was
confirmed also by Mulyadi et al. [107]; in their study unfortunately resulted that salivary
MMP-9 was poorly correlated with FEV}, FVC, and FEV/FVC ratio. Furthermore, Ji et
al. [71] reported lower concentration of TNF-a in COPD smokers in the stable state than in
non-smokers, showing an attenuated response in moderate disease; it seems to be quiescent
in the stable state while it becomes biologically active in more severely ill patients.Patel et
al. in a first study proved that salivary NE and CRP increase during acute exacerbation; in
a second moment [121], they showed how NE was able to distinguish between different
stages of COPD disease, resulting higher than in controls and also increasing in its median
value during an acute exacerbation. Together with CRP, they are reliable and reproducible in
saliva, providing clinical-relevant information on health status in COPD.

Below there is a table were all the cited biomarkers are summarized (Table 3.3).
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Table 3.3 Salivary biomarkers for COPD.

Reference Sample Stable state COPD Acute exacerbation
. TIL-6
[16] Asthmatic COPD L8 -
23 Smokers
TIL-8
28 Smokers COPD -
[60] 29 COPD TMMP-9
20 Smokers
25 Non Smokers
[121] 16 1 COPD TCRP TCRP
32 11 COPD T™NE TNE
39 III COPD
11 IV COPD
100 COPD TIL-8
[13] 100 CG 1MMP-9 i
23 Non Smokers TL-8 TIL-8
[71] 19 Smokers TMMP-9 T™MMP-9
28 Smokers COPD TTNF-o TTNF-o

[107] 30 Smokers COPD TMMP-9 TMMP-9




Chapter 4

Experimental study case:Human IL-8
ELISA Test

4.1 Saliva collection and processing

The goal of this work is to explore the role of the biomarker IL-8 in human saliva of healthy
people; the work is planned for evaluating differences between the subjects in different
days, differences relative to the same subjects within the same day and also in different
days; possible correlation with the smoke activity of the subjects is considered. The samples
collection took place in the biology laboratory of the University of South-Eastern Norway
(USN); a small cohort of five healthy people under 30 years old was analyzed.The saliva
samples were obtained from Caucasian and Asian, males and females. Following the protocol
for the saliva collection [190, 61], the volunteers were required not to drink, eat, smoke, have
hygienic personal procedures one hour before the collection procedure. Saliva samples were
collected two times a day at 10 am and 3 pm, immediately after lunch. The subjects rinsed
their mouth with water for 1 minute. Five minutes later this oral rinse, the subjects started to
spit into a 15 mL sterile tube, putting it on ice while they were producing more saliva. To
the subjects was required not to cough up mucus as the goal to passively collect saliva, not
phlegm. A minimum of 5 mL volume of saliva was collected from each person, as shown in
figure 4.2. In the laboratory, the centrifuge was set to 4°C before the collection procedure,
to make sure that it had reached the proper temperature for processing. The samples were
centrifuged at 2,600g for 15 min at 4°C; the spin was repeated in the cases of incomplete
separation of pellet and supernatants has occurred. The supernatants were collected into 15
mL Falcon tube and mixed briefly; 1 mL of supernatants was pipetted into 2 mL cryotubes
(able to accommodate -150°C temperature) and treated for protein analysis as well described
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below. The 2 mL cryotubes were put on the ice, later the following protease inhibitors per 1

mL of saliva supernatant where added, according to the protocol:
* 1 uL Aprotinin stock 10 mg/mL
* 3 uLL Na3OVj stock 400 mM
e 10 uL PMSF stock 10 mg/mL

The tubes were inverted gently to mix, and later stored at -150°C in a cryofreezer. All the

stoke solutions were made with the help of the Doctor. Birgitte Kasin Hgnsvall of USN.

4.2 Set-up and Methods

The ELISA Set used in this experiment comes from the OriGene company. It allows
qualitative and quantitative determination of IL-8 in saliva supernatants, and it is able to
recognize both natural and recombined Human IL-8. The solid phase sandwich immunoassay
is thought for a "do it yourself” use. IL-8 is common in the form of 8.4 [Da], with a chain of
72 amino acids residues, which includes five additional N-Terminal amino-acids. As for all
the CXC chemokines, it has four conserved cysteine residues. Data indicate that IL-8 may
participate in the pathogenesis of COPD .

The ELISA method includes a capture Antibody highly specific for IL-8 coated to the
wells in a microliter strip plate. During the incubation period, IL-8 samples bind to the
capture antibodies in a first step. Subsequently in the same period, the complexes bind to the
secondary capture antibodies. The unbound analyte and secondary antibody are removed by
using a washing buffer. Following the protocol [40], the HRP conjugate solution is added to
every well and finally the plate is washed for removing the excess conjugate. The progressive
blue colored development is visible when the chromogen substrate is added to every well
and reacts with the conjugate.

The colour development is then stopped by the addition of acid, turning the resultant
final product yellow, as shown in the figure 4.3. The IL-8 concentration in the sample is
directly proportional to the color intensity of the complex in the wells. The absorbance of the
colour complex is then measured and the generated OD values for each standard are plotted
against expected concentration forming a standard curve . The standard curve can then be
used to accurately determine the concentration of IL-8 in the samples tested. The ELISA test

procedure is schematically illustrated in figure 4.1 .



4.2 Set-up and Methods 33

Anti Human IL-8 protein

-lu\TY]’YYIF j coated plate
. (1° pair)
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§.§3‘ Add HRP- conjugated Human
; ) o IL-8 protein antibody
(2° pair)
Leeee
arrry

—>  Add substrate

Develop color and read on plate reader

The concentration of IL-8 protein is directly
proportional to the color intensity.

Fig. 4.1 ELISA method illustration.
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Fig. 4.2 a)Saliva collection b) Ice container ¢) Minimum of 5 mL of collected saliva d)Work
table.

Fig. 4.3 a) ELISA plate not completely filled with the stop solution;b),c) The colour change
is visible from light blue to yellow after the addition of the stop solution.d) ELISA plate
positioned in the Synergy2 (BioTek) machine for the reading.
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4.3

Materials and experimental procedure

The used reagent and materials were:

IL-8 Standard: 2000 pg/ml

Capture Antibody

Biotinylated anti IL-8

Streptavidin-HRP-Horseradish peroxidase

TMB substrate

96 well microtitre plate

Reconstitution Buffer (1xPBS, 0.09% Azide)

Coating Buffer (1xPBS, pH 7.2-7.4)

Wash Buffer (1xPBS, 0.05% Tween 20)

Blocking Buffer (1xPBS, 5% BSA)

Standard and Secondary Antibody Dilution Buffer (1xPBS, 1%BSA)
HRP Diluent Buffer (1xPBS, 1%BSA, 0.1% Tween 20)
Stop reagent (1M Sulfuric Acid)

Microtitre plate reader with appropriate filters (Synergy?2)

10,50,100,200 and 1000 uL adjustable single channel micropipettes with disposable
tips

50/300 puL. multi-channel micropipette with disposable tips
Multichannel micropipette reagent reservoirs

Distilled water

Vortex mixer

Miscellaneous laboratory plastic and/or glass sterile
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For the plate preparation, the diluted Capture Antibody for one plate of 96 wells was
prepared by adding 50 uL of Capture Antibody into 10 mL of Coating Buffer in a 50 mL
sterile tube; consequently, 100 uL of diluted Capture Antibody was added to every well. The
plastic plate was covered and incubated at 4° C overnight. In the successive morning, the
plate was washed on the plate washer ELx50 with the standard program of three wash cycles,
using wash buffer contained in a plate-washer bottle. Furthermore, 250 uL of Blocking
buffer was added to every well after the washing step; the plastic plate was covered and
incubated at room temperature (18 to 25°C) for 2 hours. Before starting the use of the plate,
it was washed again in the ELx50 with the standard program.

The samples were fixed in the wells with a logical order for a successive easier study.
Each sample, standard and zero was tested in duplicate. The run samples in total were
80, considering a total of four people and samples twice for day from each one, for a total
of four days. As indicated in the protocol [40], for the standard preparation, "standard
vials were reconstituted with the volume of the standard dilution buffer shown on the vial
immediately prior to use; this reconstitution gave a stock solution of 2000 pg/mL of IL-8.
The reconstituted standard was mixed gently by inversion only. The serial dilutions of the
standard were made directly in the assay plate to provide the concentration range from 2000
to 62.5 pg/mL. Immediately after reconstruction 200 uL of the reconstituted standard were
added to wells A1 and A2, which provided the highest concentration standard at 2000 pg/mL.
100 uL of appropriate standard diluent was added to the remaining standard wells B1 and
B2 to F1 and F2. 100 uL was transferred from wells A1 and A2 to B1 and B2. The well
contents were mixed by repeated aspirations and ejections taking care not to scratch the inner
surface of the wells. The 1:1 dilution was continued using 100 pL from wells B1 and B2
trough the wells F1 and F2 providing a serial diluted standard curve range from 2000 pg/mL
to 62.5 pg/mL. 100 uL was discarded from the final wells of the standard curve (F1 and F2).
After this, 100 uL of each sample were put into the respective well. 100 uL of standard
dilution buffer was added into zero wells too.

Immediately prior to use, Biotinylated anti IL-8 Detection Antibody solution was prepared,
by diluting the reconstituted biotinylated anti IL-8 with the biotinylated antibody diluent in an
appropriate clean glass vial. For one plate, 100 uL of the reconstituted Detection Antibody
was added into 5 mL of Biotinylated Antibody dilution buffer". Biotinylated Detection
Antibody was provided in liquid form. After this, 50 uL of diluted Detection Antibody was
added into all wells and the plastic plate was covered and incubated at room temperature
(18-25 °C) for 1 hour. The next step was the washing one, with the same standard program
used before on the ELx50. Immediately before use, Streptavidin-HRP solution was prepared;

the vial was centrifugated for a few seconds in a microcentrifuge to collect all the volume at
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the bottom. HRP solution was prepared by adding 5 uL of Streptavidin-HRP into 0.5 mL of
HRP diluent buffer. After this, 150 uL of the diluted HRP solution was taken into 10 mL of
HRP diluent buffer. Finally, 100 uL of Streptavidin-HRP solution were added into all wells.
The plate was covered with a plastic cover and incubated at room temperature (18-25 °C) for
30 minutes; after this, the plate was washed again with the standard program in the ELx50.
Subsequently, 100 uL of ready-to-use TMB Substrate Solution was added into all wells. The
plate was incubated in the dark for 5-15 minutes at room temperature; direct exposure to light
was avoided by wrapping the plate in aluminum foil. Finally, 100 uL of H,SO4 was added
into all wells as Stop Reagent. The absorbance value of each well was read in the Synergy?2

using 450 nm as the primary wavelength and using 610 nm for the reference wave length.

4.4 Data analysis

The average absorbance values were calculated for each set of duplicate standards and
samples. A standard logarithmic curve was generated by plotting the average absorbance
of each standard on the vertical axis versus the corresponding IL-8 standard concentration
on the horizontal axis (figure 4.4); the standard logarithmic curve was preferred respect the
linear standard curve because of the value of R? that results to be 0.985 in confront of 0.8619
of the linear relation. This value represents the square of the correlation coefficient, and if it
is near 1 ,it means that the predicted value of the dependent variable is reliable. The amount
of IL-8 in each sample was determined by extrapolating OD values against IL.-8 standard
concentrations using the following equation (4.1) derived from the standard curve:

y+1.3454

XxX=e¢ 0353 4.1)

where x is the dependent variable and represents the concentration [pg/ml] while y is the
independent variable and represent the OD value.

From the results, these following comparisons were studied:

» IL-8 concentration differences between the different people in the different days

referred to the two hours date for the collection;

» IL-8 concentration differences referred to one person on the same day, for a total of

four days;

 IL-8 concentration differences referred to one person at the same hour within the four

days.
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Standard curve at 450 nm
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Fig. 4.4 Standard logarithmic curve for IL-8 ELISA Test.

4.5 Results

From the results the mean values and the respective standard deviations of the IL-8 protein
concentration in saliva samples were 70.56 + 4.28 [pg/ml] for the person 1, 77.36 + 3.58
[pg/ml] for the person 2, 69.78 + 4.95 [pg/ml] for the person 3, 95.40 + 13.03 [pg/ml] for
the person 4 and 66.98 + 6.95 [pg/ml] for the person 5. The protein concentration in all the
cases was not under the lower detection limit of 62.5 [pg/ml], as shown in the figures 4.5
and 4.6. In general, the absolute concentrations obtained depend on the used kit; results
differ within kits of different manufacturers. Every kit provides its own cytokine standards
and antibody, so it is not possible to compare the absolute concentration values in literature
because they come from different kits and companies. In this study, the female subjects
(person 2 and person 4) showed higher values of concentration compared with male ones, as
shown in the figures 4.5 and 4.6. This observation was reported in another study of a bigger
cohort [38]. It is known that immune defence capacity differs between men and women.

For both genders, the IL-8 values resulted in being higher in the afternoon compered to the
ones in the morning, for each day, as shown in the figure 4.7. One explanation could be that
in the morning the human metabolism is in a sleep mode, however the mechanism under this
results is unclear. It is know that cytokines levels during the day can change as a consequence
of daily immunological reactions in the human organism. This is in agreement with the
literature results, where IL-8 protein concentrations tend to be of low levels compared with
other proteins during the days, showing a slight rise in the afternoon of each day compared
with the morning [170]. Furthermore, it was studied that diurnal activities like sportive
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exercises influence 1L-8 levels making them higher [163, 123] . Moreover, every person
seems to have a constant concentration trend during the different days, referred to the same
collection hour, as shown in figure 4.8. However, from the results, IL-8 appears to be a stable
biomarker in healthy people, in terms of concentration and daily trend. From the literature,
it is known that its concentration tends to show high differences in inflammatory cases and
starts to rise before an acute inflammation or, in the worst case, before an acute exacerbation.
From these considerations, it is a good candidate as a sensor biomarker for the prevention
goal, because there is the needing of a predictable biomarker.

Furthermore, doing a differentiation between smokers and non-smokers, in this little cohort
only the people number 2 and 5 were healthy-smokers, but their IL-8 concentrations were
not able to differentiate them from the other healthy non-smokers, as visible in the figures
4.5and 4.6.

The future work will be to measure IL-8 protein concentration in saliva samples of COPD
patients; the results will be compared with ones obtained in this part. The goal will be to find
the perfect cluster of biomarkers for the COPD exacerbation prediction. On the base of the
literature research done, also the most relevant COPD biomarkers such as IL-6 and MMP-9
will be analyzed.
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Fig. 4.5 From this graph it is possible to observe that IL-8 values are medially present in
the range of 60-100 [pg/ml]; the subjects 2 and 4 shown higher values, maybe because of
they are female. The subject 5 is a smoker, but the IL-8 concentration does not mark relevant
differences compared with the other components of the cohort.



40 Experimental study case:Human IL-8 ELISA Test
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Fig. 4.6 From this graph the same considerations of the first one can be done, with the
difference that IL-8 values tend to be higher and different if compared with ones in the
morning.
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Fig. 4.7 In these graphs the differences are evident between the concentration values in the
morning and in the afternoon; they tend to be higher in the afternoon.
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Fig. 4.8 In the afternoon IL-8 values medially change in the range of 65-100 [pg/ml], reaching
values higher than 100 [pg/ml] in the case of subject 4. Furthermore, referring to the same
hour and to the same person, IL-8 values tend to be similar each day.



Chapter 5

Point-of-Care devices: State of Art and
Proposal for COPD

Nowadays new technologies are adopted to monitor diseases such as cardiovascular or lung
cancer, based on the concentration evaluation of biomarkers that are products of the inflam-
mation processes, in invasive or non-invasive body samples, like blood, serum, supernatants,
saliva, urine, sweat and other biologic fluids. A great number of studies concerns on the
multi-detection of relevant biomarkers, for a better evaluation of the disease and for increas-
ing the sensitivity and sensibility of the results. Studies demonstrate that the measurement of
a single biomarker is not enough to diagnose a disease. Therefore simultaneous detection of
multiple biomarkers at low concentrations simplifies treatment monitoring and diagnosis.

The most conventional methods for biomarkers detection are microwell-plate based im-
munoassays such as ELISA kit, or polymerase chain reaction based, however, those require
long analysis time (8 hours) [28] because of the low test speeds, complicated procedures
that need specialized personal and finally high costs due to the products and the analysis
machines and readers [183]. For these reasons this instrumental analysis method is unable
to be used in on-site rapid detection. From these considerations, there is an urgent need for a
more efficient detection method capable of measuring a defined number of correlated COPD
biomarkers, that could allow an accurate, rapid, quantitative and easy operating kit for the
analysis. Nowadays compact platforms called Lab-on-chip (LoC) have been spread thanks
their capability to allow biomarker sensing and analysis through simple preparation method.
These devices usually are portable, fast in the detection time and allow to manipulate chemi-
cal reactions in one step with high sensitivity. They also integrate new detection methods
based on fluorescence ,luminescence [183] electrochemiluminescence and electrochemical
[185], biosensors and smartphone technologies. Furthermore, these devices are based on

point-of -care (PoC) nanotechnologies, that have the goal to realize an accurate analysis
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from a small body sample. Especially a non-invasive sample-based device is the key for
a new self-portable approach for early- detection, diseases monitoring and follow-up, and
in COPD case it is a promise for preventing exacerbations. LoC- PoC devices are known
as BioMEMS; they are portable and contain all the necessary miniaturized elements for
the analysis performance, such as electronic chip, detectors led and marker elements. The
advantages are the ability to provide rapid and accurate results, easy to use, low cost and the
little need for specialized equipment [164]. The goal of this work is to study the possibility
of a new diagnostic and monitor device specific for COPD.

5.1 POC devices

5.1.1 Capillary flow paper based POC devices

Paper-based analytical devices are developed for rapid detection of one or more different
analytes and are applied in a wide range of fields such as food-control, drug-control, pollution
control and diagnosis of oral and systemic diseases at the PoC. The first design of these
platforms is the ‘immunochromatography test strip’ (ICTS) [164] and it allows a qualitative
or semi-quantitative (yes/no) analysis of the analyte presence just by looking the colour
changing in the sensible test zones.When antibodies are deposited on the paper as biorecep-
tors, the device is also called ‘lateral flow immunoassay’ (LFIA). Ran et al. [139] in order to
perform both qualitative and quantitative detection of disease biomarker such as Interleukin-6,
made a highly sensitive peroxide test strip (PTS) based enzyme-linked immunosorbent assay
(ELISA) in which a biorthogonal reaction was used as signal amplification; the change of
color was visible from naked eyes for a qualitative test while a portable detector provided
the quantitative analysis. This strip can be used as an effective signal readout strategy for
detecting different analytes and can be applied in POC diagnosis. Nowadays LFIA is studied
for quantitative analysis, that is necessary for diagnosis or prevention in the medical field,
by improving the design and the signal intensity with materials that have luminescent, fluo-
rescence or electric properties and allow the reading of the output signal through optical or
electrical systems. These strips are known as ‘time-resolved immunofluorescent assay’ (TR-
FIA) or ‘fluorescence lateral flow immunoassay’ (FLFIA). The reaction membrane is usually
made of a nitrocellulose (NC) because of its excellent properties. However, polystyrene [31]
or cross-linked silica [164] can be used; aspects such as assay sensitivity, accuracy, reagent
deposition and test consistency are influenced by factors like the material, its shape and pore
size that also influence the chemical, physical and flow proprieties in capillary action and
incubation time. Thanks to the capillary property, the membrane does not need of external
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forces or pumps for moving the sample. For selecting the best cellulose membrane sample
proprieties, speed and device costs must be considered [185]; advantages are factors such as
biocompatibility, biodegradability, flexibility and easiness of production worldwide, function-
alization and disposal [9]. The LFIA consists of different main components that include the
sample pad, conjugate pad, reaction membrane and the absorbent pad. These elements are
assembled together and supported by a backing card. Typically conjugate pads are made of
glass fiber. A small size of sample is loading on the sample pad that provides the pre-storage
function and filters the analyte from particles and cells unwanted. The conjugation pad
provides the dry-reagent storage for the antibodies specific to the bioamarkers linked to the
particles that will generate the signal. After this pad, on the membrane there are the test
line ( it could be more than one for a multiple detection) and the control line, where specific
antigens for the analyte are predisposed; here the reaction happens, and the results could be
visible from a color change [7], from the emission of a luminescence or fluorescence signal
[88, 159, 187] or from the registration of an electrical signal from the test zone if the paper is
integrated with technologies such as electrodes [126, 125] . The absorbent pad collects the
remaining sample part. An example of a single detection of one of the inflammatory biomark-
ers cited for COPD is from Song.et al [159], that in their work developed a time-resolved
luminescent lateral flow assay for the detection of CRP in serum.They provided a home-made
fluorescence strip-reader capable of detecting the output signal in ambient condition, from the
home made phosporescent nanoparticles. Generally, the reaction on the test line can be based
on a competitive or a sandwich immunoassay; a multiple detection is possible developing
the LFIA with multiple test lines functionalized with different antibodies specific for the
analytes, or by using new paper designs inspired to LTS [98, 99, 47]. The nanoparticles that
provide the signal for the analysis, can be employed directly on the test lines or with the
analytes in the sample before the deposition on the sample pad or also on the conjugation
pad [73]. Nowadays simultaneous detection of different biomarkers is required essentially
for time-saving and high accuracy and sensitivity; new designs are studied for reducing the
cross-talking of the results between the different analytes. Li et al. [86] focused on two
new paper configurations called ‘Fork’ and ‘Peace-sign’, for the detection of two whole
cell bacteria on a nitrocellulose membrane; in both they rearranged the classical rectangular
design of the LFTS. In their configuration the sample needed to be dropped onto the centre
of the paper-design and it was capable of flowing through the test strip due to capillary
action. Martinez et al. [98] proposed a method for lithographically patterning a paper to
create well-defined microchannels, comprising hydrophilic paper bounded by hydrophobic
polymer that allowed a multiple detection. In the ‘tree’ pattern, the central channel absorbed

the sample by capillary and the pattern directed the sample from the wet zone into three
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separate dry test areas, where the central one was used as test control; the presence of the
analyte was detectable by paper color change due to colorimetric reagents. Fenton et al. [47]
inspired by these works, proposed an alternative method of fabricating multiplexed lateral
flow assays. They created a two-dimensional shape by using a plotter that could control
the cutting in the x-y plane. Wang et al. [176] introduced a more elaborate design for a
self-powered, one-step analysis chip. It allowed rapid, quantitative and multiplexed detection
of proteins. The studied protein included CRP and IL-8; the lateral flow paper chip was
pre-filter for removing the blood cells. The multiplexed ELISA assay was completed in the
four reservoirs on the chip while a serpentine microchannel provided for reagent mixing
upstream of the assay region. Furthermore there are studies about salivary applications of this
kind of devices, such as PerioSafe [140], the lateral ow chromatography device, a MMP-8
oral fluid PoC—immunotest. This device was largely used in Africa, USA and Europe and
had a great success as primary diagnosis test for oral diseases. Another application was the
ImplantSafe , a MMP-8 rapid lateral flow chromatography immunotest for in-vitro diagnostic.
It is a dip-stick test for the use in dental implantology. Both this testes were based on a
Sandwich ELISA immunoassay and revealed a positive result by showing the two colored
test and control lines. Wignarajah et al. [180] proposed a multiplex hand-held colorimetric
diagnostic biosensor for the detection of Human Neutrophil Elastase (HNE) in saliva. The
platform consisted of a proteases substrates covalently bead to a round permanent paper
magnet from one end while on the other hand to the two gold sensor surfaces. The analyte
was dispensed on the gold surfaces and left at room temperature until dryness; during the
proteolytic cleavage, the magnet attracted the cleaved magnetic beads and caused a visual
observation of the bright gold surfaces by inducing the detachment of the monolayer on the
two sensitive zones; the colorimetric results was available until 30 seconds and visible by
necked eyes.

In this contest, the specific devices relative to COPD biomarkers are summarized in the table
5.1.

All the discussed devices can be easily produced, stored and transported; these are advantages

for clinicians and patients, especially those who live in developing countries.
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Table 5.1 Capillary flow paper based POC devices relative to COPD biomarkers.

Device Analytes Sample Detection LOD Time Ref.
detected assay
Chipbased
on lateral CRP Whole ) ) IL-8 .
Aow IL-8 blood Colorimetric (15 pe/ml) <40min [176]
immunoassay
PerioSafe MMP-8 Saliva Colorimetric - - [140]
ImplantSafe =~ MMP-8 Saliva Colorimetric - - [140]
Luminescent <02
lateral flow CRP Serum Luminescence ’ - [159]
ng/mL
assay
Peroxide 3.8
test strip IL-6 Serum  Colorimetric ’ S5s [139]
pg/mL

ELISA
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5.1.2 Microfluidic POC devices

In the last years, the PoC applications of 3D microfluidic have grown considerably because
of their ability to easy-drive fluids in combination with low costs and rapid fabrication.
Firstly materials such as silicon, inorganic glass and ceramic were used for the fabrication
process but nowadays the most common materials used are the ones with soft and rigid
thermostatic and thermoplastic attributes, biodegradable paper [7, 8] and hydrogels [78].
Furthermore different fluidic operations like mixing, splitting, separation and filtration
can be easy-adapted to POC devices by controlling many various design elements. An
interesting application of this kind of devices was from Chen et al. [28], that developed
a nanoplasmonic biosensor microarray label free device based on multiarray localized-
surface plasmonic resonance for monitoring the concentration of serum biomarkers including
IL-6 and TNF-o. They used a polydimethylsilocane(PDMS)-glass substrate for parallel
microfluidic channels functionalized with nanorods (AuNRs) necessary for the reaction with
the analytes. Generally, PDMS has good proprieties such as optically transparency, elastic
and cures at low temperature; it also can interact with a great range of materials after being
exposed to air plasma [148] and it has other advantages such as the lowest autofluorescence
across the visible spectrum of many plastic and glass materials also used in these kind of
applications, and at the end hydrophobic properties that allow easy coating of protein with
simple adsorption from solution [53]. The microfabrication is easy and low cost, including
methods such as soft-lithography [113], photolithography [45, 30], casting injection molding
[128], imprinting, hot embossing, laser cutting [148] and others; for all these reasons, it is
one of the most common elastomers used for these applications. Gervais et al. [53] used
PDMS substrate for making a one-step immunoassay for PoC diagnostic; in this case they
wanted to detect CRP in human serum or plasma, so developed a device capable to solve
this goal itself by just adding a drop of sample. Capillary forces dominated the device’s
work, but the flew rate was improved by including microfluidic functional elements on the
platform. Another good substrate material is polymetilmetacrilate (PMMA), that compared
to PDMS has the advantage of absorbing proteins directly onto its surface without the
requirement for additional surface modification. Mohammed et al. [106] used this material
for the realization of their platform in which trough a sandwich immunoassay detected the
biomarkers of interests. The sample moved thanks capillary force, in the microchannels
made by CO, laser etching system. The chip was easy in the fabrication requiring just
5-6 minutes for the complete building. The fluorescence excitation was provided from a
portable light source. The signal reader was in-house built. For focusing the excitation
light on the sensing area, a biconvex planar lent was built on the substrate; in this case
too, microfluidic elements such as capillary action stop, triggered and delay valves and also
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meandering/turbulence structures were used to provide smart functionality of the autonomous
system; the shape of the chambers minimized the formation of air bubbles. However, paper-
based microfluidic have the ability of integrating the capabilities of microfluidic systems
with the flexibility of the lateral fluorescence test strip technology; microchannels allow to
restrict fluids and to direct them in a controlled manner to the sensing areas for single or
multiple biomarkers detection. Methods for paper-based fabrication are photolithography,
construction of hydrophobic barriers in the hydrophilic paper matrix by channel patterning,
2D-cutting that acts trough computer-controlled X-Y knife plotters or CO2 laser cutters
[148], and others. This last technique is preferred when contaminations or interferences
with chemical reactions are undesirable on the device; with these methods, the reagents and
analytes interact in a defined area without cross-contamination or mixing and spreading
in the surrounded area in simultaneous detection cases. Abe et al. [8] proposed inkjet
printing as alternative construction technique, that is a promise in terms of time-saving and
low-cost alternative especially for income countries, because it does not require the use of a
specific mask and cleanroom. They developed a microfluidic multianalyte chemical sensing
device paper based for the simultaneous detection, where the 3D hydrophilic microfluidic
patterns were connected on a central sample inlet area; three sensing areas and a reference
area were firstly made on filter hydrophobic paper by inkjet etching, and thereby by locally
dissolving a hydrophobic poly(styrene) layer. Secondly with the same inkjet printing device,
chemical sensing inks were printed and also the gold-labeled antibodies were spotted for
the analyte-specific colorimetric reaction, resulting in an ¢’ all-inkjet-printed” microfluidic
system. This structure prevented the uncontrolled spreading and dilution of the samples and
also no external pumping systems were necessary because of the capillary action. The same
group of researchers also made a new prototype of ICTS [7], deleting the needing to assemble
different pad components that is always present in the classical LFS design and concerning on
a new one for a ‘single-pad’ ICTS; the proposed immunochromatographic device was made
from a single piece of filter paper, where the microfluidic channels pattern and the dispensing
of immunosensing inks for a sandwich immunoreaction were realized by a single apparatus;
the inkjet-printed antibodies on the test line and control line were immobilized by physical
absorption, they reacted with the analytes of the sample that moves from the inlet area to the
sense lines thanks capillary action. Han et al. [58] proposed a 3D slip-PAD where the 3D
microfluidic network was developed by layered construction of wax-patterned papers and
provided different fluidic paths for the sequential delivery of multiple fluids in a single step,
without the needing for peripheral equipment. The manually movable slip design made it
user-friendly; the fluids delivery to the detection zone of MMP-9 was allowed by the overlap

of the multiple paper layers that composed the device, providing a 3D fluidic channel and
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also by the wax hydrophilic/hydrophobic barriers patterned. The colorimetric output signal
was visible after 10 min, gave by the reactions of the analytes with the AuNPs. A quantitative
detection was done by software analysis. Nie et al. [110] developed a microfluidic device
for multiplex biomarkers detection in saliva samples. The studied proteins included IL-8
and MMP-9 that interacted with a PDMS substrate, worked with surface passivation for
improving the compatibility with the biological analytes. The platform included an array of
cylindric microwells designed for hosting the sandwich immunoassay between the protein
and the antibody-functionalized microsphere. This architecture differentiates from other
applications where the deposition of the antibodies onto the surface happens trough spotting.
Its advantages are the reproducibility in the attachment of antibodies on the surface and
also allows shorter analysis time. Integrated actuator valves on the SDReared were used
to control the delivery of the analytes and the mixing of the saliva sample, biotinylated
detection antibodies, fluorescent probe and washing buffer automatically. Thanks the good
performance demonstrated by the LOD values of this platform, this rapid and sensitive
microfluidic chip could be utilized in POC applications. Furthermore, Wu et al. [184]
proposed a PDMS microfluidic platform for evaluating IL-8 concentration to sputum samples
from COPD patients. They used a SU-8 photoresist, creating microfluidic channels with
a zig-zag shape: this technique improved the pressure gradient between inlet and outlet,
developing a laminar flow without the help of external elements. In this study, a negative
correlation was demonstrated between the IL-8 concentration and FEV /FVC value in COPD
patients and also the chance to detect different stages of COPD severity; this microfluidic
system could assist COPD diagnosis and be useful to monitoring at POC. The concentration
of IL-8 in saliva samples was also studied by Qiu et al. [134], that presented the building
blocks for a disposable, luminescence-based microfluidic immunoassay cassette and they
demonstrated their integration in a POC diagnostic system. All the reagents needed for the
analysis were prestored on the platform by liquid form and the fluid motion was driven from
the top storage to the bottom chambers by depressing finger-actuated pouches. In this contest

the devices relative to COPD biomarkers are summarized in the table 5.2.
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Table 5.2 Microfluidic POC devices relative to COPD biomarkers.

. Analytes Detection Time
Device detected Sample method LOD Assay Ref.
Localized
Slurf;c‘; TNF-o
rgsisnar?ce Localized  (11.43
(LSPR)-based IL-6 Human surface pg/mL) 40 28]
. 1 TNF-o serum plasmon IL-6 min
microuidic
i resonance (11.29
optical /mL)
biosensing bg
device
Capillary
.-drlve.n. CRP Human Fluorescence 1 ng/mL < ?4 [53]
microfluidics serum min
device
Mlcroﬂuldlc MMP-9 Saliva  Fluorescence 10 pM 39 [58]
device min
IL-8
4
. - IL-8 . pg/mL)
Microfluidic MMP-9 Saliva  Fluorescence MMP-9 >2h [110]
3
pg/mL)
Microfluidic IL-8 Sputum  Fluorescence - 2h [183]
platform
Microfluidic IL-8 Saliva  Luminescence - <2.0 [134]
platform min
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5.1.3 Electrochemical POC devices

Electrochemical biosensors are a powerful alternative to luminescence or fluorescence based
devices, thanks some advantages like the ability to allow the detection in different strategies
such us amperometric [134], potentiometric [131, 191] or by impedance [132] and capaci-
tance detection [23, 2, 48], the easy nanofabrication and integration on chip. Comparing
the electrochemical devices with the luminescence based sensors, they are insensitive to
ambient illumination conditions and impurities in the samples, granting good sensitivity
and stability [191]. These new technologies can be integrated with paper-based devices
and also with PADs; furthermore, they are low cost and allow simultaneous detection. One
disadvantage could be that not all the biomarkers are electrochemically active and this is one
of the necessary conditions for being detected, so other strategies must be adopted [117].
The available designs for synchronous detection are multi-label [23] and multi-electrode
platforms [191, 167, 181] but especially these last ones are preferred in PoC applications,
due to their capability to accurately separate the detection areas reducing cross-talk and
improving SNR, robustness sensitivity and accuracy. Basically, three electrodes of metal
conductive material are printing on the sensible area [132] where the reaction happens when
they are immersed in the sample solution, those are the working (WE), reference (RE) and
counter (CE): the WE is sensible to the current developed by the boundary reaction for
example between an antigen and an antibody element, so its detection allows the definition
of the analyte concentration; the RE is used to maintain the solution at a given potential
and the CE provides a current that allows the redox reaction in the solution. Rodriguez et
al. [167] developed an electrochemical bio-platform for the simultaneous determination of
interleukin (IL)-8 mRNA and IL-8 protein in saliva; the amperometric detection was based on
the signal sent by the functionalized magnetic beads (MBs) linked on the dual screen-printed
carbon working electrodes (SPCEs). For simultaneous detection of multiple biomarkers,
each sensible area must have the printed CE and RE, a WE for each biomarker and the
board circuit for the signal transmission and also each WE must be functionalized with
the respective antibody specific for the analyte bounding. The WEs position on the device
was structured and optimised for reducing the signal cross-talking between the adjacent
sensible zones, that could give erroneous results. Wan et al. [174] proposed a multiplexing
electrochemical immunosensor based on disposable screen-printed carbon electrode array of
16 channels for the detection platform; the multi-labeled assay was realised by functional-
1zing the WE with capture antibodies following a three step protocol, and also multiwalled
carbon nanotubes were used. The screen-printed CE (SPCE) array could accurately detect
biomarker sample with very high sensitivity and broad dynamic range, as demonstrated from
the LOD for IL-8 that was 8 pg/mL, so that could be a promise for the POC applications.
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Furthermore, Malhotra et al. [95] used single wall carbon nanotubes in the configuration
of forest electrodes, functionalized with capture antibodies for detecting the protein I1L-6
through an electrochemical sandwich immunoassay, and dispensed on a basal plane pyrolytic
graphite disks; the multilabel amplification improved the high sensitivity. The electrochemical
detection of the label gave signals proportional to the amount of the antigen. Ojeda et
al. [115] studied the concentration of protein IL-6 in human saliva by using an innovative
electrochemical magnetoimunosensor device. They used carboxyl magnetic nanoparticles,
covalently bound to the antibodies thanks a surface functionalization. Furthermore the
use of poly-HRP-streptavidin allowed the signal amplification. The obtained results were
statistically in agreement with those provided by commercial ELISA kit. Moreover, Wei
et al. [109] studied an electrochemical device for the detection of IL-8 protein and IL-8
RNA by introducing a conducting polymer based interface put on the top of the metal
electrode for reducing the protein denaturation that occurs when it is immobilized on the
surface. The results demonstrated that the bio-abiotic interface greatly improved the signal
transduction process; the pattern of chip consisted of 16 sets of 3-electrode system fabricated
via photolithography, each one had a cyclic square-wave form electrical field and was used
for electro-polymerisation. In this part, the electrochemical and electrochemiluminescence

devices related to COPD are summarized in table 5.3.
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5.1.4 Electrochemiluminescence POC devices

Electrochemiluminescence (ECL) devices combine the advantages of chemiluminescence
and electrochemistry, those also include microfluidics platforms advantages for simultaneous
detection.For example Dong et al. [129] realised a PMMA chip integrated with an array of
eight ring-shaped organic photodiodes. They used gold nanoparticles attached to the microflu-
idics chambers. The chemiluminescence was directly correlated with the concentration of the
molecules. In this device only one inlet point was present and from that eight microchannels
drove the sample into the chambers. For each one there was an outlet port for discarding the
content after each incubation step was performed. The photocurrent signals were detected
by the OPDs aligned with the corresponding chambers. The excellent optical detection
properties coupled with the advantages given by the GNPs that improve the performance
of the biosensor, grantee the device as a future PoC application. In a second work they
tested the same device with saliva samples for detecting IL.-8 concentrations, showing good
consistency [42] . Another example of COPD biomarker detection is form Sardesai et al.
[150] that reported the fabrication of a novel electrochemiluminescence immunosensor array.
The materials used were carbon nanotube forests disposed onto the bottom of wells with
hydrophobic polymer walls. These last ones were made on a conductive pyrolytic graphite
chip connected to a potentiostat. The barrier separation allowed the multiple detections
of biomarkers including IL-6. Light was measured with a charge-coupled device camera
and results were well-correlated with single-protein ELISA; the array is easily adaptable to
microfluidics POC devices.

In this part, the electrochemical and electrochemiluminescence devices related to COPD are

summarized in table 5.3.
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Table 5.3 Electrochemical (EC) and electrochemiluminescence (ECL) POC devices relative

to COPD biomarkers.
. Analytes Detection Time
Device detected Sample method LOD assay Ref.
IL-8
IL-8 protein
EC protein Raw Ampero- (7/r2ri) sh (167]
device IL-8 saliva metric p %L- 2
mRNA MRNA
(0.21 nM)
Real
Electro-
EC PBS ) time
device IL-8 buffer reduction 8 pg/mL after [174]
current
50s
Squamous
cell
EC IL-6 carcinomas Ampe}r o 0.5 pg/mL Real [95]
device metric time
of head
and neck
EC Human Ampero-
magneto IL-6 saliva m;)tric 0.39 pg/mL. 245 min [115]
1Immunosensor
IL-8
IL-8 (f(r)(())t_f;lgo Real
EC protein PBS Ampero- fo/mL) time [109]
device IL-8 buffer metric & after
mRNA IL-8 60 s
mRNA
(10 aM)
ECL IL-6 Calf — Electrochemi-—— .o p 0 1 1h [150]
device serum luminescence
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5.1.5 Optical POC devices

Optical biosensors are recently increasingly developed because of their portability, simplicity,
quick response and availability for various quantitative measurement techniques such as
fluorescence, surface plasmon resonance (SPR), local SPR, absorption, refraction, Raman,
luminescence and interferometric [79]. These devices can be classified into label-free and
label-based modes; in the first category the analyte directly interact on-site with the transducer
and generates the signal. In the second category, the labeling with a specific material generates
the optical signal such as colourimetric, luminescence or fluorescence response [79]. A
significant number of optical devices is based on nanomechanics and cantilever technologies,
where the analyte binding is linked to the deflection of the mechanic part due to the changing
of surface stress. SPR and waveguide interferometry utilise the evanescent field in close
proximity to the biosensor surface to detect the interaction of the analytes with the specif
nanomaterial. SPR phenomenon occurs when an interface is present between two materials
of opposite conductivity. When it is excited with light at the specific angle, the conduction
electrons enter in a resonant oscillation [79]. Another class of new biosensors is fiber-optic
based; they use an optical fiber as biosensing platform that is in contact with the analyte of
interest, and light is propagated through it to the sample. The same fiber or an additional
one measures the light absorbed by the analyte, that is proportional to target concentration
[36]. Furthermore, transmittance-based detection is commonly used for real-time quantitative
analysis by measuring the absorbance of the light transmitted through a substrate such as
paper positioned between a LED and a photodiode; Rajeev et al. [138] integrated this
method with label-free TNF-o detection. The anodic transducer consisted of a thin film
of nanoporous aluminium, functionalized for hosting the biomelecules. The bounding of
TNF-a to the conjugates within the pores caused a change in effective optical thickness
(EOT) of the NAA thin film. The quantitative analytes detection was done by monitoring
the time evolution of EOT in software analysis. The optical detection method commonly
uses fluorescence principle coupled with CMOS technologies for light detection and colour
discrimination, allowing the creation of new POC solutions [126, 125, 156]. In this context
it is important to specify the difference between fluorescence and chemiluminescence, where
this last one is the luminescence generated by the development of chemical reactions while
the fluorescence is a consequence of the excitation wave on the nanomaterial used in the
different applications. An interesting application for COPD biomarkers is from Kemmler et
al. [76] that reported about a POC device for multiple detection of CRP and IL-6 on-chip,
by detecting the fluorescence comes from an immunoassay reaction. The measurement
system was based on Total Internal Reflection Fluorescence (TIFR). The planar waveguide
introduced into the chip drove the light excitation. The fluidic system was fully automated
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and was capable of performing fluid handling steps such as dilution, mixing, metering,
separating, pre-incubating, incubating and washing controlled by the system software in a
scripting process.

In this part all the optical POC devices related to COPD are summarised in table 5.4.

Table 5.4 Optical POC devices relative to COPD biomarkers.

. Analytes Detection Time
Device detectd Sample method LOD assay Ref.
Human Interferometric
Opti'cal TNF-q serum Reflectance 0.13 Real [138]
device or Spectroscopy g/ mL time
plasma (IRS)
Human  Totallnternal CRP
Optical CRP serum Reflection (0.35ng/mL) 25 176]
device IL-6 or Fluorescence IL-6 min

plasma (TIFR) (0.27 ng/mL)
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5.2 Used nanoparticles in POC devices

5.2.1 Quantum dots (QDs)

Quantum dots are semiconducting crystals with a core and shell structure of a distinct
semiconducting material, and with a diameter in the range of few nanometers. Typical
configurations are CdS/ZnS, CdSe/ZnS, CdSe/CdS and InAs/CdSe. Core quantum dots have
low fluorescence quantum yield due to surface related trap states; the adding of shell layer
solves this problem because it increases quantum yield by passivating the surface trap states.
The quantum yield can be defined as the ability to emit photons from the number of absorbed
photons. QDs are capable of emitting in a wide range of wavelengths thanks their building in
controlled temperature and pressure conditions. It is possible to obtain QDs of specific size
and shape respectively of core and shell [130]. Physical characteristics of semiconducting
materials are the conduction and the valence band, divided by a band gap. These components
give optical properties to the material. The fluorescence phenomenon happens when enough
energy is added in the system for allowing to QD to absorb a photon; in consequence, an
electron jumps from the valence band to conduction band, leaving a hole in the valence band.
The photon or light is emitted when electron and hole recombine. In QDs the energy can be
directly quantised because of it is directly related to the dots size. They can be engineered to
emit light from ultraviolet to infrared, and they do not suffer of photobleaching. The emission
wavelength can be chosen by changing the particle size so that a single light source can be
used for simultaneous excitation of all different-size dots [25]. These QDs are typically
synthesised in organic solvents using organometallic precursors [145].For many biological
applications it is necessary to cover the QDs surface with a hydrophilic coating which enables
conjugation to biologically active compounds such as antibodies, peptides or small ligands.
Another main method used for allowing biological applications is based on exchange of the
original hydrophobic surfactant layer with a hydrophilic one [69]. Conventional fluorescent
dyes and water-soluble QDs can suffer from photobleaching and poor stability [31]. These
can results difficult to use in the multiplexed detection requiring high performances. For these
reasons Chen et al. studied new hydrophobic quantum dots, core/shell made with CdSe/ZnS
materials [31], resulting in the solving of these problems. It is proved that their quantum yield
is higher; they are also more stable and emit with a symmetrical peak in specific wavelength
[185]. QD-FRET detection has also found a place in LoC applications. The acronym FRET
means Fluorescence resonance energy transfer. This is a physical phenomenon between two
particles, in which one gives the photon and the second one accept its transfer if it is inside
the distance limit known as Forster radius [145, 69]. In this condition, the donor’s emission

declines while the acceptor’s emission intensity increases. This phenomenon was applied
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by Li et al. [88] by using a quencher system composed of carbon dots (CQDs) and silver
nanoparticles; CQDs resulted in having advantages compared with the common QDs ,such
as low toxicity and excellent biocompatibility; they also perform of good light stability, easy
functionalization, low cost and large quantities synthesis. In particular, graphene QDs are
requiring great interest. They are two dimensional materials, with a maximum lateral size
of 100 (nm). From many reviews [29, 193], they are classified as compatible for biological
applications and possess low biological toxicity. They can be easily fabricated in large
number trough top-down or bottom-up low cost techniques; a top-down example is cutting
different carbon sources ( graphene sheet, carbon fibers, carbon nanotubes). A bottom-up
method is starting from a solution of organic molecules or polymers which show reactive
groups (-COOH,-NH,) that can react thanks approaches such as hydrothermal, microwave,
combustion methods. The high stability of GQDs comes from the presence of the crystalline
chemical structure of the carbon core. The presence of a certain number of reactive groups
on the surface, the size and the shape of GQDs influence the optical properties. They have
the ability to absorb in a large wavelengths range and consequently to emit with a specific
wavelength in a specific region that can be ultraviolet, visible or infrared. Different sources
show their higher performances if compared with the conventional fluorescent QDs.

5.2.2 Gold nanoparticles (AuNPs)

AuNPs are new interesting particles used in different fields for their excellent characteristics
such as the plasmonic resonance proprieties [28], easily synthetization and functional-
ization and unique tunable and distinct electronic properties. In the sensing applications,
they can give colourimetric [86, 142], fluorescence-based [65, 28], electrochemical [129]
and electrochemiluminescence [126, 125] output signals integrated with sensor technolo-
gies [44]. They exist in 1D, 2D and 3D configuration and their signal can be captured
with different techniques such as optic absorbance, optical density measurement [142],
fluorescence, Raman scattering [39], electric conductivity and magnetic or atomic force
microscopy. They have good qualities, someone in parallel with QDs, such as strong output
signal, photobleaching absence, low toxicity, large surface-to-volume ratio and also, they are
biocompatible [118]. They offer the chance to use the localised surface plasmon resonance
(LSPR) phenomenon in array binding, where surface binding of analyte molecules is detected
in real time from a shift in photon absorbing and scattering behaviours [28].The band range
for this phenomenon depends on AuNPs morphology and physiology [44]. They can be
used for multiple detection thanks their capability to give a colored output signal that differs
for the size and shape of the fabricated nanoparticles [39, 86]. Nanorods (AuNRs) result
to be superior to the common spherical gold nanoparticles thanks their structural, optical,
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electronic and magnetic properties and also their anisotropy structure allows simultaneous
plasmon absorption in the visible region and the near infrared. The transversal band is
linked with the visible region while the longitudinal band with the near infrared one [44].
Many different bottom-up and top-down anisotropy AuNPs construction techniques exist,
including main synthesis methods for biological applications such as seed-mediated method
that consists on making the structures in a ‘growth’ solution including the mix of metal
precursors , reductant agents and surfactants, or the Lithography method based on the gold
bulk sputtering from ion injection [87]. In the sensing field, AuNPs are commonly used
especially in the biomedical domain thanks their easy surface functionalization with various
biomolecules such as DNA, peptides and antibodies [83]. Furthermore they have a good
biological stability in aqueous solution if functionalized with an external hydrophilic layer
such us polyethene glycol (PEG) based that is the most commonly used polymer [118].
FRET applications with AuNPs as fluorophores are also reported [65].

5.2.3 Magnetic Nanoparticles (MNPs)

Nowadays MNPs are commonly used in different biomedical fields such as magnetic reso-
nance imaging (MRI) as contrast elements for imaging and targeting, cancer therapy due to
their ability to induce local hyperthermia if stimulated by a magnetic force, drugs delivery,
hard tissue repair, tissue engineering and also in biosensors [89]. They are usually made
of pure metal materials such as Fe, Co, Ti, N1, metal oxides materials such as iron oxides
and ferrite [89], these are also magnetic elements. The magnetic properties depend from
the nanoparticle size: nanoparticles with a diameter less of 20 nm show superparamagnetic
properties [143], they have a permanent magnetic moment and the ability of agglomeration.
If the diameter is from 20 nm and 200 nm they are called multi-domain nanoparticles and they
do not have a magnetic moment if the magnetic field is not present and also they cannot ag-
glomerate; the magnetic fields change along with the change of the size but also it is possible
to specifically control the magnetic properties by making core/shell nanocomposite particles
such as FePt/CoFe204 with different dimensions of the respectively diameters [117] and dif-
ferent concentrations of soft and hard magnetic phases [89]. MNPs are easy to synthetize by
chemical methods such as coprecipitation, sol-gel reactions, aerosol/vapor methods and more
[164]. The functionalization is required for numerous aspects such as prevention of MNPs
aggregation for improving colloidal stability, increase of water compatibility, protection of
the surface and also linkage to specific antibody, that can give a magnetic signal if excited
by adequate magnetic forces [18]. Typical functionalization methods are ‘in situ surface
functionalization’ where precursors for MNPs and coating material are simultaneously used

in one step reaction mixture, and ‘post synthesis surface functionalization’ where the final
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functional group is added after the synthesis with one of the three mechanisms that are
ligand addition, ligand exchange and encapsulation [18]. Finally, for biological applications
they can be easyly modified with conjunction strategies for targeting the biomolecules of
interest; with mechanism such as physical interactions or using covalent chemistry it can be
easily added an external layer of small bioactive molecules, peptides, proteins or nucleidic
acid [18]. Furthermore for improving NPs biocompatibility and for preventing irreversible
agglomerations the most popular co-ligand used is poly- (ethylene)-gligocol (PEG) [143, 17].
In chemical biosensing applications, when the reaction with the analyte happens MNPs ap-
pear with a strong brown color if observed by necked eyes, and the chromatography intensity
is proportional to the concentration of the analyte of interest. For these reasons they are
commonly used in POC applications [167, 192, 111, 165], especially Fe304 MNPs have
shown to have good properties for the amplification or generation of the signal and also
low toxicity profile [89] and biocompatibility with antibodies and enzymes [143]; other
advantages of these nanoparticles are high coercivity, good monodispersity [117], large

surface area and high mass transference [143].
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5.3 Proposal of an innovative microfluidic device for COPD
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Fig. 5.1 3D microfluidic device model.

In this section the idea is explained of an innovative microfluidic device proposed for the
COPD case. The material chosen for its building is Poly(methyl methacrylate) (figure 5.2),
better known as PMMA, that has excellent properties. It is a cheap thermoplastic polymer
that has good mechanical stability, a low water-absorption percentage, and organic solvent,
and acid/base resistivity. It is the least hydrophobic one in the common plastic material
(contact angle with water >70°). Furthermore, at high temperature, the PMMA is capable of
decomposing into methyl methacrylate (MMA) and it can be reused. It is possible to define
this material as a ‘green material’ that is another advantage to add to its low price, rigid
mechanic property, excellent optical transparency, its ease of fabrication and modification.
The microfluidics structures can be easily controlled in the building phase by CO2-laser
micromachining. However, for mass production, other techniques are available such as
soft-lithography, hot-embossing, solvent imprinting, thermal bonding, injection moulding
and laser ablation, defined as highly reliable. PMMA is largely used for microfluidic analysis
chips. These devices can be easily coupled with cover plates or cover films made of glass or
paper, bonded to each other thanks bonding techniques for the fabrication of PMMA-based
microfluidic chips. These include microwave bonding, thermal fusion bonding and adhesive
bonding.

The goal of this proposal is to realise a capillary based optical device, by using graphene
quantum dots as detection nanoparticles, because of all the excellent properties regarding
costs, fabrication and efficiency compared with another kind of detectors described before.

The saliva will be used as the non- invasive sample. Photodetectors for the QDs fluorescence
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Fig. 5.2 Skeletal formula of the polymethyl methacrylate repeating unit (Perspex,
(C502Hg)p).

measuring will be placed on the top of the detection chambers of the device, supported by a
glass substrate. All the necessary elements must be included into the portable device (figure
5.1).

The geometry design of the microfluidic device will be explained in detail in the next
chapter, while in this part the goal is to describe the mechanism with which the detection
nanoparticles can interact at the same time with the PMMA surface and with the biomarkers
of interest present in the sample. Furthermore, the photodetectors will be described. The
idea is to have a cluster of three biomarkers, which concentration will be independently
measured in three different detection chambers; for this purpose, there is the needing of
three different groups of QDs, specifically labelled with the three respective antibodies to
be used. These QDs can be placed on the surface of the inlet chamber, that is the first one
the saliva sample meets on its way. In this point ideally QDs functionalized with the first
antibodies, covalently link with the specific biomarkers in the sample and start to migrate
through capillary action in the reaction chambers. Here they must be immobilised through a
strong linkage with the secondary antibodies disposed of onto the bottom surface ,allowing
the creation of a sandwich immunoassay. A led placed outside the microfluidic chip, will
give the excitation wavelength for the QDs. The emitted QDs fluorescence will be absorbed
from the photodetector attached to the glass substrate aligned with the respective chamber,
allowing a quantitative measurement by converting light in amperometric values. It will
be directly proportional to the concentration of the biomarkers in the saliva sample. Here
two solutions are proposed for the deposition of the QDs in the inlet chamber. The first one
consists of directly deposit the QDs on the PMMA substrate. The spin coating technique
easily allows this deposition. It was used in other works for creating a homogeneous QDs
layer on the top of a PMMA thin layer [161, 80, 56]. There are different methods for
making thin-resist layers or film on a substrate, but the simplest method is spin-coating.
It consists of a first step in which the dilution of the material to be deposited in a solvent
is done. In the second step, this solution is dispensed on the substrate interface. Finally,
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the wafer support is spin at high speed. The spinning speed, together with the surface
tension and the viscosity of the solution, determine the thickness of the film.The final planar
surface results from the evaporation of the solvent during the deposition and the backing
step. The second proposed solution consists of putting a layer of hydrophobic paper on
the bottom of the inlet chamber. In this case, the device will be a hybrid PMMA/paper
model. Here the QDs can be disposed of by spray coating technique [185, 64]. In this
case, too, QDs are diluted into a solution, that will evaporate during the deposition and
the backing step. The hydrophobic paper properties should improve the non-absorption of
the fluid for allowing the capillary mechanism. It can be linked to the PMMA surface by
treating this last one with oxygen plasma technique [175, 194] or corona discharge [137]
for maximizing the adhesion properties. Focusing on QDs, they should be linked with the
first antibody of the biomarker of interest. There are different ways for functionalizing QDs,
like non-covalent attachment, covalent attachment and electrostatic conjugation. A classical
non-covalent method consists of using the streptavidin-biotin linkage, defined as one of the
strongest non-covalent one in chemistry [33]. QDs streptavidin conjugate are commercially
available such as biotin human antibodies conjugate. In this case, these elements have to
react into a solution before the deposition of the labelled complexes onto the inlet surface.
Bioconjugates can be linked to QDs by using standard protein conjugation technique such
as covalent linkage, that involves the binding of primary antibodies of the biomarkers onto
the QDs surface, after the activation of its carboxylic groups through plasma treatment
[14]. Finally, focusing on the reaction chamber, its surface must also be functionalized with
biotinylated antibodies for allowing the sandwich immunoassay, so the covalent labelling
with the protein of interest in the saliva sample. It means that the PMMA surface must be
patterned with streptavidin. A simple solution for this purpose could be a method of different
steps; firstly, the PMMA surface must be chemically activated by plasma treatment. After
this, the microstamping technique can be used to print fCPEZ-Link-biotin-PEO-LC-amine
((+)-biotinyl-3,6,9-trioxaundecanediamine) (biotin-amine) onto PMMA. Finally, the surfaces
of the polymers must be incubated with recombined streptavidin in HEPES buffered saline
(HBS, pH 7.4) [67]. After this process, the treated surface must be incubated with the
solution of biotynilated antibodies. Below there are simple illustrations of the discussed
concepts (figures 5.3, 5.4).
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(a) From the picture, it is possible to see the deposition of the streptavidin
conjugate QDs linked with the biotinylated antibodies in the inlet chamber. These
complexes will interact with the respective biomarkers contained in the saliva
sample.
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(b) In this picture, it is possible to see the complexes streptavidin conjugate
QDs-biotinylated antibodies, linked with the respective antibodies by covalent
attachment in the reaction chamber. These are transported into the saliva through
the microchannels by capillary action. In the reaction chambers they react with
the secondary antibodies disposed on the treated surface, developing a sandwich
immunoassay complex. The QDs emit fluorescence light when excited from the
light source. It is directly proportional to the concentration of the biomarkers in
the saliva sample.

Fig. 5.3 Explanation of the interactions between detection elements into the chambers.
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Fig. 5.4 Schematic explanation of the PMMA surface modification by microstamping tech-
nique.
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In the proposed optical device, the protein concentration is directly proportional to the
intensity of the emitted fluorescence from the QDs. The photodetectors allow its quantitative
measurement by converting the light in photocurrent values. The goal of this work is to use
graphene not only for the QDs but also as characteristic material of the photodetectors. The
electronic device chosen for this purpose would be a phototransistor; it consists of a transistor
channel activated by a gate optically sensible that converts incident light into current. It is
available in both the P-N-P and N-P-N configurations, and it has three contact terminals
which are a drain, source and gate. In the configuration, the letter ‘P’ indicates a ‘P-type
material’, which is a semiconducting material positively doped while the letter ‘N’ stays for
‘N-type material’, so negatively doped. The ‘doping’ procedure consists of injecting into
the semiconducting material impurity atoms. Moreover, impurity atoms can be with 5 or 3
valence electrons, producing respectively p-type and n-type semiconductors because of the
presence of extra electron in the first case and a ‘hole’ or electron deficiency in the second
case . When the two different semiconducting materials are put together, they make a junction
where electrons and holes diffuse to the zone with less presence of them: free electrons in
the N-type material go from the present conductive band to the one in the N-type material.
On the other hand, free holes present in the P-type material go from the present valence
band to the one in the N-type material. They make an equilibrium state, because of the
recombination between electrons and holes in both sides. In this region around the junction
interface the free carriers are depleted, so, for this reason, this zone is called depletion zone.
Due to the majority charge carrier diffusion, this area is charged. The resulting electric field
consists of the N-side positively charged and the P-side negatively charged, it provides a
force opposing to the charge diffusion. The depletion zone reaches the equilibrium when the
force of the electric field stop the diffusion of the free carriers. This condition represents for
the phototransistor the OFF state. When the device is not under illumination, there will be a
small current (dark current) flow due to thermally generated hole-electron pairs. With light
falling (ON state) the current flow increases; when a specific energy photon strikes the device,
it generates an electron-hole pair. The total photocurrent is defined as the difference between
the device current under illumination and dark current. Furthermore, there are two contributes
for photocurrent in photodetectors; the first one is given from the photoconductivity effect,
due to the increase in free charge carriers from photon absorption and the creation of electron
and hole. The second one is given by the photogating effect, due to the charge trapping from
disorders and defects; it comports the change in transistor threshold voltage (V7) in dark
conditions, to V7-A Vr under optical illumination. The change of the effective gate potential
under illumination causes a threshold shift and a change in source-drain current.

The key properties which must be considered in a phototransistor are the high carrier
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mobility, the high photoresponsivity, the detectivity, the sensitivity, the high effective quantum
efficiencies, the reliability and the absorption cross-section in the active regions [116]. The
carries mobility indicates how quickly a charged carrier can move through a semiconductor
when pulled by an electrical field. The photoresponsivity represents the amount of signal
current generated per unit power of a specic wavelength radiation. The detectivity represents
the capability of detecting low-level light signals; it is influenced by the noise. There are
three main kind of noise, of which one comes from the presence of the dark current in the
device when electrons are thermally generated in the absence of light (dark noise). The other
two groups represent the noise under light conditions, linked to the statistical production
(shot noise) and thermal fluctuations nature (Johnson noise) of the generated electrons. The
sensitivity of the device depends on the spectral response bandwidth; usually this includes
a wide range of frequencies, starting from very low frequencies. The device mechanics
properties determine the maximum limit frequency. Thus, higher the photocurrent to dark
current ratio, higher will be the sensitivity of the device. The quantum efficiency concerns
to photon detection and is usually expressed in percentage; it determines how efficiently
the photodetectors convert the incoming photons into conduction electrons. Finally, the
absorption cross-section in the active area is a measure from the probability of a light
absorption process.

In the optoelectronic field, Graphene is taking great interest in its application in light detection.
It allows broadband light absorption fast response time and ultrahigh carrier mobility (f
~ 200000 [cm?/(V $)])). On the other hand, it can not be used for pure graphene-based
phototransistor because of its single monolayer relatively low absorption cross-section (2.3%),
low responsivity (~ 0.01 [A/ W] ), fast recombination rate and absence of a gain mechanism
that can generate multiple charge carriers from one incident photon [179]. Nevertheless,
recent studies showed that the hybrid use of graphene with 2D materials such as QDs or the
combination with a layer of materials such as organometal halide perovskite [179, 26] which
is a semiconducting light absorber, have shown improvements in photoconductive gain. Thus,
the idea is to create vertical or horizontal heterostructures. Organometal halide perovskites
are easy to process into solution as organic semiconductors and also the charge carrier
mobility is high, as results for inorganic semiconductors. Furthermore, it has an effective
light absorption showing tremendous potential for the development of high-performance
photodetectors [178].

In this work, the goal is to reproduce the model proposed by Chang et al. [26] and adapt
it to the proposed device (figure 5.5). They realized a hybrid phototransistor in a vertical
structure, by using sequential vapour deposition. In this technique, the deposited material

goes from a condensate phase to a vapour one, and finally after the coating it comes back
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to the condensate phase, developing a thin layer. The photodetector is organized as follow:
in the bottom there is the p-doped silicon substrate. Onto this layer, a Si-O, substrate is
deposited by Self-assembled monolayer (SAM) technique into thermal oxidation process
conditions. The vapor deposition is also used for making the graphene transistor that will
give the field effect. At this point, the (MAPbI3) perovskite film is deposited as the active
layer of the hybrid phototransistor. Finally, PMMA is spin-coated on the entire surface of the
device for passivation, to prevent contamination from ambient moisture and oxygen. This
kind of phototransistor bases the gain mechanism on the photogating effect and works in the
hole conduction region (the gate voltage is lower than the charge neutrality point). Under
illumination, additional photo-induced holes are injected into graphene, causing the shift
of charge neutral point to the higher gate voltage. On the other hand, electrons are trapped
by perovskite islands. This process produces a photo-induced p-doping effect to graphene.
The positive shift of the charge neutrality point varies with light intensity due to the number
of photo excited holes generated; as a consequence, the drain current raises. Finally, the
holes in the graphene sheet are more recruited resulting in a large increment of conductivity
and ultrahigh photoconductive gain. The proposed hybrid photodetector results in ultrahigh
responsivity (> 4-10° [A/W)), effective quantum efficiencies (10® %) under an illumination
intensity of ~ 2.6 1 [W / ¢m?] in the visible region (450-700 nm). The detectivity achieved
is of 2-10'3 Jones under low-intensity white light illumination. Furthermore, the response
time is ~879 ms, and the carrier mobility is ~ 200000 [cm?/(V s)]. These properties will
enforce the performance of the new proposed optical microfluidic device.

Gate elecirode

Fig. 5.5 Graphene- methylammonium lead iodide (MAPDI3) perovskite hybrid phototransistor
[26].






Chapter 6
Microfluidic device numerical simulation

Before to introduce the finite element analysis of the proposed device , by using the software
COMSOL Multhiphysics 5.3.a, it is important to study the theory behind its work, for

understanding well the problem treated.

6.1 Microfluidic theory

6.1.1 Non-Newtonian Fluid

One of the principal aspects of this work is the nature of the studied fluid; saliva can be
considered to be a Non-Newtonian fluid time not-dependent, that is a fluid does not follow the
Newtonian’s law of viscosity in which the shear stress, 7, results to be directly proportional
to the viscosity of the fluid u and the shear rate . For a fluid the shear stress represents the
condition of shearing forces applied to a fluid at rest; this one cannot resist them and deforms
continuously. The resistance to the action of shearing forces in a fluid appears only when
the fluid is in motion, and this property of the fluid is called viscosity. For a Non-Newtonian
fluid, the dynamic viscosity is dependent on the shear rate or on the time history of shear rate
and it comports non-linear relations between shear stress and shear rate (figure 6.4). This not
happens for Newtonian fluids for which the viscosity remains constant; the shear rate is the
rate at which a progressive shearing deformation is applied to the fluid. Depending on this,
the dynamic viscosity can change to a more robust or liquid state; fluids are shear thinning if
the viscosity decreases as the shear rate increases, while the contrary is for shear thickening
as shown in the figure 6.1.

From these considerations, the Carreau model [Equation(6.1)] was applied to calculate
the value of u. This model combines both the Newtonian and the Power law model and can

represent both shear thinning and thickening materials [82]. The Power law fluid model
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Fig. 6.1 Relation between viscosity and shear-rate for Newtonian and Non-Newtonian fluids
[55].

gives a basic relation for dynamic viscosity and shear rate, while the Carreau law describes a
four parameters model that is valid over the complete range of shear rates (equation 6.1). At
very low shear rate and also at very high shear rate, Carreau fluid behaves as a Newtonian
fluid. In the middle, there is a transition zone where the fluid follow the non proportionality
between the shear rate and the dynamic viscosity. It becomes essential to incorporate the

values of viscosity at zero shear, iy and at infinite shear, U into the formulation.

n—1

U= foo+ (Mo — phea) [14+ (A7)%] 2 (6.1)

In this equation, A and n, are both parameters from the model where the first one is the
relaxation time constant and the last one is the power law index. Saliva is considered to be a
thinning material. In the figure 6.3 is possible to observe the development of the viscosity of
unstimulated and stimulated human saliva (US, SS) depending on the shear rate. The profile
development follows the characteristic profile of the Carreau fluids . The dynamic range, for
saliva, appears to be 1-1000 [1/s], from this point the viscosity becomes constant, and the
fluid has Newtonian behaviours.

It is said that 4 [1/s] is the shear rate to the flow of saliva in the tongue, 160 [1/s] for speech,
and higher values till 500 [1/s] were found while eating.

In the Carreau model the n parameter changes due to the material as shown in figure 6.4.

This parameter is defined for the thinning materials as 0 < n < 1, for the thickening materials
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Fig. 6.2 Relation between viscosity and shear-rate for stimulated (SS) and unstimulated (US)
saliva [55].
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Fig. 6.3 Relation between viscosity and shear-rate for fluids that follow the Newtonian and
the Carreau model.

n > 1, and for a Newtonian material as n=1. Saliva can be considered as a shear thinning
material, in accordance with the results reported in the figure 6.3
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6.1.2 Pressure Drop

The proposed device wants that the sample moves horizontally into the microchannels and
the chambers through capillary action. This physic event depends from an important variable
that is the contact angle (0) of the liquid upon a specific solid material, which considers the
different superficial tensions between solid, liquid and gas phase for calculating how the
capillary action will develop. Especially, if 6 < 90°, the material is wettable and the capillary
action will occur with a concave shape of the meniscus. Its value can be calculated from the
equation (6.2) :
cos0 = Yog = Wi (6.2)
Vig
where 7;, represents the solid-vapour interfacial energy,y;, the liquid-vapour interfacial
energy and 7y, the solid-liquid interfacial energy.
Notwithstanding the contact angle, the fluid movement is a consequence of the pressure drop
(A P) applied between the inlet and the outlet of the meniscus; the Young-Laplace pressure

drop equation (6.3) describes this pressure gradient,

2%,

AP = APsurf - hchannel

cos 6 (6.3)

That results constant along all the channel for creating a capillary pump; in this contest,
the gravity force can be not considered because it loses its capability to limit the range of
capillary action if the vertical dimension of the channel is of the order of 10~ [m]. This is
confirmed by calculating the dimensionless Bond number ( equation 6.4) , that measures the
importance of gravitational forces compared to surface tension forces. If its value is closer to

zero it means that gravity force does not have a role.

2
o P8h:hannel
o

Bo (6.4)

where p is the density of the fluid, g the gravity force, h the channel height and o the
interfacial surface tension between saliva and air.

6.1.3 Laminar two-phase flow fluid model

The physic study can be modelled considering a laminar two-phase flow, in which phase
field method can be chosen to study the interfacial motion of the multiphase flow; this
approximation reveals to be good if the device design is structured for having laminar

flow in the continuum domain. The continuum domain is satisfied when the value of the
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dimensionless Knudsen number (equation 6.5) is less of 0.01. In its definition, A represents
the mean free path, that is the mean distance that a particle can travel before having an impact
with another one. For a liquid, this variable is of the order of the intermolecular distance,
that results being 0.3 [nm]. The variable Dy represents the hydraulic diameter, that is the

dimension of interest for inflow problems.

A
" Dy

Furthermore, the laminar flow is verified for values of the dimensionless Reynolds
Number (equation 6.6) less of 200:

Kn (6.5)

. puDy
U
where Dy is the hydraulic diameter of the pipe (the inside diameter if the pipe is circular),

Re (6.6)

u is the mean velocity of the fluid, u is the dynamic viscosity of the fluid and p is the density
of the fluid. As explained before, the saliva has Newtonian behaviours for high values of
shear-rate. The basic equations governing fluid motion in microchannels under the continuum
assumption are the Naiver-Stokes equations for a non-compressible fluid coupled with the
continuity equation. Furthermore, the inertial term is considered, because of the value of the
dimensionless Capillary Number; this number is useful to describe multiphase flow behaviour
in microchannels. It is defined as in equation 6.7, where u is the viscosity, v is the average
flow velocity, and o is the interfacial tension between saliva and air. If its value is higher less
than 1 but of the order of 103, it means that inertial terms have to be considered and also

that the distributed surface tension domains on viscous forces.

v-u
Ca=—— 6.7
a=— (6.7)
The Navier -Stokes equation ( 6.8) results to be:
ou T
pg—l-p(u-A)u:A-[—pl+u(Au+(Au) )|+ Fig (6.8)

where -Ap represents the inertial forces, p the fluid pressure, F,, is related with the phase
field surface tension, I is the identity tensor,  is the viscosity, u is the velocity of the fluid
and T is the temperature; in this way it is possible to simulate the capillary action. The phase
field method also satisfies the conservation of mass, thanks the definition of the continuity

equation [Equation (6.9)].

PA- (1) =0 (6.9)
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The multiphase flow behaviour is described by a dimensionless phase field parameter ¢
that defines the interface as a region of transition from ¢ = - 1 (gas phase) to ¢ = 1 (liquid
phase), respecting the Cahn— Hiliard equation [Equation 6.10]. This is split up by COMSOL
Multiphysics® into two other equations:

o0 I'x

5+ U@ = A?Al// (6.10)

Y =—Ae’Ap+ (9> — 1)@

The surface tension coefficient in the liquid-air interface [Equation (6.11)] is calculated

considering the dimensionless mixing energy density and interface thickness:

2v2y
Ns = 73

For maintaining a constant interfacial thickness along the model, ¥ is set to 50, while €

6.11)

has the characteristic value of half mesh-size in the pressing interface region [63].
In the simulation, air is set as fluid 1, saliva as fluid 2, and their volume fractions are

calculated from equations (6.12),

1_

Vi = T(p 6.12)
1+

Vip = T(p

moreover, the density and viscosity of the mixture are defined as varying smoothly over
the interface [Equation (6.13)]:

P = Psaliva t+ (pair - psaliva>vfl (613)

H = HUsaliva + (,uair - /Jsaliva)vfl

The software considers the phase field surface tension as an interfacial distributed force

and provides its calculation by resorting the following equation (6.14):

Fg=GAg (6.14)
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Where there is a direct proportionality to ¥ and the gradient of ¢.
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6.2 Design proposal

mm

Fig. 6.5 Complete microfluidic model geometry.

In the proposed device (figure 6.5), the inlet chamber has a square shape of the dimen-
sions of 3x3 [mm], a height of 1.3 [mm], and a top hole where the sample must be loaded; in
this, symmetrically three rectangular microchannels depart from its bottom, of section area
0.2x0.2 [mm] and a length of 5.5 [mm]. The outlet of these channels is linked to the three
rectangular reaction chambers, which position is a level less compared with the inlet chamber
on the top; their depth is of 1.1 [mm]. The bottom of the model presents a thickness of 0.2
[mm] full of PMMA, that assures resistance and balance to the device; the rectangular shape
of the PMMA base is 24 [mm] long, 14 [mm] width and 2.6 [mm] high. In the presented case,
saliva is considered as non-compressible fluid, which density and viscosity are respectively
approximated as 1000 [kg/mS] and 30 [mPa/s].

The material surface with which the fluid interacts is supposed to be PMMA. It is reported
that the contact angle between water and PMMA is > 70° (6-7/14), so it can be considered
as a hydrophilic surface but with a contact angle nearer to the hydrophobic properties [162] .
Furthermore, according to these properties, the slip condition (u-n=0) can be applied to the
wetted walls; experimental and molecular dynamics simulation studies have demonstrated
that slip usually occurs on hydrophobic surfaces [158]. In different experiments reported
in the literature, a minimum of the volume of 9 or 10 uL is indicated as the necessary inlet
sample droplet for allowing the biomarkers detection in the sensitive area [63]. For this
reason, the inlet chamber has the dimensions of 3*3*1.3 mm?3, with a square surface area of

9 mm? and a volume of ~ 10 uL.
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The device has a symmetrical design because the goal of the experiment is a symmetrical
filling of the microchannels and chambers for all the time steps. Furthermore, a symmetrical
inlet geometry produces a straight interface between saliva and air. The presence of a chamber
in the center of the microfluidic channel is important to help to localise the biomarkers for
the detection; the reactive chamber has the same dimensions of the inlet chamber.

A square cross-section for the microchannels is preferred because it is easier to fabricate
[92]; the aspect ratio 1:1 for the microchannels respects the PMMA acceptable fabrication
limits as shown in other works [84]. There are not specific requirements for the length of the
channels, because it is supposed that the biomarkers concentration is homogeneous from the
beginning of the motion; it is set as 5.5 [mm)].

Usually the development of the laminar flow with straight parallel streamlines occurs between
two parallel interfaces when the fluid velocity is very low, or the fluid has a high viscosity.
It is reported that the flow is laminar in a microchannel with a rectangular cross section
and hydraulic diameter less of 1 [mm]; in this case, the Reynolds number results to be <
1 [35]; furthermore, gravitational forces can be not considered if the Bond number is < 1
such as in the proposed case, so the viscous and inertial forces domain the motion. For the
biomarkers detection, the mean fluid velocity should approximate to 0.003 [m/s] to allow
the sufficient cells capture within the chambers [92]. From these considerations and after
different sizes tried, in this site the hydraulic diameter is set as 200 um and it is defined as
the side dimension of the square for a square cross-section. In this application, capillary
action is also allowed from the pressure drop value that guides the meniscus, together with
the wettability conditions. The inlet surface is defined as a O [Pa] area, while the outlets are
defined as pressure areas with a value of 10° Pa, because from the theory areas where air is

still present will have this value of pressure; it is represented from the equations (6.2):

n® [=pI+ w(Au+ (Au)")] n = —pon (6.15)

Po < po

In the simulation is assumed that the fluid is loaded with a normal inlet velocity of 15 -
10~4 [m/s] in the inlet chamber, while the microchannel is filled with air; finally, this set of
parameters is used (table 6.1):
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Table 6.1 List of constants and values used in the simulation.

Name Value Description
p 1000 [kg/m’] Fluid density
Ho 70 [mPas] Zero shear rate viscosity
Moo 1 [mPas] Infinite shear rate viscosity
vl 15e-4 [m/s] INLET velocity
T 293 K Temperature

On the base of the assumptions done, it is possible to calculate in the analytic way the
dimensionless numbers cited before for a first approximation of the expected values in the
problem. All the calculations are done for evaluating the worst condition that can occur. In
the Kn number, the main free path considered is 0.3 - 102 [m] and the hydraulic diameter is
of 200 - 107 [m)]. It results to be approximately 0.0015 - 1073, so it respects the continuum
domain. For calculating the Reynolds number, saliva is considered with a density of 1000
[Kg/m?] and a dynamic viscosity of 1 - 1073 [Pa-s]. For the mean velocity is assumed the
inlet velocity. The result is a Reynolds number of 0.3, that respects the laminar hypothesis.
Furthermore, in this part saliva is approximated to water for considering the surface tension
value in relation to air, which value is of 16 - 103 [N/m]. The number results to be of 0.006,
so lower than 1 but its order is of 10~3. The assumption to consider the inertial terms in the
problem results more accurate. Finally, with the same consideration on the fluid nature, the
Bond number is of 0.024, so it is possible to not consider the gravitational contribute.
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6.3 2D Cross-section FEM simulation

6.3.1 Geometry

The proposed device has a microfluidic geometry, where the saliva sample is loaded from
the top of a central rectangular inlet chamber (3mm long, 1.3 mm height). From the bottom
of this chamber a rectangular microfluidic channel departs (0.2 mm height, 5.5mm long);
it is linked to the top of the detection chamber ( 3 mm long, 1.3 mm height), where the
sample ideally flows in and and the fluorescence reaction happens. It finally goes out from
the outlet channel ( 0.2 mm diameter, 2 mm long) linked to the top of this last chamber. The
dimensions of the microchannels, chambers, inlet and outlets were optimised according to
the fluid flow arrangement using a finite-element method (COMSOL Multiphysics 5.3.a) and

are visible in the figure 6.6.

2 | 3mm

5.5 mm 2 mm

11.3 mm 0.2 mm |

o
wm
wuw

Fig. 6.6 Cross-section geometry.

6.3.2 Boundary conditions

In the simulation is assumed that the fluid is loaded with a normal inlet velocity of 0.0015
[m/s] in the inlet chamber, while the microchannel is filled with air. Regarding the wall
conditions, the inlet walls have a no-slip condition (u=0) following the Dirichlet boundary
conditions, while a slip condition ( u-n=0 )was applied to the channel’s walls and outlet

chamber walls. The outlet is defined as a pressure area with a value of 103 [Pal].
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6.3.3 Mesh

COMSOL Multhiphysics 5.3.a provides automatic physics-controlled mesh generation, al-
ready adjusted for fluid flow and general physics. The manual mesh was defined with
triangles, for a total of 5336 triangles. The mesh size was adjusted for having a manageable
computing time; according to the finer design, the maximum element size is 0.0672 [(m],
the minimum is 9.6E-4 [um] and the curvature factor is of 0.25 . The mesh design is visible

in figure 6.7.

mm

0 2 4 6 8 10 12 14

Fig. 6.7 Cross-section mesh.

6.3.4 Results

1. VOLUME FRACTION OF FLUID

Results show the formation of a meniscus along the channel and also along the reaction
chamber, that moves uniformly as a piston along its way; furthermore, an interface
between saliva and air is always present, demonstrating the correct phases separation.
From the equations of the phase-field model (6.10,6.12) a constant value of O for
the fraction volume of fluid one is obtained in areas filled with saliva; this condition
is present along all the model, as is shown in the figures below 6.9. The meniscus
has a concave shape, that usually occurs when the molecules of the liquid are more
strongly attracted to the container than to each other, causing the liquid to fill the
channel (figure 6.8) . The molecular forces that play a role in this contest are the
adhesive inter-molecular forces between the liquid and the solid, and the cohesive
inter-molecular forces inside the liquid. When the first ones are stronger than these

last ones, the capillary phenomenon occurs with a concave shape of the meniscus.
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Furthermore, the concave shape is not prominent, because of the contact angle that
is near the hydrophobic properties of the surface in its hydrophilic nature. Finally,
it is possible to see that the fluid takes 1.16 seconds to cross all the section of the
microuidic device. This time can bring several advantages for the POC devices since it

will decrease the testing time.
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(b) Meniscus shape in the chamber.

Fig. 6.8 Detail of the meniscus shape in the channel and in the detection chamber.
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2. VELOCITY

The fluid does not have the same velocity in every point of the simulation. By the
analysis of the velocity from the input at time O [s], the initial condition is respected as
shown from the maximum value of 15~* [m/s] (figure 6.13a); the streaming lines from
the start point show a laminar flow in the domain, in agreement with the Reynolds
values obtained as well (figure 6.14a), for every section area along the model. The
Reynolds values obtained are lower of the expected ones. The maximum value of the
mean velocity in the channel is 0.03 [m/s] (figure 6.13b), then it drastically changes in
the reaction chamber becoming of the order of 3 - 1073 [m/s] (figure 6.13c), respecting
the guidelines for an accurate detection; this drop is visible in the line graph (6.10)
also , and it allows the correct conditions for an accurate detection of the biomarkers
of interest from the technological apparatus. Furthermore, Reynolds values become
lower in the reaction chamber (figure 6.14c), changing from a maximum of 0.007 in
the microchannel to 0.001 in the chamber; these values are also in agreement with the
shear rate values, because a direct proportionality exists between the two parameters.
In the reaction chamber ,the shear rate values become lower, as it will be explained
in the other section. Lower values of velocity could be obtained by making bigger
geometrical sizes of the reaction chamber or by working on the surface hydrophobic
behaviours of its walls. Finally, the velocity values rise when the meniscus enters in
the outlet channel, reaching a maximum of 0.03 [m/s] (figure 6.13d). Considering
the streaming lines shape until the saliva-air interface, the regime is laminar and the
Stokes domain is respected. The velocity profile along the channel does not appear
parabolic because of the slip condition and also maybe because it needs an higher
length dimension of the microchannel for being completely developed; it appears to
be trapezoidal (figure 6.11), with bigger values near the saliva-air interface. In the
chamber the velocity appears to be homogenous along the y axes (figure 6.12, reaching
the maximum value of 0.009 [m/s] in the middle and the lowest one of 0.003[m/s] at

the border contact. It acts in the way that the meniscus seems to move like a piston.
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Fig. 6.10 Velocity drop in the reaction chamber.
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Fig. 6.11 Velocity profile in the microchannel.
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(d) Velocity values in the outlet channel.

Fig. 6.13 Velocity values between time O [s] and 1.16 [s].
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Fig. 6.14 Reynolds number values between time O [s] and 1.16 [s].
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3. PRESSURE
From the initial condition, a positive pressure gradient is present between the inlet
and the outlet of the model, that drives the fluid as shown in the figures 6.15 . In the
inlet, the initial condition is Po= 0 Pa, while for the outlet where the air is still present
the value is P= 10° Pa. In the zones where saliva is present, the value of pressure is
lower, and it is 0.998 -10° Pa (figure 6.16) . The value of AP is of almost 100 Pa and
it remains constant along all the microchannel during the simulation, as shown from
the figure 6.15 , where the scale is more accurate. Only when the meniscus is going
to flow inside the reaction chamber and the outlet channel, all the values of pressure
tend to 1 atm, and the pressure drop is lower, around 50 Pa. It rises again in the outlet

channel, becoming of almost 200 Pa.
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(c) Pressure gradient near the outlet microchannel.

Fig. 6.15 Detail of the pressure drop along the model between time O [s] and 1.16 [s],
measured in Pascal [Pa].
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(c) Pressure in the reaction chamber.
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(d) Pressure in the outlet channel.

Fig. 6.16 Pressure values between time O [s] and 1.16 [s], measured in Pascal [Pa].
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4. SHEAR RATE AND DYNAMIC VISCOSITY

As explained before, referment values of shear rate for unstimulated saliva (US) are in
the range of 1-1000 [1/s], in which the dynamic viscosity can change from a maximum
value of 70 [mPa-s] to 1 [mPa-s]; the input values for the Carreau model were py=70
[mPa-s] and t=1 [mPa-s]. From the results an inverse relation between the shear rate
and the dynamic viscosity is visible, having low values of dynamic viscosity around
25-1073 [Pa-s] (figure 6.17), for high values of shear rate, on the order of 103 [1/s]
(figure 6.18). The dynamic viscosity values become lower at the two-fluid interface.
The results confirm the Non-Newtonian nature of saliva. In the reaction chamber the
values of shear rate are lower in confront of the ones in the microchannel, maybe
because of the bigger sizes of the section; they resulted to increase from the boarders to
the centre varying in the range of 210+250 [1/s]. These values are in accordance with
ones obtained for Reynolds (figure 6.14), because they have a direct proportionality.
Finally, maintaining the same input values for ty and U, new initial dynamic values
were tested in different simulations for studying the device performance dependence
from this parameter. The test range was from 1 [mPa-s] to 70 [mPa-s]. The results
showed a maximum value for the dynamic viscosity along the model, of 18 [mPa-s] for
initial values less of 20 [mPa-s]. For initial values bigger than 30 [mPa-s], the maximum
value had a saturation to 45 [mPa-s]. The shear rate values remained comparable with

the other ones of the initial simulation, as well for the pressure and velocity fields.
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Fig. 6.17 Dynamic viscosity values between time O [s] and 1.16 [s], measured in Pascal for
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Fig. 6.18 Shear rate for second values between time O [s] and 1.16 [s].
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6.4 2D Top-section FEM simulation

6.4.1 Geometry

The proposed device has a microfluidic geometry, where the saliva sample is loaded from the
top of a central rectangular inlet chamber (3 mm x 3 mm section); from this symmetrically
three rectangular microfluidics channel depart (0.2 mm wide, 5.5 mm long); they are linked
to the respective reaction chamber ( 3 mm x 3 mm section). It finally goes out from the
outlet channel ( 0.2 mm width, 2 mm long) linked to this last chamber. The dimensions
of the microchannels, chambers, inlet and outlets were optimized according to the fluid
flow arrangement and to the dimensions of the first design model proposed, by using a
finite-element method (COMSOL Multiphysics 5.3.a) (figure 6.19).
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Fig. 6.19 2D model from the Top section.

6.4.2 Boundary conditions

All the input parameters used in the first simulation were respected regarding set up of walls
and boundary conditions; also, materials properties were the same. For allowing the correct
working of the software, the inlet boundary was supposed to be the bottom side of the model.

The outlet was defined as a pressure area with a value of 10° Pa.
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6.4.3 Mesh

In this model too was used the automatic physics-controlled mesh generation, already
adjusted for fluid flow and general physics. The manual mesh was defined with triangles,
for a total of 738 triangles. The mesh size was adjusted for having a manageable computing
time; according to the coarser design, the maximum element size is 1.76 [um], the minimum
is 0.0675 [um], and the curvature factor is of 0.8 (figure 6.20).
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Fig. 6.20 2D model mesh from the Top section.

6.4.4 Results

1. VOLUME FRACTION OF FLUID

Results show the formation of a meniscus along the channels and also along the reaction
chambers, that moves uniformly as a piston along its way; furthermore, an interface
between saliva and air is always present, demonstrating the correct phases separation
(figure 6.22). From the equations of the phase-field model (equations 6.10,6.12), a
constant value of O for the fraction volume of fluid one is obtained in areas filled with
saliva; this condition is present along all the model. Meniscus shape is concave, as
result for the first simulation (figure 6.21). In this case too, it is possible to see that the
fluid takes almost 1.16 seconds to cross all the section of the microuidic device.
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(b) Meniscus in the chambers.

Fig. 6.21 Detail of the meniscus shape in the channel and in the reaction chamber.
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(d) Meniscus in the outlet channels.

Fig. 6.22 Meniscus evolution between time O [s] and 1.16 [s].
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2. VELOCITY

The results are comparable with the ones obtained in the first design; the maximum
value of velocity reached is 0.05 [m/s] in the microchannels while in the reaction
chambers it drastically changes becoming of the order of 3-10~3[m/s], allowing the
biomarkers detection (figure 6.25). The velocity rises again in the outlet channels.
The fluid domain is laminar, in accordance with the Reynolds values obtained (figure
6.26) . Furthermore these values result lower of the expected ones. The filling appears
to develop with the same time steps of the first one. From this section model, it is
possible to see the development of the meniscus in the microchannels during the time,
while there is not possibility to see the velocity profile development as well. One
explanation could be the bigger time step imposed for reducing the computational time,
because of the bigger geometry. The velocity values seem to have a homogeneous
value along all the microchannel geometry. However, the values respect the ones of
the first simulation so for this reason, this factor does not change the consistency of
the model. In the reaction chamber, from the contour line, it is possible to see that the
fluid moves uniformly as in the first simulation. The streamlines occupy all the surface
area uniformly (figure 6.23).
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Fig. 6.23 Velocity profile in the reaction chambers.
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(d) Velocity values in the outlet channels.

Fig. 6.24 Velocity values between time O [s] and 1.16 [s].
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(c) Velocity drop in the raction chamber 3.

Fig. 6.25 Velocity drops between time O [s] and 1.16 [s].



104 Microfluidic device numerical simulation

Time=0s Surface: Cell Reynolds number (1)

- ‘ ‘ ‘ ‘ 1
12 b
11t | 0.16
10F 1 0.14
ol ]
0.12
ol ]
7k 1 0.1
ol ]
0.08
o ]
s | 0.06
3T 1 0.04
il ]
W | 0.02
s l o
-10 -5 0] 5 10 mm
(a) Reynolds number in the inlet chambers.
Time=0.1s Surface: Cell Reynolds number (1) o
13 4
12+ 4 0.09
1r 1 0.08
101 q
0.07
ol ]
sl i 0.06
m ] 0.05
ol ]
<l ] 0.04
4 q 0.03
3 1 0.02
al ]
1 i 0.01
oL o]
-10 5 o] 5 10 mm
(b) Reynolds number in the microchannels.
Time=0.75s Surface: Cell Reynolds number (1) o
13+ b
0.1
12r b
11f 4 0.09
10F b 0.08
or 7 0.07
sl ]
0.06
Sl ]
sl 1 0.05
5r 7 0.04
ar 1 0.03
2l ]
oL ] 0.02
11 1 0.01
or L . n | 0
-10 5 5 10 mm
(c) Reynolds number in the reaction chambers.
Time=1s Surface: Cell Reynolds number (1) o
13F 4
12 | 4 0.14
11F 4
0.12
10 B
°r 1 0.1
sl ]
Tr 7 0.08
ol ]
5| | 0.06
ot ]
0.04
3 -
| ::. 7 -~
W ]
op , , | 0

-10 -5

(d) Reynolds number in the outlet channels.

Fig. 6.26 Reynolds number values between time O [s] and 1.16 [s].
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3. PRESSURE

A pressure drop is evident at the beginning of the simulation; at time O [s] the drop
pressure is different from the one obtained in the first design simulation because of
the inlet side condition; values are around 10° [Pa]. However, during the fluid motion,
all the values of pressure tend to be comparable with the ones of the first simulation.
As for the velocity results, it is not possible to see the evolution of the pressure values
along all the microchannel. The results become consistent and comparable from the
observation of the meniscus pressure before entering the reaction chamber. In this
point, the values tend to be higher in the microchannels and less in the rest of the
model, as also verified in the first simulation (figure 6.27b). The comparison is visible
in the figure 6.28. The pressure drop is ~ 10 [Pa] and drives the meniscus inside the
chamber. From the theory, an area where air is still present, should be higher values of
pressure compared with areas filled with saliva. Furthermore in the passage from a big
section area to a lower one in a channel, expected values of pressure should be higher
in the first one than in the second one. In addition, the expected velocity values should
be lower in the area with the bigger section. Despite this, the inlet boundary condition
and the hydrophilic surface properties can influence the pressure values in this point of
the simulation. Furthermore, load losses can contribute to this phenomenon and for all
these reasons, the pressure in this zone is lower, while the velocity values are as the
expected. In the chamber both the results of velocity and pressure follow correctly the
expected results (figure 6.29). The values of pressure tend to 1 [atm] (figure 6.24c),
becoming higher in the side of the outlet channels; the gradient of pressure is minimum,
less of 30 [Pa]. It remains constant along the chamber while in the outgoing it rises
again, becoming bigger than 100 Pa. (figure 6.30) .
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(d) Pressure in the outlet channels.

Fig. 6.27 Pressure values between time O [s] and 1.16 [s] measured in Pascal [Pa].
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(b) Pressure gradient before the reaction chambers in the top-section simulation.

Fig. 6.28 Pressure gradient values in the microchannel.



108 Microfluidic device numerical simulation

Time=0.5s Contour: Pressure (Pa) Surface: Pressure (Pa) Arrow Surface: Velocity field o
mm T T T T T T T T T
15k - A 1.0002x10°[P2] A 1.0002x10°[Pa]
%x10° %107
i i 1.0002 10002
1.0002
05F b 1.0001
1.0001 1.0001
0 1.0001
05k g 1 !
1
1k _ 0.9999
- 0.9999 0.9999
15k B 0.9998
0.9998 0.99598
2r 1 0.9998
2.5F ~ 0.9997 C.9997
0.9997
3 I I ! I I I I | | W 99987 ¥ 599958
4 5 5} 7 8 =] 10 11 mm
(a) Pressure gradient in the reaction chamber in the cross-section simulation.
Time=0.7 s Contour; Pressure (Pa) Surface: Pressure (Pa) Arrow Line; Velocity field o
mm ] T T T T T T =
5l | % 10° [pa] % 10° [Pa]
R 1.0007
1.0006
B 1.0006 10006
7 1.0005
_ 1.0005 1.0005
1.0004
1 F{1.0004 1.0004
7 1.0004
SN R 1.0003
- - T T T T T T T F 1 1.0003 1.0003
i 1.0002
1  q1.0002 1.0002
R 1.0002
1.0001
-1 7 1
1.5 1 ! 1
o | 0.9599
0.9999 0.9599
2.5 , , , ‘ , , ] 0.9999

2 4 5] =] 10 12 mm

(b) Pressure gradient in the reaction chambers in the top-section simulation.

Fig. 6.29 Pressure gradient values in the reaction chamber.
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(b) Pressure gradient in the outlet channels in the top-section simulation.

Fig. 6.30 Pressure gradient values in the outlet microchannel.
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4. SHEAR RATE AND DYNAMIC VISCOSITY
The results are the same as the first simulation design; an inverse relationship between
the shear rate and the dynamic viscosity is visible, having values of dynamic viscosity
around 25-1073 [Pa-s] (figure 6.32), for high values of shear rate, on the order of 103
[1/s] (figure 6.31). At the two fluid interface the dynamic viscosity values decrease.
From the top, it is not visible the changing of the shear rate in the reaction chambers,

that was verified in the first model.
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(c) Dynamic viscosity values in the reaction chambers.
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(d) Dynamic viscosity values in the outlet channels.

Fig. 6.31 Dynamic viscosity values measured in Pascal for second [Pa/s] between time O [s]
and 1.16 [s]
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(d) Shear rate values in the outlet channels.

Fig. 6.32 Shear rate values for second [1/s] between time O [s] and 1.16 [s].



Chapter 7

Building process experience: the
Soft-lithography

In this chapter, the goal is to study the building process that could be used for the realization

of the proposed PMMA microfluidic device.

7.1 Soft-lithography process

The soft-lithography is a building technique for micro and nano-structures included in the
‘top-down’ methods. It allows the realization of 2D and 3D structures by starting from a
‘bulk’ material. It includes two building steps; the first one is the photolithography process
for the realization of the ‘master’, that reproduces the structure to transfer to the polymer
substrate. The casting of a liquid polymer precursor on a master mould holding a pattern of
photoresist, is the second step. The key materials for this technique are the wafer, the resist,
the mask, and the incident radiation.

The wafer can be of different materials, such as gold or aluminum for metallization;
furthermore, ceramic materials, such as Si0,, are used for dielectrics substrates. The resist is
a photo-sensible material that changes its properties after being exposed to the irradiation. It
can be defined as positive or negative. A positive photoresist increases the solubility in the
irradiated zones; a developer solution will remove these. On the other hand, in a negative one,
the cross linking between polymeric chains increases in the irradiates area, and the developer
solution will delete the non-irradiated part of the photoresist.

The mask contains binary spatial information. The black zones correspond to 0 and the
transparent ones to 1. It decides the photoresist area that will be irradiated (1) or not (0).

Finally, the irradiation source can be of UV rays or X-rays. There are different approaches
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Fig. 7.1 Schematic explanation of the key materials used in the soft-lithography technique.
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Fig. 7.2 Schematic explanation of the after exposure development for a respective positive
and negative photoresist.
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for the photolithography technique, that can be distinguished by the mask position.

In the contact photolithography, the mask is in direct contact with the resist. In the soft-
contact photolithography, there is a little ‘gap’ distance between the mask and the photoresist.
The scale dimension of this gap must be less of the wavelength irradiation. The advantage
of this solution is that the mask does not risk to be consumed. The disadvantage can be
that the diffraction optical effects could influence the spatial resolution. For preventing this,
the best solution is the ‘projection’ photolithography. The distance between the mask and
the resist is bigger, but a lens system focuses the rays on the area to be irradiated. The
traditional photolithography technique consists of different steps. In an example process
firstly, the silicon wafer is treated for deleting all the impurities. After this, a homogeneous
resist substrate is deposited on the wafer, that is fixed on the plate base of a spinning machine.
Thanks to this machine, it is possible to control the photoresist thickness, by setting some
initial parameters. The thickness is directly linked with the size of the desired structures. The
parameters to be set are the spinning acceleration (rpm) and the spinning time (s). The next
step is the soft-baking, in which the resist is usually backed at two different temperatures.
This process allows to deleting the remaining solvent present in the resist. It influences
the resolution of the final geometry. At this point, the resist is exposed to a UV source or
X-rays, trough one of the processes explained before. Successively, the resist is backed
again in the ‘post-baking- step’, at two different temperatures for increasing its quality.
Finally, in the ‘development step’, the resist takes its shape and it is possible to observe the
patterned structures called ‘master’. From this ‘master’ structure, it is possible to develop the
microfluidic device with the desired material. The liquid state of the polymeric material is
poured over the master. Finally, the complex is cured in the oven. The elastomeric stamp is

obtained just from its peeling away from the master (figure 7.3).

Microfuidics

Fig. 7.3 Schematic explanation of the different steps of the soft-lithography process.
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7.2 Work Methodology

The experiment consists in the manufacture of microfluidic structures, by casting PDMS on
a master mould made from silicon wafer holding a pattern of SU-8 photoresist. This resist
allows to obtain a thickness of 100 [ptm] for a spin speed of 3000 [rpm] (figure 7.4); it is
possible to obtain ticker substrates by adjusting the spin speed and the spin machine program.
In this case, the goal was to obtain a maximum value of 100 [m] which will be the size of

the microchannels. All the process was performed in a clean room.

SU-8 Spin Speed Curve
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. \

—

50
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1] T T T T T r r T T
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Spin Speed (rpm)

Fig. 7.4 Relation between the SU8-100 thickness and the spin speed.

In the experiment, the following chemicals were used:
* PDMS base- Sylgard 184 Silicone Elastomer ( Dow Corning Corp., USA).
* PDMS curing agent- Syligard 184 Curing Agent (Dow Corning Corp., USA).
» SU-8 100 photoresist
Furthermore, the following equipment was used:
* Balance
* Reactive Ion Etcher (RIE)- Plasma Therm SLR series

* Vacuum jar with a vacuum pump- Struers Epovac
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* Oven- WTB Binder

* Glass plates (5x5 cm)

* Plastic plates

* Transfer pipette

* Glass stirring

* Gloves

* Protection glasses and cloths

e SI wafer ( diameter 100 mm)

* Hot plates

* Mask

* Container (diameter > 100 mm)
* Surgical blade

* Blunt syringe needle and needles
* Spinning machine

* UV exposure machine

* Meshing machine Veeco machine (Dektat 150)
* Alpha Plasma machine

In the building process, the first step was the silicon (SI) wafer treatment; it was rinsed
with DI water and Isopropyl alcohol for 6 minutes. Successively it was dried for 10 minutes
on a hot plate at 200 °C (figure 7.6 a). The SI-wafer was positioned on the central base of
the spinning machine, and the liquid resist precursor was poured over it (figure 7.6 b). The
spinning machine was set to a program of three steps of different velocities, as shown in
the table 7.10 and in figure 7.5; it reached a maximum of 3000 rpm. From this process, a
homogeneous resist layer was obtained.

The soft-backing step deleted the impurities (bubbles) formed on the top of the substrate,
and also the remaining solvent. The backing step consisted of two different temperatures:
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Fig. 7.5 Spin speed time evolution.

b)

Fig. 7.6 a) Wafer drying on the hot plate; b) Wafer positioned in the spinning machine.
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firstly the SI-resist wafer was backed at 65 °C for 15 minutes. After this, the hot plate was
switched to 95°C and the complex was backed for other 30 minutes.

At this point, the SI-resist wafer was exposed to UV-source (350-450 nm) for 230 [s]
(figure 7.7 b). The gap between the positive mask (figure 7.7 a) and the photoresist was of 30
[um]. The successive step was the post-exposure backing at two temperatures, as before:
1 minute at 65 °C and 5 minutes at 95°C. Finally, the SI-resist wafer was rinsed with the
SU8-100 developer for 6 minutes, and Isopropyl alcohol. The final master (figure 7.7 c) was
dried with pressurized air for its final use.

a) b) c)

Fig. 7.7 a) Positive mask; b) UV-exposure machine; c) Master.

At this point started the step called *micro-replica moulding’. It consists of pouring the
liquid state of the polymeric material over the master. After this, the structure must be treated
in the vacuum desiccators with a vacuum pump, for deleting the air bubbles. Finally, the
complex must be backed in the oven. The elastomeric stamp can be obtained just from its
peeling away from the master. The polymeric material used in this experiment was PDMS,
because it was available in the laboratory. However the procedure would be the same by
choosing PMMA. The PDMS prepolymer was prepared by mixing through a glass stirring
into a plastic plate, 30 [g] of PDMS base with 3 [g] of PDMS curing agent (figure 7.8 a)
added with a transfer pipette. This process was stopped when the mixture appeared almost
white; this was a consequence of the air bubbles. The master was positioned into a grey
container, and the mixture was poured on the top of it. Successively, the PDMS prepolymer
was degassed for 30 minutes for getting rid it of air bubbles, until their complete disappearing
(figure 7.8 b,c). Finally, it was cured in the oven at 65°C for 2 hours and left to rest at ambient
temperature over night (figure 7.8 d). The curing occurs when vinyl groups (- CH = CH;)
present in the base react with a silicon hydride (Si-H) groups in the curing agent to form a
cross-linked solid.
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Fig. 7.8 a) PDMS mixing; b) Vacuum machine; c) PDMS curing d) PDMS after baking step.
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All the parameters used in the different steps of photolithography are summarized in
the table 7.10. In the second day, firstly the PDMS was cut from the master by using a
surgical blade; the different microfluidic structures were separated. The plane was to test the
correct development of the microfluidic channels and also the bounding between the PDMS
and the glass material. For these purposes, the PDMS was punched out from the respective
chambers by the use of a blunt syringe needle (diameter 0.5 [mm]). The glue plugs were
removed by using tweezers, and needles (diameter 0.5 [mm]) were positioned in place of
them. At this point, the PDMS structures and the glass were washed with DI water and dried
under pressurized air. After this, they were pretreated with oxygen plasma (O, 100 [sccml],

Generator 100 [W], Timer 2 [min], Operating pressure 45 [Pa]) and then bounded together.
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(b)

Fig. 7.9 a)Bounding between the PDMS structure and the glass layer. b)Test of the mi-
crochannels development through a colored solution.
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SILICON (S1) WAFER PREPARATION

Washing time: 3 [min]

NEGATIVE PHOTORESIST: 5

8-100. Spinning machine

: 5P-100.

1) Dry time: 10 [min]
temperature: 200 [*C

Spinning acceleration Acceleration time [s] Spinning time [s] Deceleration time [s]
[rpm]

1) 0 0 0 0

2) 600 10 30 0

3) 3000 30 30 30

SOFT BAKING

Temperature [°C] Time [min]
1) 65 15
2) 95 30

EXPOSURE TO MASK

GAP [lUm] Time [s]
30 230
POST BAKING
Temperature [°C] Time [min]
1) 65 1
2) 95 10
3) 0 5
Time [min] Thikness [lim]

6 100

PDMS PREPARATION AND DEPOSITION

PDMS base 30 [g]

PDMS curing agent 3 [e]

PDMS mix time 3 [min]

PDMS degas time 30 [min]

PDMS curing 1) Temperature: 65 [*C] 1) Time: 2 [h]
2] Ambient temperature 2] Time: 24 [h]

Fig. 7.10 Soft-lithography parameters.
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7.3 Results and final considerations

The final master structure was analyzed in the Veeco machine (Dektat 150) (figure 7.11 ),
that allows to project the nanostructures on the desktop and to analyze the substrate thickness

(1n this case the high of the channels and of the chambers) thanks to its software.

Fig. 7.11 Veeco machine (Dektat 150).

The thickness obtained was of ~ 89[um] for the channels (figure 7.12) and ~ 89[um]
for the chambers (figure 7.13). It was calculated as the mean value of the meshing values; it
resulted to be constant along the model.

For the device proposed in this thesis, this process could be used for its building. It results
in an easy fabrication method, not expensive in terms of costs and time. From a simple
costs analysis, the PDMS microfluidic device realized in this experiment costs less than 10
euro (Appendix1); this is a price estimated without considering that there is the chance to
use more times the same master. For the work done in this thesis, the proposed device will
require three different masks for the ‘master’ building, because the design is disposed in
three levels. Furthermore, the experiment shows the possibility to realize multiple structures
on the same wafer, during a single soft-lithography process. This is an important aspect to be
considered, because the patient will use a different PMMA device for each day, while the
transistor structure containing the electronic circuit will be permanent in the proposed PoC
device. This means that the proposed PMMA chip could have great chances for the low-cost

mass production.
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Finally, the bounding between the glass and PDMS resulted strong, showing the chance
to dispose easily the proposed photodetectors onto a glass layer.The colored solution showed

the correct development of the microfluidic channels.



Chapter 8
Conclusions and future work

The goal of this thesis was to propose a new salivary test method for the diagnosis and follow-
up of COPD patients, for a friendly and daily use. The research was done by contemporary
studying two different main tasks. The first one was to find the most relevant Biomarkers
in saliva samples and also study the correlation with the diagnostic parameters of the Gold
standard techniques relative to this case. The biomolecules that kept great attention were
IL-8, IL-6, MMP-9, MMP-8, TNF-a, NE, and CRP, because of their prognostic role also
found in other samples such as sputum and blood.

In this work, IL-8 was better evaluated by developing an ELISA test for a little cohort of
healthy people. The results show its stability and the predictable advantage in terms of
concentration during the day and along different days, so it is possible to be used as a test
biomarker.

The second main task was to find an innovative solution for the development of a new salivary
point-of-care device, on the base of state of the art for COPD. The device proposed is a
compact optical microfluidic device in PMMA. It is thought for one-step processing of the
sample, thanks to the introduction of the detection elements in a compact format. Graphene
quantum dots and hybrid graphene-perovskite photodetectors are chosen for the optical
detection, thanks to their excellent properties in terms of performance of the analysis and
COsts.

After the choose of the materials and the design, the device working was numerically tested
through the FEM software Comsol Multiphysics 5.3.a. Two dimensional cross-section and
top-section simulations were performed.

The results show the strong opportunity for this device for being built in the future. It
is capable of performing the test in 1.16 seconds, and the values reported for the studied
parameters confirm the ability to work through capillary action. The difficulty of this work

was to find a numerical model that could approximate the real device working.
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Finally, a possible building process for the proposed PMMA device was studied in the clean
lab, by building a PDMS microfluidic device through the soft-lithography technique. The
experiment was useful for having an idea about the costs in term of materials and time
necessary for its building. From the obtained results, the proposed PoC device results to have
great opportunities in terms of mass production. The general costs of the material is less of
10 euro and also after its use, the PMMA device could be chemically treated and used again
thanks to its property to be a ’green material’.

With the contribution of this thesis, the future work will be to perform a new IL-8 ELISA test
on a cohort of COPD patients for comparing the results with the ones obtained in this part.
Furthermore, CRP and MMP-9 will be analyzed because, according to the literature research,
they result to be relevant biomolecules capable of differentiating the stable state from the
advent of an exacerbation. This cluster of biomarkers is chosen for its future application on
the device.

The portable device will be improved with the addition of sophisticated technology for the
detection such as graphene quantum dots and hybrid graphene photodetcors. It will be built
and tested for the capillary action. Further the electronic component will transfer data by
wireless to a smartphone APP, directly linked with the GP municipalities. The notification
of biomarker-level increasing will allow to early start the prevention procedures for COPD
patients. This solution will reduce the total cost over the insurance system and improve the
quality life of the COPD patients.
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Appendix A

Costs analysis

PDMS microfluidic device

Cost of the principal elements used for the Soft-lithography building process, referred to the

price of a single kit or piece for each one. Data were purchese from the laboratory database.

» SI Wafer (1 piece): 12.80 euro

0.5 [L] SU8-100 photoresist: 859 euro

» 2.2 [Kg] Sylgard 184 Silicone KIT: 383 euro

5 [L] SUS8-100 developer: 105 euro
* Glass (1 piece) : < 1 euro
Material quantities utilized in the PDMS device realization

» Wafer (1 piece diameter 100 [mm])

0.02 [L] SU8-100 photoresist

0.3 [L] SU8-100 developer

30 [g] PDMS base-Sylgard 184 Silicone Elastomer

3 [g] PDMS curing agent- Sylgard 184 Curing Agent
* Glass (1 piece)

The cost for the production of one microfluidic device is approximately less of 10 euro,
considering the draft of a maximum of six microfluidic structures onto a piece of wafer for
the studied case.
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