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Abstract

In recent years, cancer biomarkers have received remarkable attention in the biomedical field,
since they are considered valuable indicators for the presence or absence of tumours, improving rapid
and early cancer detection, efficacy of treatment, and allowing monitorization of disease progression.
The development of a bead-based microfluidic system for the detection of prostate specific antigen
(PSA) promises great potential for the development of a portable, low-cost, rapid, and sensitive platform
for prostate cancer diagnosis and prognosis. In the present work, detection of PSA was performed not
only in PBS but also in human serum and several ionic liquids. lonic liquids are promising molten salts
in extraction and concentration of analytes present in complex biological fluids and highly used in

Aqueous Biphasic Systems.

For this work, a sandwich-type immunoassay was selected, in which a capture antibody was
immobilized on Protein G beads and fluorescence intensity was measured after the binding event
between target analyte PSA and labelled detector antibody. Different optimization protocols regarding
microbeads choice, blocking method and capture antibody concentrations were performed. Calibration
curves for different concentrations of PSA for both PBS and human serum were obtained. The detection
of target concentration in ng/mL range was reached and detection limits of 10.8 ng/mL and 12.2 ng/mL

were obtained for each methodology studied, both close to clinically relevant range of 4-10 ng/mL.

KEYWORDS: microfluidic system, beads, PSA, cancer biomarkers, aqueous biphasic systems, ionic
liquids
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Resumo

Nos ultimos anos, diversos biomarcadores tém ganho destaque na area da biomédica, sendo
considerados bons indicadores da presenca ou auséncia de tumores, facilitando uma detecdo mais
rapida e atempada, melhorado a eficacia do tratamento e permitindo a monitorizacado da doenca. O
desenvolvimento de um sistema microfluidico, baseado em beads para a detecdo do antigénio
especifico da préstata apresenta grande potencial para o desenvolvimento de uma plataforma portatil,
de baixo custo, rapida e de elevada sensibilidade para o diagnostico e prognéstico do cancro da
préstata. No presente trabalho, a dete¢cdo de PSA foi realizada em solucdo tampao PBS, em soro
humano e em varios liquidos i6nicos. Liquidos idnicos sdo sais promissores na extracao e concentracao
de moléculas-alvo presentes em fluidos bioldgicos complexos e sdo comumente utilizados em Sistemas

Aquosos Bifasicos.

Para este trabalho, foi selecionado um imunoensaio do tipo sandwich, no qual um anticorpo de
captura foi imobilizado em beads de proteina G e o sinal de fluorescéncia foi medido depois da ligagédo
entre a molécula-alvo e o anticorpo de dete¢do marcado com um fluoréforo. Foram realizados diferentes
protocolos de otimizacao relativos ao método de bloqueio, escolha do tipo de beads e concentracéo do
anticorpo de captura. Foram obtidas curvas de calibracdo para diferentes concentracdes de PSA em
solugdo tampao PBS e em soro humano. Foi possivel obter valores de detecéo na ordem dos ng/mL e
os limites de detecao obtidos variam entre os 10.8 e 12.2 ng/mL, ambos préximos da gama de valores
considerada clinicamente relevante (4-10 ng/mL).

Palavras-chave: Sistema microfluidico, beads, PSA, biomarcadores, sistemas aquosos bifasicos,
liquidos Iénicos
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1. Introduction

1.1.Motivation

Cancer is a major public health problem worldwide! and survival rates of this disease tend to be
low, as it is commonly diagnosed at a later stage, when it is already metastasized to other sites of the
body?3. Therefore, early-stage cancer diagnosis is extremely important in timely and effective treatment
and for monitoring disease progressions. In this context, cancer biomarkers have been receiving
remarkable attention from biomedical researchers due to their high clinical significance?, since they are

specific indicators of tumour development, response to treatment, and disease recurrence.

Despite the recent efforts in developing powerful and reliable techniques for early diagnosis, most
of the conventional methods applied for the detection of cancer biomarkers, including enzyme-linked
immunosorbent assay (ELISA), polymerase chain reaction (PCR), and macroscale colorimetric,
fluorescence and electrochemical assays present some limitations, namely the consumption of large
amounts of reagents, slowness in detection and the fact that skilled personnel and bulky equipment is
a mandatory requirement #°, Therefore, it is crucial to invest in fully integrated and automated strategies
capable of performing specific molecular recognition of multiple target cancer biomarkers in a

simultaneous, simple, and cost-effective manner for an accurate diagnosis.

Within this framework, biomarker detection in microfluidic devices has been studied as a promising
alternative to traditional methods. In fact, microfluidic systems allow for low-cost and fast in situ
diagnosis, with increased sensitivity and efficiency and smaller reagents volume®. Therefore, these are
potentially good candidates for on-chip point-of-care (POC) testing near patient site in environments
with low-resource settings, including undeveloped countries and in situations of emergency. Due to
these remarkable characteristics, several microfluidic devices have been created in recent years for the
detection of several diseases, including not only cancer, but also infectious diseases, cardiac diseases,
Alzheimer, among others®. Despite recent advances, microfluidic systems are not routinely applied in
clinical settings yet, since there are still some limitations regarding analysis of complex samples” and,
in some cases, lack of integration of several important components (valves, pumps, sensors, heater,
etc.), automation and low reproducibility. Therefore, before their implementation in the medical field,
these challenges must be overcome so that microfluidic devices can improve early-cancer diagnosis

and cause a positive impact in global health care.



1.2.Cancer Biomarkers

Cancer is a disease defined by an uncontrollable growth of cells beyond their regular
boundaries, which invade adjacent tissues or even migrate to different organs (metastasis). Despite the
efforts to reduce the incidence of this disease, cancer is considered a major public health problem
worldwide?, with breast and prostate cancer being the most common types of cancer diagnosed in
women and men, respectively. However, if the cancer is detected at an early stage, treatment strategies
will be more effective and there is a good chance of curing the disease or at least turning it into a chronic
disease. Therefore, there has been an increasing interest in the development of new methods to detect
early-stage cancers, particularly in the discovery of biomarkers, which are valuable tools in the

prevention, diagnosis and treatment of this disease.

Biomarkers are indicators of the physiological state of a cell at a given time, providing
information on cellular processes and alterations and disruptions to cellular pathways. According to the
National Cancer Institute, a biomarker is described as a “biological molecule found in blood, other body
fluids or tissues that is a sign of normal or abnormal process, or of a condition or disease”. Biomarkers
can either be directly produced by a tumor itself or secreted by other tissues as a response to the
presence of a malignancy?8. There is a wide variety of cancer biomarkers, which include proteins or
fragments of proteins (e.g., enzymes, membrane receptors, growth factors), nucleic acid-based
biomarkers, tumor suppressor genes, oncogenes, and tumor-specific antigens and they can be found

in the whole blood, plasma, or serum or in secretions like urine, stool or sputums.

The measurement of biomarker levels in cancer can be useful to assess the risk of an individual
to develop cancer, non-invasive screening of apparently healthy individuals for malignancy and
detection of occult tumours, diagnose patients with symptoms of cancer, provide a prognosis for
individuals who have already been diagnosed with the disease, differentiate from malignant and benign
forms of tumours and also distinguish different types of malignancies and monitor the status of the

disease, by predicting the likelihood of tumour recurrence or therapy response® (Figure 1).
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Figure 1 - Clinical uses of Cancer Biomarkers. Adapted from M. Townsend, G. Shrestha, et al. (2018)°
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Based on their utility, cancer biomarkers can be classified? as (1) Early detection biomarker —
which is used to identify early stages of cancer; (2) Diagnostic biomarkers - used to detect the presence
or absence of a tumour in an individual. Cancer-antigen 125 (CA125) and prostate specific antigen
(PSA) are examples of diagnostic biomarkers used in the clinical field; (3) Prognostic biomarker — used
to predict tumour behaviour including recurrence of the disease and identify the aggressive phenotype.
It also provides information regarding patient survival probabilities, allowing for more personalised
therapies. Examples of this type of biomarkers are PSA in prostate cancer and hormone receptors in
breast cancer; (4) Predictive biomarker — used to assess the effectiveness of a specific drug, helping in
the identification of the best treatment options; (5) Target biomarker — used in the identification of
molecular targets of new therapies to help select patients that will benefit from those particular
treatments. (6) Surrogate end point biomarker — used to substitute a clinical end point, which is a
“characteristic or variable that reflects how a patient feels, functions, or survives” 11 or to determine the

clinical benefit or lack of benefit based on scientific evidence 1112,

Regardless of the type of biomarkers, an ideal tumor marker? should (i) only be produced by
tumour cells, (ii) be present at high concentrations in an individual with cancer, but be undetectable in a
person without the disease or with benign disease, (iii) be present at measurable quantities at an early
stage of the disease, (iv) demonstrate predictive, diagnostic and prognostic value simultaneously and
(v) be measured, even when present in small concentrations, through a relatively inexpensive and
reliable assay, with high analytical specificity (percentage of normal individuals that test negative for the
biomarker, i.e., ability to exclude false positives) and high analytical sensitivity (likelihood of an individual

with the disease testing positive for the biomarker, i.e., ability to detect true positives).

Both sensitivity and specificity are essential criteria to evaluate the usefulness of a biomarker.
Indeed, there are serious challenges that must be addressed when screening for cancer. Firstly, false-
positive screening tests are frequent, since several tumour markers tend to have high sensitivity and
low specificity, which ultimately may result in unnecessary and invasive diagnostic procedures,
increasing the suffering and anxiety of patients. In order to prevent false-positive tests, multiple
biomarkers must be assessed simultaneously to increase the specificity and sensitivity of cancer
diagnosis screening tests. Secondly, biomarker screening can also lead to false negative test results,
entailing serious complications as delayed diagnosis and treatment. Thirdly, overdiagnosis, which
translates in the detection of a condition that would not have led to clinically significant symptoms during
an individual’s lifetime314, Moreover, several factors can directly affect the sensitivity and specificity of
tumour detection tests, including how efficient is the recognition and attachment of the target analyte to
the antibody molecule, the amount of measurable signal arising from the binding event, the signal
interference caused by non-specific interactions, the influence of non-target proteins present in the
sample under analysis, among others. Therefore, it is important to establish detection methods capable
of enhancing the performance of biomarker screening, by minimizing background signal, impeding non-

specific interaction between molecules in the sample and amplifying the signal obtained.



Indeed, there are no perfect biomarkers, i.e., a biomarker which is detected in every individual
with cancer (100% sensitivity) and absent in every individual without cancer (100% specificity) and it is
precisely the lack of sensitivity and specificity that prevents many potential biomarkers from progressing
from discovery to clinical applications214, The discovery of new cancer biomarkers is an extremely
important step in cancer diagnosis however, it is a highly regulated and time-consuming process. In fact,
before being approved as clinical screening tools, biomarkers must go through a rigorous evaluation
and validation process proposed in 2001 by the National Cancer Institute’s Early Detection Research
Network (EDRN). This process consists of a five-phase approach, which includes: Phase 1 — Preclinical
Exploratory Studies; Phase 2 — Clinical Assay Development and Validation; Phase 3 — Retrospective
Longitudinal Studies; Phase 4 — Prospective Screening Studies; Phase 5 — Cancer Control Studies?®.
To be accepted as a screening tool, biomarkers must go through all these steps and reach the last
phase successfully. However, this process is expensive and can take several years to be concluded,
and so far, only few biomarkers were able to be successfully approved. Therefore, more effective and
reliable strategies are required to determine which potential tumor marker justifies the major investment
of money and time needed for biomarker validation. Attempts are being made to discover new
biomarkers, ensuring a good analytical sensitivity and specificity, thereby maximizing the probability that
these markers will be useful screening tests for early detection and treatment follow-up 2. Considering
this prerequisite, investigators have been using a variety of technologies for biomarker discovery and
measurement, including DNA sequencing, mass spectrometry and electrophoresis, flow cytometry,
immunohistochemistry, protein microarrays and antibody microarrays'6. Although these technologies
have the potential to identify novel tumour markers, it is crucial for an assay to have a great level of
precision, robustness, sensitivity, and specificity. Finally, it is imperative to determine how these new
biomarkers will be assessed and integrated in the clinical arena, since this assay must be cost-effective,

robust and the samples obtained in a non-invasive manner2.

1.3.Antibodies and Immunoassays

1.3.1. Antibody Structure

Currently, the most used method for biomolecules detection and quantitative measurement are
antibody-based detection systems?'6. Antibody molecules are Y-shaped proteins produced by the
immune system of animals and humans as an immunological response to the presence of antigens.
Antibodies consist of four peptide chains: two identical light chains (LC) and two identical heavy chains
(HC). Each of the light and heavy chains is linked through dissulfide bonds, thereby forming a
heterodimer. In turn, each heavy chain is connected to the other through dissulfide bridges, linking the
two heterodimers together and forming a 4-chain immunoglobulin'’. Each chain consists of a series of
about 110 amino acid sequence, in which the light chain has two of such domains, whereas the heavy

chains are made up of four 18,



The antibody structure has two different regions, a variable region (V) located at the end of the
amino-terminal region of heavy and light chains (limited to the first 110 amino acids approximately),
which presents a great variability among different antibodies of different specificity and is involved in
antigen binding reactions and a constant domain (C), which is the remaining part of the antibody
molecule, presenting less sequence variability between different antibodies. The C domain is

responsible for interactions with effector cells and molecules”18,

Light chains can have two amino acid sequences in the C domain, thereby existing two distinct
types of light chains: A1 and k. Each antibody molecule can only have one single type of light chain, never
both. Regarding the heavy chains, five different amino acid sequences can be identified in the C domain,
which determine the functional activity of the antibody: u,y,d,€ and a (Figure 2). According to these
different types of heavy chains, antibodies can be classified as IgM, 1gG, IgD, IgE or IgA'’. The most

abundant isotype of antibody molecule is 1gG, consisting of 80% of total serum immunoglobulin.

Depending on the antibody class, heavy chains can contain three or four constant domains,
named Cnl, Cu2, Cu3 and Cn4 and one variable domain, termed Vu, whereas light chains contain one
constant domain and one variable domain, named C. and V., respectively. These protein regions
associate to form larger domains, therefore identical domains are linked to each other through non-
covalent interactions (Cn2/ Cu2, Cn3/ Cu3 and/or Cn4/ Crd), whereas Vi and C. domains are paired with
Vu and Cxl domains, respectively, through dissulfide bonds, forming the antigen binding site of the
antibody molecule?®. The set of complete light chains linked to heavy chain domains V4 and Cnl form
Fab fragment of the antibody molecule, which stands for Fragment antigen binding. Fab fragment is, in
turn, linked to Fc fragment (Fragment crystallize) of the antibody, through a hinge region, corresponding

to the association of Ch2, Cn3, or Cu4 domains from both heavy chains'81°.

Figure 2 - Schematic representation of antibody molecule structure. Adapted from Goldsby, R. et al. (2002) 17



Antigen-antibody binding involves several non-covalent interactions, including hydrophobic
interaction, electrostatic interactions, hydrogen bonds and Van der Walls forces between the epitope of
the antigen and the variable complex domain (V. — V+) of the antibody?°. These interactions are weak
in comparison with covalent interaction, therefore several bonds are required so that a strong antigen-
antibody interaction is formed. The strength of these non-covalent bonds between the antigen epitope
and the binding site on the antibody determines the affinity of the antibody to that specific epitope.
Antibodies that are bound tightly to the antigen are high-affinity antibodies, thereby remaining linked to
the antigen longer, whereas antibodies that are weakly bound to the antigen, called low-affinity
antibodies, are likely to dissociate easily from the antigen’. The high specificity and affinity that
describes antigen-antibody interactions have paved the way for the use of immunoassays as an

important tool in the biomedical field for disease diagnosis, monitoring and treatment.

1.3.2. Immunoassays

Over the past few decades, several types of immunoassays have been developed for the
detection and quantification of biological analytes. Immunoassays are biochemical methods that depend
on the recognition and binding of an antibody to a specific site of the target antigen (epitope). In response
to the antigen-antibody binding reaction, a signal is generated, and its detection relies on several labels,
which are attached either to the antigen or antibody, depending on the type of immunoassay. Common
immunoassay labels include enzymes, radioisotopes, fluorophores, and chemiluminescent tags and
according to these labels, different detection methods can be applied (chemiluminescence,
fluorescence, radioactivity)?. Due to the labelling agents, immunoassays are usually the method of

choice mainly because of their high sensitivity, specificity, and ability to achieve low detection limits22.

1.3.2.1. Types of immunoassays

Immunoassays can be classified into two types: competitive or non-competitive. In competitive
immunoassays, the analyte of interest competes with a similar amount of labelled analyte for a limited
number of antibody binding sites. Therefore, when the reaction reaches equilibrium, the signal obtained
is inversely proportional to the concentration of the analyte to be quantified. These type of assays
presents a high ability to detect smaller analytes, such as hormones or drugs. Immunoassay can also
be non-competitive, which are also known as immunometric immunoassays, in which an excess of
labelled antibodies captures the analyte of interest. One of the most used types of non-competitive
assays is two-site or sandwich immunoassays, first demonstrated in 1971 by Wide?3. In this sandwich
method, the analyte reacts with an excess of unlabelled antibody immobilized on a solid-phase and is
subsequently detected by an excess of labelled antibody, which binds the analyte at a different epitope.
Thus, in non-competitive immunoassays, the antigen concentration is directly proportional to the amount

of labelled antibody?425,



In sandwich assays the target antigen is captured between two recognition molecules: a capture
antibody or recognition probe and a second antibody, called detector antibody. Upon the formation of
an immune complex composed of the analyte and the two recognition molecules, the label attached to
the detector antibody outputs a detectable signal, revealing the presence and concentration of the target
analyte. Due to the usage of two molecules for the recognition of the target analyte, the sandwich
immunoassays are more robust and usually give higher sensitivity and better signal-to-noise ratio,
thereby being currently the prevailing method in research and clinical diagnosis, including the
guantification of cancer biomarkers2425,

After antigen-antibody reaction, the unbound analytes need to be removed and separated from
the bound analytes. According to this separation, two other types of immunoassays can be
distinguished: heterogeneous and homogeneous immunoassays. In heterogeneous immunoassays,
after the immobilization of the antibody on a solid-phase and subsequent binding of the antigen, the
unbound antigen is washed and separated from the surface, whereas in homogeneous immunoassays,
the antigen-antibody binding occurs in solution, and the separation of unbound and bound antigens is
done through chemical or physical changes resulting from the binding reaction?>. The latter type of
immunoassays is less common and since no wash is required, some substrates in solution can interfere
with the immunoassay, decreasing its efficiency. The choice between these different types of
immunoassays relies on antibody and antigen nature, labelling agent available, and the desired

analytical criterion, such as specificity, sensitivity, precision, detection limit.

1.4.Prostate Cancer

1.4.1. General Concepts

Prostate Cancer (PC) is the second most frequent cancer affecting men worldwide, after lung
cancer, with approximately 1.4 million new cases reported in 2020 25, At an early stage, prostate cancer
can be asymptomatic, thus making the early diagnosis difficult. PC is described as an abnormal growth
of cells, which causes an enlargement of prostate gland?’. This marks the beginning of prostate
malignant evolution which consists of a multistep process, starting as prostatic intraepithelial neoplasia
(PIN), followed by localized prostate cancer?®. If the cells continue to grow in an uncontrollable manner,

it progresses to an advanced prostate adenocarcinoma with invasive characteristics, ultimately
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Figure 3 - Stages of progression of human prostate cancer. Adapted from Elo et al. (2001) 2°



Advanced and metastatic prostate cancer increases rates of mortality; however, most men are
diagnosed with prostate cancer when the disease is still at a localized stage, which increases rates for
successful disease management and cure, consequently improving patients’ overall survival rates®.
Therefore, early detection of prostatic malignancies is highly beneficial in terms of treatment options and
control of the disease progression. The most routinely used test for early detection of PC is Prostate-
Specific Antigen (PSA) blood test, which revolutionized the world of diagnosis, prognosis, and

monitoring of this disease?3!.

1.4.2. Prostate Specific Antigen (PSA)

PSA was the first cancer biomarker ever approved for patient screening and diagnosis in 1994
by the United States Food and Drug Administration (FDA)32. PSA is a glycoprotein that belongs to the
family of kallikrein proteases, also called kallikrein 3 (hK3), and is expressed by prostate epithelium and
secreted into seminal plasma, in both cancerous and normal prostatic tissue. Its main function is to
cleave proteins Semenogelin | and Semenogelin Il that constitute seminal coagulum formed after
ejaculation in order to dissolve it®2. Despite PSA being considered a valuable tool in the detection of PC,
there is no consensus among the scientific community regarding the reliability and utility of routinely
PSA screening tests, with some specialists arguing the lack of sensitivity and specificity of PSA as a
biomarker for the detection of PC. In fact, PSA can only be considered a prostate-specific biomarker
instead of a PC-specific biomarker, since elevated serum levels of PSA are associated with several
prostatic pathologies and not only cancer, including benign abnormalities, such as Bening Prostatic
Hyperplasia (BPH) and physical trauma of the prostate. The most promising approach used to enhance
the specificity of PSA and consequently improve PC diagnostic accuracy relies on the measurement of

different molecular forms of PSA in serum.

PSA can be found both free or bound to other proteins, such as «;-antichymotrypsin (PSA-
ACT), which accounts for about 75% of PSA in serum, or in minor portions with a,-macroglobulin (PSA-
A2M) or a,- protease inhibitor (PSA-API). Complex PSA, which comprises PSA-ACT and PSA-API, is
not very used in clinical practice because in patients diagnosed with PC, PSA-API values tend to be
reduced, while PSA-ACT levels are increased. Therefore, complex PSA does not seem to be associated
with malignant disease. To quantify the levels of complex PSA, it is common to recur to immunoassays

or, alternatively, quantify the totalPSA and then subtract to it the freePSA levels33.

The remaining PSA is considered freePSA, which is unbounded to protease inhibitors and
comprises at least three inactive forms: PSA precursor (proPSA), benign PSA (BPSA) and intact inactive
PSA (inPSA). PSA is produced by prostate epithelium cells as proPSA, which is an inactive proenzyme
with an amino-terminal pro-leader peptide, also referred to as [-7]pPSA in addition to the 237 amino acid
sequencing that constitutes mature PSA. Upon migration of proPSA to prostatic ducts, this amino

terminal is removed so that PSA becomes active. Kallikrein 2 (hK2) is the peptidase responsible for the



activation of the PSA. Moreover, Mikolajczyk et al.3* proved that the truncated forms of proPSA, such
as [-4]pPSA, [-5]pPSA and [-2]pPSA originated by proteolytic cleavage of pro-leader peptide [-7]pPSA,
are highly expressed in serum of individuals with PC and diminished in the prostatic transitional zone
(TZ). In the same study, they proved that these truncated forms, with special emphasis for the isoform
with pro-leader peptide with only 2 amino-acids, are more cancer-specific than other PSA-isoforms,
since they are prevailingly expressed in epithelium of carcinogenic prostatic tissue. BPSA is considered
a degraded form of native PSA (with the same 237 amino-acids) since it is believed to result from
proteolytical cleavage of amino-acid residues from intact free PSA at Lys182 and Lys145. Seems to be
a good indicator of prostate enlargement, being significantly elevated when BPH symptoms are present,
because several studies found a correlation between its secretion and a large-volume prostate TZ,
thereby being considered a promising biomarker for BPH, especially if used in combination with proPSA
immunoassays3335:36, This isoform of PSA is not detectable in healthy individuals and is present at lower
concentrations in patients with PC. BPSA can be found in the blood and seminal plasma3¢. Regarding
iNPSA, it is identical to native PSA but in an enzymatically inactive form, essentially due to
conformational or structural alterations3. While proPSA and BPSA are associated with the presence
of PC and BPH, respectively, there is no evidence suggesting a correlation between inPSA and cancer,
some studies even attest a decrease in inPSA levels in PC, therefore it is more associated with benign
disease®”:%8. The three different molecular isoforms of freePSA are depicted in Figure 4.
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Figure 4 - Isoforms of PSA. Majority of PSA in serum exists as a complexed form, i.e., PSA associated with several
protease inhibitors. FreePSA consists of three molecular forms: PSA precursor (pPSA), benign PSA (BPSA) and
intact inactive PSA (inPSA). Only pPSA is relevant in prostate cancer. BPSA is associated specifically with Benign
Prostate Hyperplasia (BPH), whereas inPSA correlates with benign disease. Adapted from Hori et al. (2013)%.

PSA is produced in secretory epithelial cells present in prostate glands and is directly secreted
into the lumen. Around these epithelial cells, there is a layer of basal cells and an adjacent basement
membrane, which acts as a barrier impeding PSA from escaping. In normal conditions, the proPSA
produced by epithelial cells is secreted into the lumen and subsequently activated by human glandular
kallikrein 2 (hK2). Part of this active form of PSA can then travel into peripheral circulation where it is
complexed with available protease inhibitors. Additionally, in the lumen, the other portion of active PSA
can become inactive via proteolytic cleavage and can also migrate to the peripheral circulation, where

it travels as free unbound PSA. However, in PC cases, both the basement membrane and layer of basal
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cells is disrupted, and the architecture of normal lumen is lost, which causes an influx of proPSA and
bound PSA directly to the bloodstream, since the activation of proPSA and further inactivation is
decreased® (Figure 5). Therefore, in healthy individuals, secreted proPSA goes directly to seminal
plasma and does not enter the blood circulation and freePSA in blood represents the native protein that
was inactivated, whereas in prostate cancer, proPSA is release to the blood and the inactive fraction of
freePSA is highly decreased, leading to a lower freePSA to totalPSA ratio.

Normal Cancer

— P

basement
membrane

serum ——=
bound PSA free PSA bound PSA proPSA

Figure 5 - Biosynthesis of Prostate Specific Antigen Isoforms in normal versus carcinogenic prostatic tissue.
Adapted from Balk et al. (2003)3.

The standard procedure to diagnose PC is to test the levels of total PSA (free plus complexed
PSA). When these levels stand above 10 ng/mL, the patient is regarded as suspicious for cancer, thus
indicating the need for further biopsy procedures and digital rectal examination (DRE). When the level
of totalPSA is included in the diagnostic “gray zone”, between 4 ng/mL and 10 ng/mL, then the freePSA
to totalPSA ratio, also called the percentage of freePSA (%fPSA), can be advantageous in the
discrimination of PC from benign prostatic disease, even though it is associated with many false
positives. Catalona and co-workers® studied the relation between the freePSA to totalPSA for
differentiation of benign prostate disease and prostate cancer in a cohort of 773 men, in which 379 had
prostate malignancy and 394 benign prostate disease. The study concluded that man with PSA levels
within the “gray zone” present a risk of PC of less than 8% when the %fPSA is greater than 25%,
whereas a %fPSA of less than 10% is associated with a risk of PC greater than 56%. The measurement
of %fPSA has proved to be valuable in the reduction of unnecessary biopsy procedures*®, improving
the sensitivity of cancer detection for total PSA values between 4-10 ng/mL. Therefore, the risk of having
prostate cancer increases as the %fPSA decreases. However, in patients with PC, increased prostate
volume is associated with higher %fPSA, due to a dilution effect caused by prostate enlargement.
Consequently, patients with BPH might receive false-negative results, increasing the risk of delayed
diagnosis*. In fact, the assessment of totalPSA values is still regarded as the gold standard because it
is capable of detecting clinically insignificant prostate disease, being able to minimize unnecessary
biopsies*2. Nevertheless, all isoforms of PSA can be further analysed to verify whether they promote a
more accurate and reliable PC diagnosis, particularly if used in combination with several other

biomarkers, to enhance system sensitivity.
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1.5. Aqueous Biphasic Systems and lonic Liquids

Generally, cancer biomarkers are primarily found in biological fluids, namely whole blood, plasma,
serum, or urine, which poses some challenges, regarding their detection and quantification. Firstly,
biological fluids are often composed by a miscellaneous of proteins present at high abundance, which
can hinder the detection of a specific marker and lead to higher signal background, as a consequence
of non-specific interactions. For instance, serum contains more than 10,000 proteins, with albumin being
the most abundant component with a concentration varying between 35 to 50 mg/mL*3, which in most
cases represents 10 orders of magnitude difference in comparison with the concentration of some target
cancer biomarkers present in serum. Secondly, target tumour markers exist in low concentration in
biological fluids and do not have the ability to replicate themselves to increase their concentration, as,
for instance, nucleic acids. Therefore, in order to detect and reliably quantify low concentration of cancer
biomarkers integrated into complexed biological matrices and prevent interferences from non-target
proteins, an appropriate sample pre-treatment is necessary to ensure an accurate diagnosis. This
sample pre-treatment may consist of amplification, pre-concentration, purification, or extraction of the

target analyte from the complexed sample.

Even though conventional methods for purification and extraction of active biomolecules have well
established protocols, are easily obtained and present good immiscibility properties, in recent years,
there has been a greater tendency to search for more ecological and “greener” methods, while
maintaining a high degree of efficiency. In that context, Aqueous Biphasic Systems (ABS), originally
presented by Albertsson in 195844 can be seen as good alternatives for conventional methods, being
widely employed in the separation and purification of active substances, like proteins, enzymes, cells,
and nucleic acids.

ABS are considered a highly biocompatible method, essentially due to their aqueous composition
in both phases. They are formed by two phases, which can be based on two polymers, a polymer, and
a salt or two salts, dissolved in aqueous media. Specifically, each of the two aqueous phases becomes
enriched in one of the two components and, above a certain concentration of the polymer and/or the
salt, these solutions separate into two immiscible phases, which promotes partitioning of target bioactive
substances between them#®. This partitioning relies on specific properties of the molecule itself, namely
its polarity, hydrophobicity, affinity for each water-rich phase and electrical charge, which will define
which one of the two phases the molecule will migrate to*®. Polymer-based ABS have received
remarkable attention in the past few years, with several published studies attesting their suitability for
extraction and concentration of different biomolecules, including extraction of extracellular vesicles from
human serum, which can be used as biomarkers in tumor detection*, separation of alkaline
phosphatase from its corresponding isoforms#?, study of partitioning behaviour of PSA in the presence
of non-target serum protein*é, partitioning of DNA genomic fragments and subsequent detection step
for early cancer detection®, among others. Despite being considered a promising technique, polymer-
based systems have some limitations, such as the high viscosity of some polymers, which hampers

mass transfer of the target biomolecule and delays the separation of the two phases. Furthermore,
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polymers present a limited polarity range, which restricts their applicability in several extraction
procedures and hinders their use in scaled-up processes. Therefore, ionic liquid-based systems have
been gaining ground since Gutowsky et al. % induced aqueous solution of ionic liquids to form ABS by
adding inorganic salts, specifically, kosmotropic salts. lonic liquids (ILs) are salts liquid at a temperature
below 100°C, constituted by organic cations and organic/inorganic anions®!. ILs are recognized by their
good thermal and chemical stability, as well as for displaying negligible volatility and being non-
flammable and easily recyclable components. Additionally, ILs present a high degree of tunability, due
to the elevated number of possible combinations of their anions and cations and strong solvation ability
for a large selection of compounds. Due to these excellent properties, ILs are being considered the best
eco-friendly alternatives for replacing polymers in formation of ABS 5253, The chemical structures of

commonly used cations and anions’ acronyms that make up ILs are illustrated on Figure 6.
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Figure 6 - Chemical structure of cations and acronyms of anions for ionic liquids commonly studied. Cations: i) 1-
butyl-3-methylimidazolium; ii) 1-butyl-1-methylpyrrolidinium; iii) Tetrabutylammonium; iv) Tetrabutylphosphonium;
v) Choline. Anions: i) Bromide; ii) Chloride; iii) Dicyanamide; iv) Tosylate; v) Thiocyanate. A combination of all

cations and anions i) and ii) was used in the present work.

Several studies demonstrate the applicability of IL-based aqueous biphasic systems (IL-ABS) in the
extraction of different biomolecules, including alkaloids®*, immunoglobulin Y55, bovine serum
albumin®657, trypsine®6:57, haemoglobin®7:58, antioxidants and carbohydrates®?, pepsin®8, among others.
In 2010, Freire et al.>* reported for the first time the usage of several imidazolium-based ionic liquids as
constituents of aqueous biphasic systems for the extraction of alkaloids. The group work concluded that
is possible to extract caffeine and nicotine from aqueous or urine-type solutions in a single step
procedure, with the advantage of using green and recyclable solvents instead of volatile and toxic
components. Furthermore, the study also proved that this IL-based ABS are promising in the obtention
of concentrated samples of nicotine and caffeine for a posterior analysis. In 2015, Taha and co-workers®°

proposed a novel system for the extraction and purification of immunoglobulins Y (IgY) based on a new
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class of ILs. The group work took advantage of the low toxicity and biodegradability of cholinium cations
and paired them with Good’s Buffer anions, which are highly beneficial in protein studies, due to their
non-toxicity and minimum interaction with reaction components. These novel cholinium-based Good’s
buffer type ILs allowed the formation of biocompatible ABS in combination with poly(propylene) glycol
with the ability to extract and purify IgY from egg yolk aqueous solutions. Extraction efficiencies ranging
from 79% to 94% were reported, making these systems good candidates for extraction and purification
of other proteins in future studies. Moreover, Li et al.?¢ also documented the usage of cholinium-based
ILs in combination with poly(propylene) glycol in the formation of green agueous two phase systems for
the extraction of several proteins, namely, bovine serum albumin, trypsin, papasin and lysozyme. The
study proved that with a single step process it is possible to successfully extract 86.4% to 99.9 % of
these proteins to the IL-rich phase and it was even possible to increase the activity of one of the proteins
under analysis, trypsin, in most of the IL-rich phases tested. Additionally, Lin et al.5” reported the usage
of aqueous two-phase systems based on eight different hydrophobic ILs and inorganic salts and
analysed the performance of these types of systems in the extraction of four proteins, bovine serum
albumin, haemoglobin, trypsin and lysozyme. Remarkable recovery efficiencies were attained ranging
from 90.5% to 94.5% for the referred proteins. Therefore, Lin and co-workers were able to prove ILs-
ABS systems are a valuable technique for the extraction, purification, and concentration of several

bioactive molecules.

Despite all scientific evidence regarding the powerfulness of IL-based ABS, to the best of our
knowledge, there are no reports concerning the applicability of these systems in the efficient extraction
of cancer biomarkers from body fluid samples and subsequent quantitative analysis through a
microfluidic system. Therefore, the present work presents an initial evaluation on the effects and
possible interferences of ionic liquids in the detection of cancer biomarkers in microfluidic systems,
paving the way for further application of these greener and recyclable solvents in ABS for

extraction/concentration of tumor biomarkers, potentially improving early cancer detection.

1.6.Microfluidics

1.6.1. General Concepts

In recent years, microfluidics has emerged as a novel fluid manipulation technique with several
applications in the biomedical and biotechnology fields, namely the development of more affordable and
easy handling devices for disease diagnosis, pharmaceutical drugs quality assessment and evaluation
of water and food safety. As stated in the previous sections, immunoassays are biochemical tests
employed for the identification and quantification of certain analytes based on antigen-antibody
recognition, which usually relies on highly skilled personnel, bulky equipment and high-volume samples
and reagents. Besides, conventional immunoassays can take several hours to be completed, since they
include a series of incubation, mixing and washing steps. Therefore, microfluidics plays an important

role in the miniaturization and automation of immunoassays, significantly reducing the consumption of
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samples and reagents, reducing the assay time by simplifying procedures, allowing a faster analysis
and detection, and reducing the costs of traditional immunoassays®°. Furthermore, considering the wide
range of materials and techniques available nowadays, investigators can create different microfluidic
designs for the detection of several biological molecules. These attractive features have led, over the

past few decades, to the transition of benchtop systems to lab-on-chip (LOC) devices (Figure 7).

Figure 7 - Transition of laboratory processes to microfluidic devices. Adapted from Chow, A. W. (2002) 62,

1.6.2. Lab-on-chip devices for Point-of-Care diagnosis

The key benefits associated with LOC devices are portability, automation, and integration of
multiple assay steps into one device. These devices have the ability to integrate several functions in
only one chip, minimizing multiple assay steps, which are time-consuming and can cause experimental
errors, thereby leading to faster analysis which would not be achieved otherwise. Automation enables
results of higher quality, since operations performed in these systems become more reproducible and
more precise, whereas portability paves the way for point-of-care (POC) diagnosis, thereby reducing
the time interval between diagnosis and treatment. These three attractive features combined culminate
in high-throughput screening and high-quality results, as well as simplification of complex processes.
Therefore, LOC devices have gained major importance in the medical field, especially in disease
diagnosis arena, since they are capable of providing rapid, accurate and on-site diagnostic results at
relatively low cost. The vast majority of LOC devices derives from microfluidic technologies, taking
advantage of small volume fluid handling in microscale channels. Furthermore, thanks to microfluidic
technologies, LOC systems encompass all the abilities of a laboratory, since they can perform pre-
treatment of samples and analytical separation, mixing solutions, signal amplification, and detection of
specific targets by means of electrochemical or optical sensors integrated on a single device.
Additionally, the higher surface area-to-volume ratio of microfluidic channels, enables a faster sample
analysis, translating into faster diagnosis, which can dictate patient recovery or survival. Owning to these
advantages, POC testing has gained special interest among researchers, who have been exploiting
them in terms of usability and developmentf2-54. Consequently, advances are being made in the
development of reliable point-of-care tests for disease diagnosis, namely in cancer patients for tumour

biomarkers detection ©5.66,
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An ideal POC test would consist of a user-friendly device in which a non-trained person could
load an extracted body fluid sample, such as blood, saliva, or urine, and obtain informative, sensitive,
and accurate results in a much faster and non-invasive manner, at the patient-site without the need to
perform the test in a specialized laboratory. These small medical devices can be used for the detection
of several biomarkers, such as nucleic acids, proteins, metabolites, and cells. Besides, the device
should have a high sensitivity limit to be able to detect low analyte concentrations, a large dynamic
range, and should be capable of performing multiplexed detection 2,

1.6.3. Polydimethylsiloxane (PDMS)

The fabrication of the first microfluidic devices was based on microelectronic processes, such
as photolithography and etching, using glass or silicon. However, glass amorphous structure hinders
etching process on vertical walls of the glass device and silicon is not indicated for use with optical
detection systems, since is an opague material®’. Furthermore, both materials make the fabrication
process time-consuming and often associated with costly equipment and consumables. Therefore,
polymers have been exploited in the fabrication of cost-effective microfluidic devices. Polymethyl
methacrylate (PMMA), polycarbonate, polystyrene (PS), and polydimethylsiloxane (PDMS) are some
examples of polymers used in the fabrication of these devices. In general, polymers are cheaper than
glass and silicon and enable the formation of microfluidic channels by means of embossing or molding,
instead of etching. Nowadays, the most commonly used polymer is PDMS, which shows and excellent
permeability to gas, is chemically inert and biocompatible, and presents a good thermal stability (below
150°C), which are useful features for certain chemical applications, especially in microfluidics. Besides
these characteristics, PDMS also presents a good flexibility, optical transparency down to 230 nm,
enabling direct optical access into microchannels and real-time assessment of the process, low
autofluorescence, and its low thermal conductivity allows PDMS to be used as good thermal isolator

(thermal conductivity ~ 0.15 W m! K~1). The chemical structure of PDMS is depicted in Figure 8.
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Figure 8 - Polydimethylsiloxane chemical structure. Adapted from 68,

Initially, the most used microfabrication technique for microfluidic devices was photolithography,
however, this technique presents several limitations, for instance, it is very expensive, since the
equipment used in this technology was specially created for the development of microelectronic devices;

provides a limited surface chemistry control; it is less accessible because it requires a cleanroom
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environment and does not allow the patterning of non-planar surfaces 679, Therefore, in 1998,
Whitesides and his research group created a novel technology, called soft lithography, which is define
as “non-photolithography set of microfabricating methods (...) to generate micropatterns and
microstructures” . In comparison with photolithography, soft lithography is a much cheaper, accessible,
and easy to learn technique, allowing pattern generation in nonplanar surfaces and usage of a wide
range of materials. In soft lithography, an elastomer, typically PDMS, is poured on top of a mold with
embedded patterned features on its surface and cured for a few hours at elevated temperatures and, in
the end, it is peeled from the mold 6°. However, the master mold fabrication is still dependent on
photolithography technique, in which a patterned, designed in computer-aided design (CAD) software
is projected on a photomask with is then used to create relief structures onto a photoresist film 71.72,
Therefore, once the mold development is complete, the procedure can continue to take place outside

the cleanroom, which facilitates the process.

The commercially available PDMS is supplied in a two-part kit, composed of a curing agent and
a silicon agent that are mixed in a ratio of 1:10 and subsequently placed in a vacuum chamber to release
all the air bubbles formed. After being cast against the mold and cured, the liquid mixture becomes solid,
and its low surface energy allows PDMS structures to be easily removed from the master mold7374,
However, this property also makes the PDMS surface strongly hydrophobic, which poses challenges
when used in immunoassays, due to nonspecific protein adsorption, formation of air bubbles, and poor
surface wettability hindering liquid delivery. To address this problem, several techniques to
activate/modify the surface of the PDMS can be applied, such as oxygen plasma treatment, ultraviolet
(UV) radiation, and corona discharges. The oxidation of the PDMS surface using oxygen plasma is the
most commonly used method, which converts the silane groups (Si-CHzs) on the surface into silanol
groups (Si-OH), increasing the wettability of the surface and rendering it more hydrophilic. Besides the
activation of PDMS surface, this treatment is also used to seal the structures against another PDMS or
glass surface, forming an irreversible sealing and allowing the structure to withstand high pressures (30-
50 psi). Onthe one hand, PDMS surfaces can quickly recover their hydrophobicity within minutes, when
exposed to air. On the other hand, if the surfaces are exposed to oxygen plasma treatment for extended
periods, undesirable cracks can appear on these surfaces, impairing the bonding of the structure.

Therefore, the surface treatment of PDMS structures must be well controlled?s.

1.6.4. Microbead-based Immunoassays

The performance of microfluidic heterogeneous immunoassays can be enhanced using
microbeads as a solid surface for the immobilization of biomolecules. Indeed, the exploitation of
microbead-based immunoaffinity assays has been growing interest among the scientific community,
with several publications describing the use of these platforms for biomolecules detection?76-78, Even
though naked microfluidic channels yield a large surface-to-volume ratio, microbeads provide a
significantly higher surface for immobilization. For instance, if one considers 1 g of beads with a diameter

of 0.1 um, the surface area available for immobilization will account for 60 m? approximately”.
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Consequently, there is a better interaction between target and reagents, which translates into a higher
sensitivity. Besides, other three aspects make the use of microbead-based immunoassays stand out in
comparison with traditional configurations. Firstly, microbeads have a higher ability to bind a greater
amount of molecules per volume of solution, thereby enhancing limits of detection. Secondly, the surface
of microbeads can be functionalized, which improves their binding affinity®. The third aspect to consider
is the transport of analytes. When, instead of a planar configuration beads are used, molecules can be
easily transported by means of electric fields or pressure-driven systems, and packed beads also
present an advantage in term of analyte transportation, since gaps between closed beads are smaller,
thereby diffusion distances are minimized’®. Therefore, microbeads provide a great improvement in the
delivery and analysis of different types of biomolecules, making them suitable for the accurate detection

of several biomarkers in microfluidic systems.

In the past two decades, several studies focused on developing and testing microbead-based
assays for the detection of biomarkers for potential point of care diagnosis. In 2001, Sato et al. developed
a successful microchip-based system for the detection of carcinoembryonic antigen (CEA), an important
serological marker for colon cancer diagnosis, in which anti-CEA antibody coated polystyrene beads
were used. In comparison with an assay in a microtiter plate, which took 30h to complete, this microchip
system was able to perform the detection of CEA antigen in only 30 minutes and with better sensitivity
than traditional methods®:. Furthermore, in 2017 Qui et al. proved that a fully integrated single
polycarbonate bead-based microchip can be used for the enumeration of CD4+T lymphocyte, through
the detection of CD4 antigen from samples of lysed blood. The quantitative detection of CD4 was
completely achieved within only 30 minutes after loading of blood samples on the microchip, with decent
sensitivity and good detection limit, thereby proving to be efficient for POC testing®2. Recently, in 2020,
Lee et al developed a bead-bead multiplexed assay in which magnetic beads were used as solid support
and conjugated with §-catenin antibody to quantify §-catenin levels, a potential cancer biomarker. The
overexpression of this p120catenin subfamily member is associated with some types of cancer, such as
prostate, ovarian, and lung cancer, among others. The group work managed to detect §-catenin with
increased analytical sensitivity in comparison with western blot method®3. In the same year, Yuan et al
studied a bead-based multiplexed system for the detection of two potential dengue virus biomarkers,
DENV-NS1 protein and DENV-specific 1gG antibodies, both present in blood samples of patients
infected with the virus. In this experiment carboxyl-modified beads were separated into two different
sets: bead set A was conjugated with anti-DENV-NS1 antibody to capture DENV-NS1 protein, whereas
bead set B was conjugated with DENV-NS1 to capture anti-DENV-NS1 IgG antibodies. These beads
were then introduced in microfluidic channels for multiplexed assay detection and calibration curves
were obtained for different concentrations of the target analytes. In terms of detection limits and
sensitivity, both assays were comparable with conventional ELISA methods, with lower limits of
detection reaching 7.8 ng/mL for DENV-NSI and 15.6ng/mL for IgG, which are below the levels

considered clinically relevant.
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Beads can be classified into two types: magnetic and non-magnetic beads. Magnetic beads
present advantageous characteristics in terms of microfluidic utility. Aside from its increased surface
area-to-volume ratio, they are easily manipulated through the usage of magnetic fields, which eliminates
the requirement of specific microstructures to trap beads in microfluidic systems to perform
immunoaffinity experiments. Unlike magnetic beads, non-magnetic beads do need special structures to
be retain in microfluidic channels?46°, However, these beads are extremely popular in the microfluidic
assays, especially for DNA hybridization and proteins or toxins detection. Regarding DNA hybridization,
Caneira and co-workers’® developed a bead-based microfluidic model for detection of a specific DNA
strand, which matches a sequence of miRNA commonly used as cancer and cardiovascular disease
biomarker. The developed method relies on probe DNA immobilization on two different types of beads:
electrostatic beads, namely Q Sepharose (QS) beads, and multi-mode beads, i.e., beads presenting
hydrophobic and electrostatic interactions, namely CaptoAdhere (CA) beads. This single-step and cost-
effective immobilization strategy was successfully achieved in 10 minutes. Overall, the reported system
achieved a LoD of (9.5 + 1.1) pM and (10.6 *+ 0.6) pM for CA beads and QS beads, respectively, values
comparable with similar studies, and a total analysis time of 10 minutes. Furthermore, food safety is
another application of bead-based immunoassays. Indeed, in 2018 Soares et al.®> reported a novel
bead-based microfluidic competitive immunosensor for the simultaneous detection of three mycotoxins:
aflatoxin B1 (AFB1), ochratoxin A (OTA), and deoxynivalenol (DON), commonly present in food and
feed and often associated with carcinogenic and immunosuppression effects or hepatotoxicity on
individuals. The main goal of the device was to detect the referred mycotoxins at relevant limits,
minimizing the total time of analysis and the number of total steps required to perform the complete
assay. Protein G agarose beads functionalized with anti-mycotoxin antibodies were used and packed in
four microfluidic channels and integrated photodiodes were used for continuous fluorescent signal
acquisition. The cost-effective and single step multiplexed microfluidic system proposed in this paper
achieved a total analysis time of 60 seconds and low limits of detection, comparable to those established

by the majority of EU regulations, fulfilling all the proposed objectives.

In the present work, agarose beads were used due to their extremely advantageous properties.
These types of beads can be easily scalable, since they are produced in large batches and derive from
low-cost and easily obtainable sources, like seaweed. Moreover, the agarose percentage can be
controlled, which enables the management of analytes mass transport properties, since a lower agarose
percentage allows for larger pore sizes, which increases the speed of mass transport of analytes in the
bead matrix, thereby allowing faster binding rates. Other advantages include, good optical properties,
important for separation purposes and for optical detection, allowing chemiluminescence, fluorescence
and colorimetry, low non-specific binding properties, and the ability to be used in both competitive and

sandwich assays®®.
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1.6.5. Reynolds Number

Fluid dynamics classification into laminar or turbulent flow in microfluidics is predicted by a
single dimensionless number, the Reynolds number. Considering that microfluidic channels present a
small-scale dimension and stationary and incompressible flows are characterized by a single spatial
scale, [, the Reynolds number can be defined as:

Ul
Re = —, 1)
v

where U is the characteristic fluid velocity and v is the fluid kinematic viscosity. Since microfluidic
systems present microchannel dimensions on the order of tens of micrometres and usually fluid
velocities do not surpass 1 cm/s, the Reynolds number is lower than 0.1. Moreover, it is considered that
the scaling law for parameter U satisfies the relation U ~ . From this, it is possible to obtain the scaling

law followed by Reynolds number, which can be described as:

Re~1? )

Therefore, systems miniaturization tends to benefit low Reynolds numbers, which consequently
translates into a laminar flow regime. In this regime, diffusion is the most important phenomenon for

mass transport’.

1.7.Limit of Detection (LoD)

The implementation of any assay requires the assessment of analytical data, therefore method
validation plays an important role in the production of accurate and reliable assay results. Hence, some
parameters are commonly used for the characterization of analytical performance of any clinical assay,
namely, the limit of blank (LoB), limit of detection (LoD) and limit of quantification (LoQ). These
expressions are related, however, there is a lack of consensus among several regulatory agencies on

the best way to describe them.

According to Armbruster and Pry®’, LoB is the highest concentration of target analyte that can be
detected in replicates of a blank sample, i.e., in a sample with only buffer and no analyte present. It is
obtained through the calculation of the mean value and standard deviation of blank sample, as described

by the following equation:

LoB = meanggny + 1.645 (SDgiani) (3)

LoD is considered as the lowest amount or concentration of target analyte in a sample that can
be distinguished with certainty from LoB. A standard approach to determine LoD is to obtain the LoB
and the standard deviation of replicas of a sample known to contain a low concentration of the target

analyte. Therefore, the general formula used to calculate LoD is given by equation (4):
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LoD = LoB + 1-64‘5(~5‘Dlow concentration sample) (4)

Another acknowledged method to calculate LoD is based on the mean value of the blank sample
and the standard deviation of blank sample multiplied by a factor of three. Thus, this alternative can be
written as:

LoD = meanggni + 3 X SDgiank (5)

This definition of LoD indicates that if the non-specific signal between antibodies and antigen
adsorption, responsible for excessive background signal, can be minimized, then it is possible to obtain

better values for the LoD, thereby enhancing the sensitivity of the immunoassay.

Finally, LoQ is described as the smallest target analyte concentration which can be detected,
with acceptable signal and trueness, operating as bias estimator parameter for low concentrations of
analyte (difference between the measured value obtained from several repeated measurements and

reference value). The LoQ can either be equal or bigger than LoD, but never smaller (6):

LoQ = LoD (6)

Therefore, all these analytical parameters should be integrated in any method of evaluation of
assays that focus on distinguishing the presence and absence of specific analytes, thus attesting the

reliability and accuracy of the results obtained &’.

1.8.0bjective

The goal of the present work is to develop a microfluidic platform capable of detecting a specific
prostate cancer biomarker, PSA, with a limit of detection within clinically relevant range. For this, a
sandwich-type immunoassay was implemented to increase the system sensitivity and the detection was
performed via fluoresce microscopy. Several blocking agents were tested to reduce non-specific
interactions and background noise. Calibration curves were obtained, not only in PBS, but also in human
serum, to mimic physiological conditions. Furthermore, it was expected that the detection of PSA could
be performed also in several ionic liquids, since they are considered promising in sample pre-treatment
procedures using ABS, which tend to increase system analytical sensitivity and improve detection limits.
Therefore, the developed strategy is expected to work as basis for a future development of a microfluidic
device with fully integrated IL-based ABS and detection system capable of accurate diagnosis of

prostate cancer from complex biological fluids.
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2. Materials and Methods

2.1.Reagents and Materials

2.1.1. Solutions

For the experiments performed in the present work, Phosphate Buffer Saline (PBS) was
prepared by diluting a PBS 10x stock solution (1.37 M NacCl, 0.027 M KCIl and 0.119 M phosphate) in
Milli-Q water to a final working solution of 1x (pH 7.4, 25°C). PBS was used as the main buffer and was
necessary to prepare several other solutions. Furthermore, different blocking agents were tested,
namely Bovine Serum Albumin (BSA), whose dry stock was weighted in an analytical scale and diluted
in PBS to a final concentration of 4% (w/v) BSA, ready-to-use Blocker™ Casein in PBS 1% (w/v), and
Human Normal Immunoglobulin (Gammanorm®), diluted in PBS to a working solution of 5 mg/mL.
Furthermore, polyethylene glycol (PEG) 8000 was used as a suspension solution to help pack the beads
in microchannels, since it promotes beads dispersion throughout the solution, and it was diluted to a
final concentration of 30% (w/w). For the experiments regarding PSA detection, apart from PBS, a
solution of Human Serum was also used. Table 1 describes all the reagents and equipment necessary

to prepare the referred solutions.

Table 1 - Summary of equipment and reagents required for preparing the solutions necessary for the experiments.

Analytical Scale d=0.0001 g, Scientech (Bradford, MA/USA)
Phosphate Buffer Saline (PBS) 10x, ThermoFisher Scientific (BP3991)
Bovine Serum Albumin (BSA), Sigma Aldrich (A2153)

Blocker™ Casein in PBS, ThermoFisher Scientific (37528)

Reagents
Human Normal Immunoglobulin 165 mg/mL (Gammanorm®), Octapharma (JO6B A01)

Polyethylene glycol (PEG) 8000, Sigma Aldrich (P4463)

Human Serum from human male AB plasma, Sigma Aldrich (H4522)

Additionally, several salts (phosphate buffer and citrate buffer), polymers (PEG1000, PEG2000,
PPG400, DEX500k, UCON, PL35, NaPA8000) and ionic liquids solutions ([C4Ci1im]Cl, [C4Cipyrr]Cl,
[N4444]Cl, [Pa444]Cl, [Paaa4]Br, [Ch]CI) were also used to attest the interference of these solution in the
detection of target biomolecules. All these solutions are thoroughly described in Table 2 and were kindly

prepared and supplied by Universidade de Aveiro/CICECO.
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Table 2 - Summary of all salts, polymers and ionic liquids tested.

Sample

Reagents

Mass (g)

Salts

Mass
percentage
%(w/w)

pH

Citrate
buffer

Phosphate
buffer

Potassium citrate tribasic
monohydrate, 99%, extra pure
(Acros Organics)

Citric acid 1-hydrate for analysis,
ACS, ISO (99.5-102.0%)
(Panreac)

di-potassium hydrogen
phosphate trinydrate, extra pure
(98-102%) (Sharlau)

potassium dihydrogen
orthophosphate, analytical
reagent grade (99.95%) (Fisher
Chemical)

CeHsK307-H20=2.5427
CeHgO7-H20=0.1032
H20=2.3593

K2HPO4:3H20 = 1.6202
H.O = 1.2224

KH2PO4 =0.7378

H>O =1.4482

Polymers

49.87

39.27

6.87

7.13

PPG400

PEG1000

Dex500k

UCON

PL35

NaPA8000

PEG2000

Polypropylene glycol (P 400)
(Sigma)

Polyethylene glycol (1000) (Alfa
Aesar)

Dextran from Leuconostoc spp.
(Mr 450000-650000) (Sigma)

Poly(ethylene glycol-ran-
propylene glycol) (Mn =2500)

Poly(ethylene glycol)-block-
poly(propylene glycol)-block-
poly(ethylene glycol) (Mn =1900)
(Sigma)

Poly(acrylic acid, sodium salt)
solution (Mw =8000, 45 % (w/w)
in H20) (Sigma)

Polyethylene glycol (2000) (Alfa
Aesar)

PPG400=3.0203
PBS=2.0344

PEG1000=3.0596
PBS=2.0145

Dex500k=1.5093
PBS=3.5564

UCON=3.0574
PBS=2.0176

PL35=3.0713
PBS=1.9984

NaPA8000 (45%(w/w) in H20)
=3.4592
PBS=1.5986

PEG2000=3.0186
PBS=2.0418

lonic Liquids

59.75

60.30

29.79

60.24

60.58

30.78

59.65

[C4Ciim] CI

[CaCapyrr] CI

[Na4444] CI

[Paaad] CI

[ChCI

[Paaas] Br

1-butyl-3-methylimidazolium
chloride, 99% (lolitec)

1-butyl-1-methylpyrrolidinium
chloride, 99% (lolitec)

Tetrabutylammonium chloride,
297% (Sigma)

Tetrabutylphosphonium chloride,
>95% (lolitec)

Choline chloride, 99% (Acros
Organics)

Tetrabutylphosphonium bromide,
>95% (lolitec)

[C4Ciim] CI=3.0242
PBS=1.9964

[C4Capyrr] Cl=3.0973
PBS=2.0200

[N4444] CI=3.0144
PBS=2.0061

[Paasaq] CI=3.0484
PBS=2.0125

[ChICI (5 %(wiw) of H20) =2.0891
PBS=3.0067

[Paa44] Br=3.0326
PBS=2.0305

60.24

60.53

60.04

60.23

38.95

59.90



2.1.2. Beads

In the present work, two different microbeads were used, MabSelect™ and Protein G
Sepharose® 4 Fast Flow, both from Cytiva. Commercially MabSelect™ consists of highly cross-linked
agarose beads with Protein A ligand, which favours an oriented binding, improving coupling capacity
with 1gG molecules. Moreover, it presents low non-specific binding capacity, essentially due to the
hydrophilic nature of its resin matrix. These Protein A based beads were supplied in 20% (v/v) ethanol
solution, presenting an average particle size of ~ 85 um, and were used to immobilize anti-BSA
antibodies. Protein G Sepharose® 4 Fast Flow consists of recombinant protein G coupled to 4% cross-
linked agarose matrix, offering a large 1gG binding spectrum, presenting complementary binding
specificities to Protein A beads. These beads were also supplied in 20% (v/v) ethanol solution and
presented an average diameter of ~ 90 um. Protein G beads were utilised to immobilize anti-PSA probe
antibody. Both protein A and protein G beads were first incubated with anti-BSA and anti-PSA solutions,
respectively, prior to their packing. Incubation for both anti-BSA and anti-PSA solutions will be described
in detail in section 2.3.2. After the incubation step is complete, beads solutions are supplemented with
PEG 30% (w/w) in PBS, in order to provide a more viscous media, thus facilitating beads packing. Table

3 describes the microbeads used in the experiments of the present work.

Table 3 - Summary of microbeads used in the present work.

Protein G Sepharose® 4 Fast Flow, Cytiva (17-0618-01)

Reagents

MabSelect™, Cytiva (17-5199-01)

2.1.3. Antibodies and Antigens

In order to test the interference of the several salts, polymers and ionic liquids in the detection
of target analytes, a model system consisting of anti-BSA antibodies immobilized on the surface of
Protein A for the capture of fluorescein isothiocyanate (FITC) conjugated BSA was used. FITC presents
an excitation peak at 490 nm and an emission peak at 525 nm, allowing fluorescence intensity
quantification. Anti-BSA antibody solutions presented an initial concentration of 1 mg/mL and were
diluted in PBS to a final concentration of 50 pg/mL. Similarly, BSA-FITC with an initial concentration of

1.25 mg/mL was further diluted to a working concentration of 50 pg/mL.

Furthermore, for the experiments of PSA detection, a sandwich immunoassay was the method
applied. For this purpose, a pair of anti-PSA antibodies was purchased to work as capture and detector
antibody and commercially available target antigen PSA was also acquired. The capture anti-PSA
antibody solution, with an initial concentration of 5.25 mg/mL, and the detector anti-PSA antibody
solution, with an initial concentration of 5.4 mg/mL, were both diluted in PBS to working solutions of 100
pg/mL, whereas the target PSA analyte, with an initial concentration of 1.5 mg/mL was diluted in PBS
and Human Serum, in concentrations ranging from 0 ng/mL to 25 ng/mL. The detector anti-PSA
antibody was posteriorly conjugated to the amine reactive dye Alexa Fluor® (A430) NHS ester — with

an excitation peak at 430 nm and emission peak at 545 nm —, enabling fluorescence detection. To do
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the labelling procedure of anti-PSA antibody, 100 pL of the commercial antibody was diluted in 400 pL
of 100mM sodium bicarbonate at pH 9.2 and then conjugated with 10 pL of the Alexa Fluor® (A430)
dye, previously dissolved in DMSO at 10 mg/mL. The mixture was incubated in the dark for 1 hour at
room temperature. The excess non-conjugated dye was then removed through a series of washing
steps using a 10KDa Amicon Ultra-0.5 centrifugal filter unit, previously washed with 500 pL of PBS and
centrifuged at 14,000 g for 10 minutes. For this, the incubated antibody-dye solution was added to the
Amicon centrifugal unit and centrifuged at 14,000 g for 10 minutes. After centrifugation was complete,
the permeate at the bottom of the tube was discarded, then 500 uL of PBS was added to initiate the
washing process and the solution was centrifuged for 14,000 g for 10 min. This latter step was repeated
a series of 6-7 times until the permeant becomes colourless, indicating that there was no more non-
conjugated dye in the solution. Then, the labelled antibody solution was collected by reverse
centrifugation at 2,000 g for 2 minutes and the remaining volume was measured and made up to the
initial volume with PBS. The specific molecules and materials used in all experiments are described in
Table 4.

Table 4 - Summary of materials, antibodies, target analytes and dye used in the experiments.

Amicon Ultra-0.5 Centrifugal Filters (MWCO of 10KDa), Merck Millipore (UFC501024)

Bovine Serum Albumin (BSA) Antibody, ThermoFisher Scientific (MA5-15238), Mouse,
Monoclonal

BSA-FITC, ThermoFisher Scientific (A23015)

anti-PSA antibody, Sigma Aldrich (MABX5523), Mouse, Monoclonal
Reagents

anti-PSA antibody, Sigma Aldrich (MABX5532), Mouse Monoclonal

Prostate Specific Antigen (PSA), Sigma Aldrich (P3338)

Alexa Fluor® 430 (A430) NHS ester, ThermoFisher Scientific (A10169)

2.2.Microfabrication

2.2.1. Hard mask fabrication

The fabrication of the hard mask started with the design of the microfluidic structure in AutoCAD
software, where the structure was designed according to the dimensions desired. Table 5 described the

equipment, materials, and reagents necessary for the fabrication process.
Table 5 - Summary of equipment, materials and reagents requires for the fabrication of hard mask.

AutoCAD software (Autodesk Inc., Mill Valley, CA/USA)

Nordiko 7000 magnetron sputtering system, Nordiko Technical Services LTD (Havant,
Hampshire, UK)

SVG Resist coater and developer track, Silicon Valley Group Inc. (San Jose, CA/USA)

Equipment

DWL lithography, Heidelberg Instruments (Heidelberg, DE)

Clean glass substrate, Corning Inc. (Corning, NY/USA)

Material

Silicon wafer (150 mm diameter), University Wafer (South Boston, MA/USA)
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Acetone (99,6%), LabChem Inc. (Zelienople, PA/USA)
Isopropanol (IPA), (99,9%), LabChem Inc. (Zelienople, PA/USA)

Deionized (DI) water

Reagents

Alconox solution, Alconox Inc. (White Plains, NY/USA)
Aluminium etchant TechniEtch A180, Microchemicals (Ulm, DE)
Photoresist PFR 7790G, JSR (Sunnyvale, CA/USA)

For the hard mask fabrication, a glass substrate was previously washed with acetone, IPA and
DI water before being immersed in an Alconox™ solution at 65°C for 30 minutes, followed by another
washing step with DI water and finally a drying step. Subsequently, using a Nordiko 7000, a 200 pum
layer of Aluminium was poured on the substrate by magnetron sputtering. Afterwards, a layer of 1.5 um
of positive photoresist was spin-coated on top of the Aluminium layer, using a SVG track/automatic
coating track. The substrate was then baked for 60 seconds at 85°C. The mask design obtained in
AutoCAD software was transferred to the photoresist through a Heidelberg DWL (direct write laser)
lithography equipment, using a laser wavelength of 405 nm. After baking the photoresist for 60 seconds
at 110°C and letting it cool down, the photoresist was developed for 60 seconds, which exposes selected
areas of the aluminium layer. The exposed areas were then etched with a proper aluminium etchant
until they were completely dissolved. To conclude the hard mask fabrication process, a final washing
step with acetone and isopropanol was performed to ensure that the remaining photoresists was
completely removed. All these steps were performed under class 100 cleanroom conditions, except
photolithography step which was performed in a class 10 cleanroom. The experimental procedure

described is illustrated in Figure 9.

Photoresist Photoresist

| Auminum ________________| | Aluminum ________________|
Glass @ Glass Glass

Photoresist DWL
Coating Exposure
Development of
@ Exposed
Photoresist
I N B . @ B B B .
Glass Glass Glass

) Aluminum
Photoresist Etching

Removal

Figure 9 - Schematics of hard mask fabrication (side view). Elements not to scale.
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In the present work, the structure was composed of columns with 2 different heights, a 100 um
height chamber, and another 20 um height channel connected to the former. Therefore, two different
hard masks (Figure 10) were designed in the AutoCAD software and fabricated, one for each required
height.

Figure 10 - Schematic representation of the two hard masks fabricated and used in the present work. Mask for a
height of 100 um (A) and 20 pm (B).

2.2.2. Master mold fabrication

The two hard masks obtained were then used to produce a SU-8 mold that allows the fabrication
of the PDMS structures. Table 6 presents the equipment, materials, and reagents necessary for the

master mold fabrication.
Table 6 - Summary of equipment, materials and reagents requires for the fabrication of master mold.

Kerry Ultrasonic Cleaning Bath, Guyson (Skipton, North Yorkshire, UK)
UVO Cleaner 1444AX-220, Jelight Company, Inc. (Irvine, CA/USA)

Spin coater, Laurell Technologies Corp. (North Wales, PA/USA)

e[Vl oJyEi8 Vertical laminar airflow cabinet, FASTER-BSC-EN (Cornaredo, IT)
Hotplate, Stuart (Staffordshire, UK)

UV light (254 nm, 400 W), UV Light Technology Limited (Birmingham, UK)
Stereo microscope, AmScope (Irvine, CA/USA)

Silicon wafer (150 mm diameter), University Wafer (South Boston, MA/USA)
Acetone (99,6%), LabChem Inc. (Zelienople, PA/USA)

Isopropanol (IPA), (99,9%), LabChem Inc. (Zelienople, PA/USA)

Reagents

Deionized (DI) water

Alconox solution, Alconox Inc. (White Plains, NY/USA)
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Propylene glycol methyl ether acetate (PGMEA) (99,5%), Sigma-Aldrich (St. Louis, MO/USA)
SU-8 2015 photoresist, Microchem Corp. (Newton, MA/USA)
SU-8 50 photoresist, Microchem Corp. (Newton, MA/USA)

The first step of the mold fabrication consists of cleaning a silicon substrate with acetone, IPA
and DI water, to remove any residues on the surface and then immerse it in an Alcanox™ solution in a
hot water bath at 65°C for 20 minutes. Afterwards, the substrate was cleaned with DI water, then dried
with compressed air and placed for 15 minutes in a UVO cleaner to degrade any contaminants. After
the cleaning process was complete, to prepare the 20 um layer, a negative photoresist (SU-8 2015) was
poured onto the substrate and spin coated in a two-step process: first the substrate was spin-coated at
500 rpm and 100 rpm/min for 10 seconds followed by 34 seconds at 1700 rpm and 300 rpm/min. The
substrate was then placed in a hot plate at 95°C for 4 minutes and cooled down for 1 minute (pre-
exposure baking). Subsequently, the 20 um height hard mask was placed on top of the SU-8 layer, with
the aluminium surface facing down, and exposed to an UV light for 30 seconds. After the exposure, the
substrate was baked in a hot plate at 95°C for 5 minutes. After cooling down for 2 minutes, the stack
was immersed in a PGMEA 99% solution for 2 minutes with manual agitation, which allows the non-
exposed photoresist to develop. Then the substrate was cleaned with IPA and dried with compressed

air.

For the development of the 100 um layer, a similar process was required. A negative photoresist
(SU-8 50) was deposited on top of the previously cleaned silicon substrate and spin coated first at 500
rpm and 100 rpm/min for 10 seconds, followed by a second step at 1000 rpm and 300 rpm/min for 30
seconds. Afterwards, the substrate was submitted to sequential pre-exposure bake process in a hot
plate that initiated with 10 minutes at 65°C and followed by 30 minutes at 95°C. After cooling down for 1
min, the 100 um hard mask was placed over the SU-8 layer, ensuring the aluminium surface was facing
down and it was aligned with a low power AmScope microscope. Subsequently, the hard mask together
with the silicon substrate was exposed to an UV light for 70 seconds and then baked for 1 minute at
65°C in a hotplate. The temperature of the hotplate was increased until 95°C and the substrate was left
there for further baking for 10 minutes, followed by a cooling down step for 2 minutes at room
temperature. The substrate with the photoresist was then developed in a PGMEA 99% solution with

manual agitation for 10 minutes, cleaned with IPA and dried with a compressed air gun.

A final baking step can be added to the master mold fabrication process to ensure that the SU-
8 properties remain unchanged. Therefore, the substrate can be placed in the hotplate for 15 minutes
at 150°C, with finalizes the fabrication of the master mold. The experimental procedure described is

illustrated in Figure 11.
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Figure 11 - Schematics of master mold fabrication (side view). Elements not to scale.

2.2.3. PDMS structures fabrication

The master mold obtained in the previous section was then used to cast the PDMS structures,
using soft lithography technique. Table 7 describes the equipment, materials, and reagents required for

the fabrication of PDMS structures.

Table 7 - Summary of equipment, materials and reagents used for the fabrication of PDMS structures.

Analytical Balance, Scientech (Bradford, MA/USA)

Vacuum desiccator, Bel-Art Products (South Wayne, NJ/USA)

=e[flouHi8 Oven loading model 100-800 (70_C), Memmert (Schwabach, DE)

Expanded oxygen plasma cleaner PDC-002-CE (200W), Harrick Plasma (Ithaca, NY/USA)

Spin coater, Laurell Technologies Corp. (North Wales, PA/USA)

Luer Stub (Blunt Needles) 20 Gauge (LS20), Instech Laboratories, Inc. Plymouth Meeting,
PA/USA)
Luer Stub (Blunt Needles) 18 Gauge (LS18), Instech Laboratories, Inc. Plymouth Meeting,
PA/USA)

Silicon wafer (150 mm diameter), University Wafer (South Boston, MA/USA)

Materials

Reagents Sylgard 184 PDMS and curing agent KIT, Dow Corning (Midland, MI/USA)

The process started with mixing a curing agent with polydimethylsiloxane (PDMS) base in a
1:10 weight ratio. After homogenisation, the mixture was placed in the desiccator for 45 minutes to
degas. Subsequently, the SU-8 mold was glued to a PMMA frame with tape and the PDMS is poured
on top of the SU-8 mold, until reaching the top of the frame. The PMMA frame with the PDMS structure
was then secured with four binding clips and placed in the oven for 90 min at 70°C to cure. The cured

PDMS was then cut with a scalp and separated from the mold with the help of tweezers. In order to
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open the inlets and outlets in the structure, needles of 20Ga and 18Ga, respectively, were used to punch
the holes in the PDMS.

To seal the PDMS structure a 500 um PDMS membrane was prepared. For this, the PDMS mixture
was poured on top of a cleaned silicon wafer and spin coated at 250 rpm with an acceleration of 100
rpm/min for 25 seconds. Afterwards, the wafer was placed in the oven for 90 minutes at 70°C and then
cut in pieces slightly bigger than the PDMS structure containing the microchannels. To seal the PDMS
structure against the membrane, both surfaces were oxidized with a plasma cleaner (Harrick Plasma)
at high power for 60 seconds. This treatment oxidizes the exposed surfaces by generating hydroxyl
groups, which allows the combination of both surfaces, forming a covalent bond between them. To
ensure an irreversible and long-lasting sealing the structure must be used only after 12h of performing

this procedure. The experimental procedure described is illustrated in Figure 12.
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Irreversible
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Figure 12 - Schematics of PDMS structures fabrication and sealing process (side view). Elements not to scale.

2.3.Microfluidic device handling

2.3.1.General concepts

During experimental assays, a double syringe pump was used for the fluid manipulation,
assembled with two 1 mL syringes, filled with PBS. Each syringe was connected to a luer stub adapter
and a polyethylene tube, with an open stainless-steel adapter at the other end. This metallic adapter is
connected to the outlet of the microfluidic channel, where a negative pressure is applied, pulling the
desired solutions dispensed in the inlet through a pipette tip, driving the fluid towards the outlet. Table

8 summarizes the basic components and equipment necessary to perform the experimental assays.
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Table 8 - Summary of equipment and materials required for microfluidic handling.

Syringe pump NE-1002X, New Era Pump Systems, Inc. (Farmingdale, NY/USA)

Insulin syringe 1 mL U-100, Codan (Lensahn, DE)

Polyethylene tubing (BTPE-90), 030x.048in, Instech Laboratories, Inc. (Plymouth Meeting,
PA/USA)

Luer Stub (Blunt Needles) 20ga (LS20), Instech Laboratories, Inc. Plymouth Meeting, PA/USA)

Stainless Steel adapter, 20ga x 15mm (SC20/15), Instech Laboratories, Inc. Plymouth Meeting,
PA/USA)

Materials

The methodology used to manipulate fluid inside the microchannels was pulling the required
solutions from the inlet towards the outlet, by applying negative pressure at the stainless-steel adapter
placed at nearly contact distance with PDMS membrane at the channel outlet. Apart from pulling, the
syringe pump can also push the liquid from the inlet to the outlet. In this case the stainless-steel adapter
would have to be placed at the inlet, instead of the outlet. However, pulling the liquid revealed to be a
more reliable and easier technique than pushing it, mainly because it showed a reduction in the air
bubbles recurrently formed and led to more reproducible results. The microchannels used in all
experiments of the present work have a length of 1 cm and are composed of two sections, the first
consists of a column with 100 um height and 700 um width, whereas the smaller portion presents 20
pm height and 200 pm width (Figure 13).

Figure 13 — Microfluidic structure obtained after peeling the PDMS from master mold. The microfluidic structure is
composed of 30 microchannels with two sections, in which the first consists of a column with 700 um width and100

pum height, and the second has 200 pm width and 20 pm height.

2.3.2. Bead preparation

In the present work, two types of beads were used, Protein A and Protein G beads, as previously
described in section 2.1.2. The protocol for the preparation of both beads starts with homogenisation of
the bead suspension. For the Protein A beads, 3 pL of bead stock solution (~50% (v/v) bead resin) was
added to 20 uL of anti-BSA IgG previously prepared in PBS to a final concentration of 50ug/mL. The
mixture was then incubated for 15 min using a rotator mixer at 250 rpm. A similar procedure was followed
for Protein G beads, by adding also 3 pL of bead stock solution to 20 pL of anti-PSA antibody solution
prepared in PBS with a concentration of 100 pg/mL. The mixture was also incubated for 15 min with the
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same agitation parameters. After incubation, in both cases, 110 pL of PEG 30% (w/w) in PBS was added

to each solution, to ensure a homogeneous dispersion of beads, providing a more viscous media, thus

facilitating beads packing. Figure 14 depicts the protocol described for beads preparation.

Homogenisation of
bead stock solution

Transfer 3pL of To an eppendorf w/ Incubate at room
stock solution of 20 pL of antibody temperature for 15 min
beads solution in PBS w/ agitation

Figure 14 - General protocol for preparing beads before packing them inside microfluidic channel. Elements not to
scale.

2.3.3. Packing Method

Regarding the packing method, a syringe pump was used to efficiently insert in the microchannel
the beads solution prepared as described in section 2.3.2. For this purpose, the microchannel was first
washed with PBS and then a pipette tip with 10 pL of beads was inserted in the inlet in order to dispense
the bead solution inside the microchannels. A negative pressure at a flow rate of 5 pL/min was applied
at the outlet, where a stainless-steel adapter was placed, connected to a polyethylene tube and a
syringe, controlled by the syringe pump. The negative pressure forces the bead solution to enter the
microcolumn through the inlet, which reduces the formation of air bubbles in comparison with a pushing
mechanism. The packing was always performed until the microchannel was % full (Figure 15). The size
of the beads allows them to be trapped in the highest microfluidic column since, the smaller channel has
a heigh of only 20 um and Protein A and Protein G beads present an average size diameter of 85 um

and 90 um, respectively.

In

Figure 15 — Schematic representation of microchannel used for all experiments. (A) The beads are inserted in the
inlet through a pipette tip and a negative pressure is applied at the outlet forcing the bead solution to enter the
microchannel. (B) Beads packed in the microchannel.
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2.4.Fluorescence Immunoassays Experiments

2.4.1. Fluorescence Measurement

For all the immunoassays experiments described below, a fluorescence microscope (Olympus
Microscope, CHX41) with a 50W mercury lamp as a light source was used to measure fluorescence
intensity in the microchannels. One of the light filters this microscope is equipped with is a blue light
filter, with an excitation band between 450 nm and 490 nm, which was the one used throughout the
experiments with antibodies labelled either with FITC or Alexa430 dyes. The Olympus microscope is
connected to a XC30 camera which in turn is linked to a local computer, therefore images could be
captured and stored to be posteriorly analysed as described in detail in section 2.4.2. All images were
acquired with a 4x objective and with an exposure time of 2 seconds and a gain of 0dB, since higher
gain proved to increase background noise, impairing signal-to-noise ratio. Considering all the
experiments required fluorescence measurement, it was crucial to ensure all measurements were
performed at a minimum light environment, to minimize noise. Moreover, all antibody molecules labelled
with fluorophores were stored in the dark, in eppendorfs protected with aluminium foil, when necessary,
since they are extremely light sensitive. Temperature was also controlled, ensuring a constant
temperature throughout all the experiments. Table 9 describes the equipment and their specificities

required for fluorescent measurements.
Table 9 - Summary of equipment necessary for fluorescence measurements.

Inverted Fluorescent Microscope CKX41, Olympus (Shinjuku, Tokyo, JP)
Materials CCD color camera XC30, Olympus (Shinjuku, Tokyo, JP)
Mercury short arc, HBO 50W AC L2, OSRAM (69214) (Wilmington, MA/USA)

2.4.2. Image Analysis

In the present work, the images acquired using the XC30 camera coupled to the Olympus
Microscope were analysed using ImageJ software (National Institutes of Health, USA). The images are
loaded on the software and split in channels (blue, green and red). In this case in particular, the green
channel was the only one considered in the analysis of the results. The measurements obtained
correspond to the mean values from independent experiments, always considering a certain area the
exterior of the microchannels (background signal) and subtracting that value from the one obtained by
selecting the same area in the interior of the microchannel. An example of image analysis performed

with ImageJ is depicted in Figure 16.
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Figure 16 — Example of image analysis using ImageJ software. (A) the desired image is uploaded and the option

Color > Split Channels is selected, which will split the image in blue, green, and red channels. (B) Green channel

is chosen, and two equal areas are selected in the inner and outer area of the microfluidic channel. (C) the mean

value for each of the selected areas is presented and value number 2, corresponding to the background signal is

subtracted from value number 1, corresponding to the inner part of the channel.
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3. Results and Discussion

3.1.Preliminary results on the influence of different solutions in the
detection of target analyte in a model system

The first step to develop a microfluidic system for the detection of cancer biomarkers, considering a
potential sample pre-treatment using IL-based ABS, was to evaluate the influence of ILs and some
polymers and salts, other constituents of these systems, in the detection of target analytes. Having into
consideration the promising behaviour of these solutions in extraction and concentration procedures of
target molecules from complexed biofluidic matrixes, which contribute to sensitivity enhancement of
biomarkers detection systems, a model system was created to obtain preliminary results on the influence

of different solutions in fluorescent immunoassays.

The model system refereed above consisted in a fluorescent immunoassay in which Protein A
agarose beads were used to immobilize anti-BSA antibody solution in order to capture target analyte
FITC conjugate BSA, spiked in several solutions of salts, polymers, and ILs for comparison with target
prepared in PBS. Briefly, the first step of the experiment consisted of flowing PBS through the
microcolumn to ensure a clean channel. Then, Protein A beads were inserted in the microfluidic channel
by pressure-driven flow as described in section 2.3.3. To remove PEG solution from the microchannel,
PBS was flowed through the channel at 15 pL/min. To minimize non-specific interactions, Casein 1%
(w/v) was flowed for 10 minutes at 1 pL/min. Subsequently, to analyse the interference of several salts,
polymers and ILs, each of these solutions spiked with BSA-FITC conjugate at a concentration of 50
png/mL were prepared. Both salts were studied in concentrations ranging from 4-50% (w/w), polymers in
concentrations ranging from 3-60% (w/w) and concentrations between 5% (w/w) and 60% (w/w) for ILs.
Each of these solutions spiked with BSA-FITC conjugate were then diffused through the device at 1
pl/min for 5 minutes. Afterwards, two washing steps were performed, the first one, consisting of flowing
through the channel each of the solutions under analysis (salts, polymers, ILs) for 10 minutes at 5
uL/min, to further evaluate its interference in the fluorescence signal. The second and final step
consisted of flowing 50 pL of PBS for 10 minutes at a flow rate of 5puL/min, ensuring the remotion of all
unbound molecules from the channel. The fluorescence signal was measured for each solution and
concentration at the end of each experiment and the images were acquired as described in section

2.4.1. Figure 17 is a schematic representation of the immunoassay described.
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Figure 17 - Schematics of immunoassay performed in model system anti-BSA/BSA-FITC to evaluate the

interference of different salts, polymers and ILs in fluorescence signal.
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For each sample concentration, two experiments were performed: one in which bare beads, i.e.,
without anti-BSA immobilized on their surface were packed in the microchannel followed by blocking
with Casein 1% (w/v), then flowing BSA-FITC and performing two regular washing steps. This assay
worked as a control experiment (grey bars), whereas the second assay performed consisted of a regular

complete immunoassay (colourful bars) as previously described.
a) Salts

The experiments started with Citrate Buffer and Phosphate Buffer being tested. For that the referred
salts were diluted in PBS to final working solutions of 5%(w/w), 15%(w/w), 25%(w/w) and 50%(w/w), in
case of Citrate Buffer and 4%(w/w), 12%(w/w), 20%(w/w) ,40%(w/w), in case of Phosphate Buffer.
Figure 18 presents the results obtained after performing the complete fluorescent immunoassay for the
analysis of these two salts.
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Figure 18 — Influence of Citrate and Phosphate Buffer in the detection of target analyte FITC conjugate BSA. The
experiments performed in PBS are presented for the sake of comparison with the fluorescence signal obtained with
other solutions. (Top) Fluorescence signal obtained in the detection of spiked solutions of BSA in Citrate Buffer and
Phosphate Buffer. (Bottom) Fluorescence images obtained with Olympus Microscope with a 4x objective, exposure
time of 2 seconds and 0dB of gain. The sets of images from left to right represent the fluorescent intensity obtained
when an immunoassay is performed in PBS buffer, in 25%(w/w) of Citrate Buffer, in 5%(w/w) of Citrate Buffer, in
20%(w/w) of Phosphate Buffer and 4%(w/w) of Phosphate Buffer.
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Ideally, the influence of these salts in the fluorescence signal was expected to decrease as the
concentration of salt in the solution is reduced. However, that is not the case with both salts. By analysis
of Figure 18 is possible to observe that Citrate Buffer was the salt that interfere the most with
fluorescence intensity, presenting a decreasing signal with decreasing concentration of salt in solution.
Another aspect that stands out is the higher non-specific signal observed when BSA-FITC solution is
diluted in 25%(w/w) of Citrate Buffer. However, since these experiments were only performed a single
time, this can be attributed to experimental errors during the assay. Regarding Phosphate Buffer, the
salt has a more irregular behaviour, presenting higher fluorescence intensity when a working solution of
20%(w/w) is used. With exception of the 20%(w/w) concentration, which has a more comparable
fluorescence signal with the experiment performed in PBS, the remaining salt concentrations tested
influence negatively the performance of the binding event between anti-BSA antibody and BSA-FITC,
presenting lower signal intensities in comparison with the assay in PBS. Moreover, non-specific signal
increases with increased concentrations of Phosphate Buffer. Therefore, in order to potentially use one
of these salts as phase-forming components of IL-based ABS with the goal of extracting and
concentrating target analytes for further fluorescent quantification the best option would be phosphate
buffer in lower concentrations, since in comparison with citrate buffer it presented less interference in

model system tested.

b) Polymers

Regarding the polymers, the same strategy was adopted, with two assays being performed for each
concentration: a first immunoassay without immobilizing anti-BSA antibody on Protein A beads, which
was adopted as control experiment to evaluate the presence of non-specific signal and a second assay
which consisted in a regular complete immunoassay. The polymers tested were PPG400, PEG1000,
UCON and PL35 prepared in PBS to final working solutions of 60%(w/w), 36%(w/w), 24%(w/w),
12%(w/w), 6%(w/w) and Dextran and NaPA8000 also diluted in PBS to final concentrations of 30%(w/w),
18%(w/w), 12%(w/w), 6%(w/w), 3%(w/w). Figure 19, Figure 20 and Figure 21 depict the results
obtained by performing the full immunoassays using these six different polymers. Curiously, there is not
a common trend for the different polymers tested regarding their influence in the fluorescence

measurement of BSA molecule.

The first two polymers tested were PPG400 and PEG1000 and both presented an irregular
behaviour in terms of interference with BSA detection. In both cases, assays performed with BSA-FITC
spiked in working solutions of 12%(w/w) recorder higher fluorescence signal, but still below the value
obtained for the experiment performed in PBS. Additionally, experiments performed with both polymers
in all tested concentrations showed minimized non-specific interactions and acceptable signal-to-noise
ratios. Overall, fluorescence signal achieved when BSA-FITC solutions prepared in PPG400 are used
are significantly higher compared with experiments performed in PEG1000. However, PEG is the most
used type of polymers in preparation of aqueous biphasic systems due to their excellent properties in

terms of biodegradability and biocompatibility and well as low toxicity and low cost®8.
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Figure 19 - Influence of PPG400 and PEG1000 in the detection of target analyte FITC conjugate BSA. The
experiments performed in PBS are presented for the sake of comparison with the fluorescence signal obtained with
other solutions. (Top) Fluorescence signal obtained in the detection of spiked solutions of BSA in PPG400 and
PEG1000. (Bottom) Fluorescence images obtained with Olympus Microscope with a 4x objective, exposure time of
2 seconds and 0dB of gain. The sets of images from left to right represent the fluorescent intensity obtained when
an immunoassay is performed in PBS buffer, in 12%(w/w) of PPG400, in 6%(w/w) of PPG400, in 12%(w/w) of
PEG1000 and 6%(w/w) of PEG1000.

The other two polymers analysed were UCON and PL35. These systems are both PEG-PPG
copolymers, with higher hydrophobicity in comparison with PEG alone, due to the extra PPG monomers
in their chemical structures, which is advantageous in the formation of ABS because it enhances
tunability of hydrophobicity differences between the two aqueous phases®. The solutions containing
both polymers were also diluted in PBS to final concentrations of 60%(w/w), 36%(w/w), 24%(w/w),
12%(wiw), 6% (w/w) spiked with BSA-FITC. The results obtained for fluorescence intensity
measurements in these samples are depicted in Figure 20.

By analysis of Figure 20 it is possible to conclude that UCON shown lower levels of interference

in the detection of BSA when lower concentrations of polymer in solution is used, which consequently

increases the fluorescence signal. In particular, the experiment performed with 6% (w/w) of UCON
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registered an even higher fluorescence signal in comparison with assay performed in PBS. Additionally,
non-specific signal achieved minimum values with lower concentrations of UCON polymer, which leads
to an increase in signal to noise ratios. Therefore, UCON proved to be a polymer to consider for the
detection of BSA when used in lower concentrations, due to the extremely low interference with this
molecule, and can be included in a more complexed system featuring a potential ABS for prior extraction
and concentration of target analyte from complex matrices, working as a phase-forming constituents of

one of the two aqueous phases.
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Figure 20 - Influence of UCON and PL35 in the detection of target analyte FITC conjugate BSA. The experiments
performed in PBS are presented for the sake of comparison with the fluorescence signal obtained with other
solutions. (Top) Fluorescence signal obtained in the detection of spiked solutions of BSA in UCON and PL35.
(Bottom) Fluorescence images obtained with Olympus Microscope with a 4x objective, exposure time of 2 seconds
and 0dB of gain. The sets of images from left to right represent the fluorescent intensity obtained when an
immunoassay is performed in PBS buffer, in 24%(w/w) of UCON, in 6%(w/w) of UCON, in 24%(w/w) of PL35 and
6% (w/w) of PL35.

Regarding PL35, the overall fluorescence signal presented a more irregular behaviour in
comparison with results obtained with UCON, however, the fluorescence levels registered were also

considered acceptable, most of them comparable with the assay performed in PBS. Additionally,
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fluorescence signal measured for the assay performed with BSA-FITC solutions spiked in 24% (w/w) is
even higher than the one registered for the experiment performed in PBS. Furthermore, for all
concentrations of PL35 tested, high signal-to-noise ratios were achieved, since the control experiments
presented low fluorescence signal due to minimum non-specific interactions during antigen-antibody
binding event.

The last two polymers tested were Dextran and NaPA8000, both prepared in PBS in
concentrations of 30% (w/w), 18% (w/w), 12% (w/w), 6% (w/w) and 3% (w/w). Dextran is a hydrophilic
natural and biodegradable polymer consisting of a mixture of repeating glucose subunits and available
in a large variety of molecular weights ranging between 1,000 daltons (Da) and 40,000,000 Da%91,
NaPA8000 is a hydrophilic copolymer of acrylic acid and sodium acrylate with enhanced absorption
ability due to the presence of carbonyl and sodium groups in its chemical structure, thus being
considered a superabsorbent polymer®2. Moreover, in the presence of a liquid this polymer tends to
swell and form a gel. The results obtain for fluorescence signal registered after detection of target
molecule prepared in Dextran and NaPA80O0 are depicted in Figure 21.
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Figure 21 - Influence of Dex500k and NaPAB800O0 in the detection of target analyte FITC conjugate BSA. The
experiments performed in PBS are presented for the sake of comparison with the fluorescence signal obtained with
other solutions. (Top) Fluorescence signal obtained in the detection of spiked solutions of BSA in Dextran and
NaPAB8000. (Bottom) Fluorescence images obtained with Olympus Microscope with a 4x objective, exposure time
of 2 seconds and 0dB of gain. The sets of images from left to right represent the fluorescent intensity obtained when
an immunoassay is performed in PBS buffer, in 18%(w/w) of Dex500k, in 3%(w/w) of Dex500k, in 18%(w/w) of
NaPA8000 and 3%(w/w) of NaPA8000.
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By analysing Figure 21, it is possible to observe that immunoassay performed with BSA-FITC
spiked solutions in Dextran presented fluorescence signals lower than the ones obtained for the assay
performed in PBS, with the highest fluorescence intensity registered when target analyte is prepared in
a minimum concentration solution of the referred polymer, i.e., 3% (w/w) Dex500k. Overall, non-specific
signals were also minimum, indicating that this polymer does not increase non-specific interactions
between antigen-antibody complexes, except for the control sample performed with dextran at 30%
(w/w), which presented a non-specific signal almost as high as the correspondent experiment. However,
since these experiments were only performed once, this high fluorescence intensity in the control
experiment can be attributed to experimental errors, thus not being considered relevant. Another aspect
to highlight regarding Dextran properties is its high viscosity which can impair the performance of the
immunoassay, especially affecting the flow rates at which the assay is performed, which consequently
hampers the molecule diffusion. Regarding fluorescence intensity results obtained for the experiments
performed with NaPA800, in most of the concentrations tested the fluorescence signal registered after
BSA capture was considerably higher in comparison with the experiments performed in PBS, except for
the experiments performed with concentrations of 6% (w/w) and 3% (w/w) of NaPA8000 which
presented fluorescence signals comparable with those obtained for PBS samples. The higher
fluorescence intensity recorder when the polymer is expressed in higher concentrations might be
explained by its gel-like behaviour and superabsorbent properties in the presence of liquid solutions,
since the gel consistency and swelling effect might help guide BSA molecules towards the anti-BSA
antibodies immobilized on the microbeads and prevent them from being removed during washing steps,

thus enhancing specific fluorescence signal.

c) lonic Liquids

After testing different polymers, several ILs solutions were prepared followed the same idea as
previously described, i.e., with two assays being performed, one which acted as control experiment,
with no incubation of anti-BSA antibodies (grey bars), and the other which consisted of a regular

complete immunoassay (colourful bars).

The first two ionic liquids tested were [C4C1im]CIl and [C4Caipyrr]Cl, i.e., imidazolium-based IL
and pyrrolidinium-based IL, which are the most used and widely studied components in the formation of
ABS for extraction of several proteins. However, some studies reported some levels of toxicity of ILs
composed of aromatic cations, such as imidazolium-based IL in comparison with non-aromatic ILs such
as pyrrolidinium, ammonium and phosphonium®. This has paved the way for further investment in
greener ILs. Both these ILs were prepared in concentrations of 60% (w/w), 40%(w/w), 20%(w/w),
10%(w/w) and 5%(w/w). For the experiments performed with samples prepared in [C4C1im]Cl, higher
fluorescence values are registered when the IL is present at lower concentrations, indicating lower levels
of interference of these solutions in molecular recognition events. Particularly, the fluorescence intensity
obtained when the experiments are performed with 10% (w/w) and 5% (w/w) of imidazolium-based IL is

even superior to the fluorescence signal obtained for the same experiment performed in PBS.
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Regarding [C4C1pyrr]Cl, the fluorescence values obtained follow a similar behaviour, with higher
values being registered when the experiments are performed with working solutions of [C4C1pyrr]Cl at
lower concentrations, with the exception of 10% (w/w) IL which presented a lower fluorescence signal.
Overall, control experiments recorded lower fluorescence signals, indicating these ILs do not increase

non-specific interactions. The results described are depicted in Figure 22.
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Figure 22 - Influence of [C4C1im]Cl and [C4C1pyrr]Cl in the detection of target analyte FITC conjugate BSA. The
experiments performed in PBS are presented for the sake of comparison with the fluorescence signal obtained with
other solutions. (Top) Fluorescence signal obtained in the detection of spiked solutions of BSA in [C4Ciim]Cl and
[C4C1pyrr]Cl. (Bottom) Fluorescence images obtained with Olympus Microscope with a 4x objective, exposure time
of 2 seconds and 0dB of gain. The sets of images from left to right represent the fluorescent intensity obtained when
an immunoassay is performed in PBS, in 40%(w/w) of [C4Ciim]Cl, in 5%(w/w) of [C4Ciim]ClI, in 40%(w/w) of
[C4Capyrr]Cl and 5% (w/w) of[C4Cipyrr]CI.

The other two ionic liquids tested were [P444]Cl and [Nas44]Cl, which are phosphonium- and
ammonium-based ILs, respectively. They are characterized as better alternatives in terms thermal and
chemical stability in comparison with their imidazolium-based counterparts. Besides, they are also less

expensive and more effective in promoting the formation of ABS, specially phosphonium-based ILs, in
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comparison with imidazolium-based ILs%. Both these ILs were also prepared in working solutions of
60% (w/w), 40%(w/w), 20%(w/w), 10%(w/w) and 5%(w/w). Despite their good properties, both these ILs
presented lower values of fluorescence signal in comparison with the experiments performed in PBS.
Additionally, there is some considerable non-specific signal registered in the experiments performed
with higher concentrations of both [P4444]Cl and [Naa44]Cl, specifically 40% (w/w) and 20% (w/w) of
[P4444]Cl and 40% (w/w) of [Na44s4]Cl. Even though they present some interference in the molecular
recognition, it was still possible to achieve reasonable signal-to-noise ratios, proving these systems are
still able to detect target molecule BSA. Therefore, since they are promising components in the formation
of ABS, they can potentially be used for the future development of sample pre-treatment systems
coupled with robust detection platforms. The results obtained regarding experiments performed using
[P4444]Cl and [Na444]Cl are depicted in Figure 23.
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Figure 23 - Influence of [P4444]Cl and [Nas444]Cl in the detection of target analyte FITC conjugate BSA. The
experiments performed in PBS are presented for the sake of comparison with the fluorescence signal obtained with
other solutions. (Top) Fluorescence signal obtained in the detection of spiked solutions of BSA in [P4444]Cl and
[N44444]Cl. (Bottom) Fluorescence images obtained with Olympus Microscope with a 4x objective, exposure time of
2 seconds and 0dB of gain. The sets of images from left to right represent the fluorescent intensity obtained when
an immunoassay is performed in PBS, in 40%(w/w) of [P4444]Cl, in 5%(w/w) of [Pa444]Cl, in 40%(w/w) of [N44444]Cl
and 5%(w/w) of [Naa444]CI.
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The last IL tested was choline chloride and similarly to phosphonium and ammonium-based ILs,
choline-based ILs are a new effective alternative to their imidazolium-based counterpart, due to their
low cost, biocompatibility, biodegradability>®> and non-toxicity features. They have been used in the
formation of ABS with polymers® and there is also a limited number of studies using them with salts
which help to overcome the hydrophilicity of choline-based ILs®. The referred IL was prepared in PBS
in working solutions of 40% (w/w), 20% (w/w), 10% (w/w) and 5% (w/w). The results obtained for

fluorescence signal registered for immunoassays performed with [Ch]Cl are depicted in Figure 24.
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Figure 24 - Influence of [Ch]ClI in the detection of target analyte FITC conjugate BSA. The experiments performed
in PBS are presented for the sake of comparison with the fluorescence signal obtained with other solutions. (Top)
Fluorescence signal obtained in the detection of spiked solutions of BSA in [Ch]CI. (Bottom) Fluorescence images
obtained with Olympus Microscope with a 4x objective, exposure time of 2 seconds and 0dB of gain. The sets of
images from left to right represent the fluorescent intensity obtained when an immunoassay is performed in PBS,
in 40%(w/w) of [Ch]CI, in 20%(w/w) of [Ch]CI, in 10%(w/w) of [Ch]CI and 5%(w/w) of [Ch]CI.

By analysis of Figure 24 it is possible to observe an increase in fluorescence signal with a

reduction of IL concentrations in spiked solutions of BSA-FITC, indicating a lower interference in
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molecular recognition when lower concentrations of these IL are used. Regarding non-specific signal,
the fluorescence intensity registered in the control samples is low and remains constant throughout all
concentrations of IL used in the assays performed, which indicates the IL under analysis does not
increase non-specific interactions between molecules present in the immunoassay. Moreover, even
though the fluorescence signal registered when [Ch]Cl is used in all concentrations studied is lower in
comparison with the fluorescence intensity recorded for immunoassay performed in PBS, the signal-to-
noise ratios achieved are still considerably elevated, which makes [Ch]CI a promising IL to be used in

detection systems of target molecules with a potential coupled ABS for sample pre-treatment.

3.2.PSA detection studies

3.2.1. Sandwich PSA immunoassay

After analysing the influence of different solutions on the detection of BSA as target molecule,
detection of a specific prostate marker, PSA, was studied and several immunoassays were performed.
For the study of PSA detection, each of the immunoassays performed consisted of complete sandwich
assay, unless stated otherwise. Each assay started with immobilization of anti-PSA antibody on agarose
beads coated with Protein G as described in section 2.3.2 and the beads were packed in microfluidic
channels in a process described in section 2.3.3. Briefly, after packing the beads in the channel, PBS is
flowed through the column at 15 puL/min to remove remaining PEG solution. Then, blocking agent, which
was BSA 4% (w/v) unless stated otherwise, was inserted in the channel to minimize non-specific signal
and flowed for 10 minutes at 0.5 pL/min. In between every individual assay step, PBS was flowed
through the microchannel to remove any unbound molecules for 1 minute at 5 pL/min, in a process
known as intermittent washing. Subsequently, specific concentration of target analyte PSA spiked either
in PBS, human serum, several ionic liquids or PEGs was flowed through the channel for 10 minutes at
0.5 pL/min. Then the same procedure is followed for detector anti-PSA antibody labelled with Alexa430
fluorophore, flowed at a concentration of 100 pg/mL. A final washing step of 1 minute with PBS at 5
ML/min was performed. The specific concentrations of PSA in either PBS, human serum, ILs or PEGs
ranged from O ng/mL (control sample) to 25 ng/mL. Figure 25 illustrates the main steps of sandwich
immunoassay performed for the detection of PSA either in PBS buffer, human serum, ILs or PEGs

solutions.
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Figure 25 - Main steps of sandwich immunoassay for PSA detection from beads packing to fluorescence

measurements.

3.2.2. Solid-support choice

The main goal of PSA detection studies is to achieve reasonable levels of sensitivity, therefore
the first immunoassay performed aimed at identifying the best option for immobilization of capture anti-
PSA antibodies, choosing between PDMS walls of a bare microchannel and microbeads, in order to
achieve higher levels of fluorescence signal. For this purpose, two different immunoassays were
performed. The protocol followed for the experiment performed with microbeads is the same as
described above (section 3.2.1). The protocol for the experiment performed in open channel started with
immobilization of anti-PSA antibodies on PDMS walls of bare microfluidic channels by flowing this
solution at a flow rate of 0.5 pL/min for 10 min, after cleaning the channel with PBS. After each individual
step of the immunoassay, intermittent washes were performed, by flowing 5 ul of PBS for 1 minutes at
5 ul/min. Subsequently, 5 pl of BSA 4% (w/v) was used to prevent non-specific interactions and blocking
unoccupied binding sites at the PDMS wallls, also at 0.5 pL/min. Then solutions of either 0 ng/mL of PSA
—which worked as control sample - and 25 ng/mL of PSA were prepared in PBS and flowed through the
channels at 0.5 pL/min for 10 minutes. Afterwards, a solution of anti-PSA detector antibodies labelled
with Alexa430 fluorophore was flowed at 0.5 pL/min for 10 minutes. Finally, the last step consisted in a
washing step with PBS by flowing it for 1 min at 5 pL/min. The fluorescence signal registered for both

PSA concentrations with and without microbeads are depicted in Figure 26.
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Figure 26 — Study of fluorescence signal using sandwich immunoassay for PSA detection using two different
approaches: open channel and channel packed with protein G beads. (Centre) Comparison of fluorescence
intensity between microfluidic sandwich immunoassay performed in an open bare microchannel and in a
microchannel packed with protein G beads for PSA detection. Error bars represent the standard deviation of two
repeated measurements. (Left) Experimental images acquired at the end of the assay performed in a bare open
microchannel for sample (25 ng/mL of PSA) and control (0 ng/mL of PSA). (Right) Experimental image acquired at
the end of the assay performed in a packed microchannel with Protein G beads for sample (25 ng/mL of PSA) and
control (0 ng/mL of PSA). All images were acquired with Olympus Microscope with an 4x objective, exposure time

of 2 seconds and 0dB of gain.

By analysing Figure 26 it is possible to conclude that higher fluorescence signals are achieved
when Protein G agarose beads are used to immobilize capture anti-PSA antibodies in comparison with
the same experiment performed in a bare open channel. In fact, microbeads bring several advantages
over planar surfaces, such as higher surface-to-volume ratio, which consequently increases sensitivity,
higher binding capacities, tunable surface functionalization and short diffusion distances in between
beads. Moreover, according to Kawaguchi®’, microbeads present a significantly higher surface for
immobilization of capture probes in comparison with their flat counterparts, which consequently
enhances the sensitivity of immunoassays and reduces their detection limits®®. Some studies proved
that, in addiction to higher surface-to-volume ratios, short diffusion distances between beads in
microfluidic channels cause a reduction in analysis capture times and, consequently in overall
immunoassay timeframes in relation to planar counterparts®®1%, Therefore, the strategy chosen to
continue the study of PSA detection in different solutions is agarose Protein G microbeads for the
immobilization of capture antibodies, due to the several referred benefits they offer over traditional planar

microfluidic immunoassays.
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3.2.3. Immobilization of capture anti-PSA antibody on different microbeads

The next immunoassay aimed at comparing two different types of beads and their affinity to
capture anti-PSA antibodies: agarose beads coated with Protein A or Protein G. In both cases the
experiments were performed using a complete sandwich immunoassay already described in section
3.2.1 and both set of beads were prepared according to protocol reported on section 2.3.2 regarding
immobilization of anti-PSA capture antibody. Both set of experiments were performed using 0 ng/mL of
PSA as control sample and 25 ng/mL of target analyte as sample under analysis. The fluorescence
images were acquired at the end of each experiment. Figure 27 illustrates the results obtained for the
referred experiments performed with Protein A and Protein G beads.

Experiments performed Experiments performed
with Protein G beads 1100 with Protein A beads
1 [ 0 ng/mL PSA

1000 B 25 ng/mL PSA

Fluorescence Signal (A.U)

25ng/mLPSA  200um

25ng/mLPSA  20um
Protein G Protein A

Figure 27 — Study of fluorescence intensity using sandwich immunoassay for PSA detection performed with
different types of beads: Protein G and Protein A beads. (Centre) Measurement of fluorescence signal of a
microfluidic sandwich immunoassay for the detection of PSA, in which the capture anti-PSA antibodies were
immobilized on Protein G agarose beads in comparison with a sandwich assay in which the capture anti-PSA
antibodies were immobilized on Protein A agarose beads. Error bars represent the standard deviation of two
repeated measurements. (Left) Experimental images acquired at the end of the assay in which Protein G beads
were used to immobilize capture anti-PSA antibodies for sample (25 ng/mL of PSA) and control (0 ng/mL of PSA).
(Right) Experimental image acquired at the end of the assay in which Protein A beads were used to immobilize
capture anti-PSA antibodies for sample (25 ng/mL of PSA) and control (0 ng/mL of PSA). All images were acquired

with Olympus Microscope with an 4x objective, exposure time of 2 seconds and 0dB of gain.

Figure 27 shows the effect of different type of beads in the fluorescence signal obtained from a
PSA sandwich assay. As can be seen in the graph, protein G beads present higher affinity for capture
anti-PSA antibodies in comparison with Protein A beads. In fact, each protein has a different binding
strength for IgG molecules which varies according to their source species and immunoglobulin subtype.

Table 10 shows a comparison of binding affinities of Protein A and Protein G for the main species of
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IgG molecules (human, mouse, goat and rabbit). The specific binding site in IgG molecule for both
proteins is located in the Fc domain of the molecule and observing Table 10 is possible to conclude that
Protein A has a greater binding affinity towards various mammalian 1gG subclasses, being generally
preferred for rabbit, goat, and only 1IgG1, 1IgG2 and IgG4 human subclasses, while Protein G specifically
binds a broader range of human and mouse subclasses'®t. Additionally, the reduction in fluorescence
signal registered in the assay depicted in Figure 27 when anti-PSA antibodies are immobilized on
Protein A can be explained by the biological source of the capture antibodies used, which were derived
from mouse species, specifically IgG1 isotype, since Protein A has a significantly lower binding affinity
to this subclass of mouse IgG molecules. Thus, these results are in agreement with the literature. Having
this into consideration, the microbeads chosen to perform the remaining assays for PSA detection

studies were agarose coated Protein G beads.

Another important aspect to highlight in the graph depicted on Figure 27 is the signal to noise
ratio of both sets of experiments. It is possible to observe that ratio of signal from sample with 25 ng/mL
of PSA to that of the control sample is similar for both Protein A and Protein G experiments.
Unfortunately, in both cases, control samples presented higher fluorescence signals than desired, which

is attributed to increased non-specific interactions during molecular recognition events.

Table 10 - Comparison between binding affinities of Protein A and Protein G to different immunoglobin species and

subclasses!®?

Species Subclasses Protein A affinity Protein G affinity
IgA - -
IgD - -
IgE - -
19G:1 ++++ ++++
Human
19G2 ++-- ++--
19G3 - ++++
IgG4 SFEFaFar SFEFaFar
IgM - -
19G1 i AerARar
19G2a ++++ ++++
Mouse I9G2 +++ +++
19G3 ++ +++
Goat IgG St -
Rabbit IgG ++++ +++

3.2.4. Blocking optimization

Working towards the detection of lower concentrations of target analyte PSA with minimum non-
specific signal, several assays were performed in order to optimize surface-blocking, by testing different

blocking agents. The blocking agents used included BSA 4% (w/v), Casein 1% (w/v), a mixture of both
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consisting of 50% BSA 4% (w/v) and 50% Casein 1% (w/v), and, finally, a mixture of human serum

antibodies, commercially available as Gammanorm®, at a working concentration of 5 mg/mL.

The assays performed consisted in a complete sandwich immunoassay in which the capture
antibody was immobilized on Protein G agarose beads as described in section 2.3.2 and packed inside
microchannel as described in 2.3.3, followed by PBS to remove PEG solution and blocking (step in
which the different blocking solutions were tested), then flowing the analyte at 0 ng/mL and 25 ng/mL
and finally the detector antibody molecule, with intermittent washing at the end of every step to remove
unbound molecules. The complete protocol for the referred sandwich immunoassay is described in detalil
in section 3.2.1. Figure 28 depicts the results obtained regarding the effect of different blocking agents
on final the fluorescence signal regarding PSA detection, whereas Figure 29 presents the experimental
images with the fluorescence signal obtained for each blocking agent tested.
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Figure 28 - Blocking optimization for PSA detection, in which different blocking agents were tested - Casein 1%
(w/v), BSA 4% (w/v), a mixture of 50% Casein 1% (w/v) with 50% BSA 4% (w/v) and Gammanorn at 5 mg/mL. A
complete sandwich immunoassay was performed to evaluate the efficacy of each blocking agent for sample (25
ng/mL of PSA) and control (0 ng/mL of PSA). The dashed arrows represent the ratio calculated between sample
and control. Error bars represent the standard deviation of two repeated measurements. Measurements were

acquired with Olympus Microscope with an 4x objective, exposure time of 2 seconds and 0dB of gain.

By analysing Figure 28 it is possible to verify that both BSA 4% (w/v) and the mixture of equal
volumes of BSA 4% (w/v) and Casein 1% (w/v) presented the same signal-to-noise ratio. The mixture
of Casein and BSA was therefore excluded from the blocking agents considered, since the reduction of
reagents used in each experiment is one of the major goals of microfluidic applications and because the

fluorescence signal obtained in the experiment performed with PSA concentration of 25 ng/mL in which
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this blocking mixture was used was slightly lower in comparison with the same experiment performed
with BSA 4% as blocking agent.

Casein 1% (w/v)
Casein 1% (w/v) BSA 4% (w/v) +
BSA 4% (wl/v)

Gammanorm®
(5 mg/mL)

Control sample
(0 ng/mL PSA)
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— —
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—
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—

Sample under
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— — —

Figure 29 - Experimental images of blocking optimization for PSA detection, in which different blocking agents were
tested - Casein 1% (w/v), BSA 4% (w/v), a mixture of 50% Casein 1% (w/v) with 50% BSA 4% (w/v) and Gammanorn
at 5 mg/mL (data presented in Figure 25). Images represent fluorescence signal acquired for the detection of PSA
by performing a sandwich immunoassay with four different blocking agents for sample (25 ng/mL of PSA) and
control (0 ng/mL of PSA). All images were acquired with Olympus Microscope with an 4x objective, exposure time

of 2 seconds and 0dB of gain.

Regarding Casein 1% (w/v), even though the experiment performed with this blocking solution,
where the target analyte was present at a concentration of 25 ng/mL, recorded a slightly superior
fluorescence signal, this blocker was excluded since the ratio of the signal from the sample under
analysis to that of the control sample was lower, indicating an increased control signal resulting from

non-specific absorption, which translates in a less efficient blocking performance.

The remaining blocking agents, BSA 4% (w/v) and Gammanorm®, were then compared. As it
is possible to observe in the experimental images depicted in Figure 29, even though the ratio between
sample with 25 ng/mL of target PSA and control sample is higher when the Gammanorm is used as
blocking agent, this blocker also causes a noticeable decrease in the overall fluorescence signal of the
system considered. This might be explained by the fact that this agent is composed of a mixture of
antibodies in which about 95% are human IgGs, possibly leading to interspecies cross-reactivity, which
may decrease specific fluorescence signal. Hence, BSA 4% was chosen as the appropriate blocking
agent for the microfluidic immunoassays, even though there was still some non-specific signal that was

not possible to eliminate.

3.2.5. Concentration of capture antibody

The following experiments aimed at optimizing antibody concentration on beads’ surface.

Therefore, in order to allow the complete saturation of capture antibody on surface of microbeads and
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simultaneously ensure an efficient antigen capture, two different approaches were used: (I) a complete
sandwich assay performed as described in detail in section 3.2.1, where capture anti-PSA antibodies
were used at various concentrations ranging from 0 pg/mL to 1 mg/mL, and (II) an assay where
Alexa430-labelled anti-PSA antibodies were immobilized on Protein G beads at same concentrations,
from 0 pg/mL to 1 mg/mL, and incubated in the microchannel as described in section 2.3.3, followed by
a washing step to remove unbound molecules. The results for both approaches are shown in Figure
30.
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Figure 30 - Optimization studies for capture anti-PSA antibody concentration. (Left) Fluorescence signal obtained
with increasing concentration of antibody from O pg/mL to 1 mg/mL using two different approaches: () a complete
sandwich immunoassay and (ll) by incubation anti-PSA antibodies conjugated with Alexa430 fluorophore in Protein
G beads in microfluidic channel, followed by a washing step to remove unbound molecules. Error bars represent
the standard deviation between two repeated measurements. Data were acquired with Olympus Microscope with
an 4x objective, exposure time of 2 seconds and 0dB of gain. (Right) schematic of (I) complete sandwich
immunoassay with varying concentrations of anti-PSA antibody and (II) assay in which anti-PSA-Alexa430
antibodies are immobilized on Protein G packed in the microchannel, followed by PBS wash, varying the
concentration of anti-PSA antibodies.

As can be seen in the graph shown on Figure 30, there is an increase in fluorescence signal
with increasing concentrations of anti-PSA antibodies (1), reaching a plateau regime around 100 pg/mL
of antibody. This same behaviour is confirmed by the second assay performed in which only labelled
anti-PSA antibodies immobilized on Protein G beads were incubated in the microchannel (Il). Therefore,
a concentration of 100 pg/mL of anti-PSA antibody would guarantee a complete saturation of
microbeads surface since the use of concentrations above the reached plateau would possibly lead to
an excess antibody coverage. Some studies suggest that these excessive layer of antibodies on a solid
support would lead to these antibodies to build up and block other available antibody molecules, possibly
due to antibody-antibody interactions and aggregation, thus hiding their binding sites and hampering the
formation of antigen-antibody complexes!®3. Therefore, to prevent this masking effect and
simultaneously allow an efficient bead surface coverage and capture while accounting for reagent saving

the concentration of antibody chosen to continue the experiments for PSA detection was 100 pg/mL.
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3.2.6. Simulation of PSA detection in biological matrix

After completing the optimization studies for PSA detection, which culminated with the choice
of BSA 4% (w/v) as the most effective blocking agent and Protein G beads as the preferential beads to
immobilize anti-PSA capture antibodies, the effect of a biological matrix in the fluorescence signal
obtained from PSA sandwich assay was evaluated. The Protein G bead functionalization strategy used
for these assays was similar to the one previously described in section 2.3.2, in which specific
concentrations of PSA were detected in spiked solutions of either PBS or human serum. The results
obtained are a result of a simultaneous measurement of a control sample, with no PSA, i.e., sample
with plain PBS or non-spiked human serum and a certain concentration of PSA, namely 25 ng/mL. The
main goal of this experiments was to bring them closer to real-life POC applications, considering that
most cancer biomarkers can be found in biological fluids. Figure 31 depicted the fluorescence signal
obtained for PSA detection in spiked solutions of PBS and human serum.

Spiked solution of PSA I 0 ng/mL PSA Spiked solution of PSA
in PBS 1100 I 25 ng/mL PSA in Human Serum

flow

flow
direction

<

direction

ALO 0 ng/mL PSA AR

Fluorescence Signal (A.U)
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direction direction

25 ng/mL PSA  220um

25ng/mLPSA  200um

PBS Human
Serum

Figure 31 - Biological matrix effect in PSA detection. (Centre) Fluorescence intensity of complete sandwich
immunoassays performed with spiked solutions of PSA in PBS and unprocessed human serum for sample (25
ng/mL of PSA) and control (0 ng/mL of PSA). The dashed arrows represent the ratio of the sample to the control.
Error bars represent the standard deviation between two repeated experiments. (Left) Experimental images of
sandwich immunoassay performed with PSA spiked in PBS for sample and control. (Right) Experimental images of
sandwich immunoassay performed with PSA spiked in human serum for sample and control. All images were

acquired with Olympus Microscope with an 4x objective, exposure time of 2 seconds and 0dB of gain.

As can be seen in Figure 31, there is an overall decrease in fluorescence intensity when the
samples of PSA are spiked in human serum in comparison with its PBS counterpart. This reduction
might be explained by two main factors, the first one being the fact that human serum is composed of a
series of proteins, in which Albumin accounts for almost 80% of its content, and this amount of proteins
possibly interferes with the antibody-antigen complex formation, creating a blocking effect which is

noticeable not only in the experiment with a PSA concentration of 25 ng/mL, but also with the control

52



sample. The other factor might be related to the viscosity inherent to increased concentrations of
proteins in this solution, which possibly affects the transport of molecules inside the microfluidic channel,
consequently hindering the capture of PSA molecules. Furthermore, it is possible to observe by the
graphic and corresponding experimental images that there is still a considerable amount of fluorescence
signal in the absence of PSA (control samples) even with the current blocking strategy, due to non-
specific molecular interactions for both PBS and human serum tests. Therefore, further work is in need
to optimize the detection of PSA, minimizing non-specific interactions. However, there is still a significant

amount of specific signal obtained for 25 ng/mL of PSA for both PBS and human serum samples.

It is also worth noting that the ratio of the signal from the sample with 25 ng/mL of PSA to that
of the control sample is relatively similar for both PBS and human serum tests, thus the remaining assays
to test the influence of ionic liquids and PEG were further conducted in solutions with PSA spiked in
PBS solutions.

After analysing the effect of biological matrix in the detection of PSA, the capacity to detect this
cancer biomarker within a clinically relevant range was further analysed, using the microfluidic sandwich
immunoassay already described. Therefore, different concentrations of PSA were prepared in a spiked
solution of either PBS or human serum, ranging from 0 ng/mL to 25ng/mL. The protein G beads were
prepared and packed in the microchannel as described in sections 2.3.2 and 2.3.3, respectively. The
remaining assays steps were followed as described in detail in section 3.2.1 in order to detect the
minimum detectable concentration of PSA, within the selected range tested. For this purpose, calibration
curves for PSA were prepared for buffer and human serum conditions, and the results of this approach
are depicted in Figure 32.
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Figure 32 - Calibration curves for quantification of PSA spiked in PBS and human serum. Error bars represent the
standard deviation of two repeated measurements. Data acquired in Olympus Microscope with an 4x objective,

exposure time of 2 seconds and 0dB of gain.
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The calibration curves obtained and presented in Figure 32 show that overall fluorescence
signal increases with increased concentrations of PSA for both conditions and the value of all
concentrations of PSA in buffer are higher than that of PSA in human serum, which is in agreement with
the latter results presented. Moreover, for experiments performed with PSA spiked in PBS it is possible
to detect and distinguish from blank samples concentrations of nearly 10 ng/mL and clearly 15, 20 and
25 ng/mL of PSA spiked in PBS solutions. For experiments performed with PSA spiked in human serum
solution, the concentrations of target analyte that were possible to undoubtedly detect according to the
graph presented ranged from 15 to 25 ng/mL, with little significant difference detected between lower
concentrations of PSA in solution. By performing a non-linear fit to the data, the LoD was calculated
using equation (5) for both calibration curves depicted. For PSA samples spiked in buffer solution, the
LoD was found to be 10.8 ng/mL, slightly above the so-called “grey zone” of 4 to 10 ng/mL considered
clinically relevant. This sensitivity represented a ~ 2-fold improvement in comparison to that of related
studies, particularly, a previous study in which Madaboosi et al. 194 reported a LoD of 21.4 ng/mL using
a similar sandwich immunoassay system in a bare microfluidic channel with target PSA spiked in buffer
solutions. These results prove, once again, the higher sensitivity that microbeads bring to
immunoassays, being capable of improving LoD. However, the LoD achieved for spiked solution of PSA
in human serum, was slightly higher, with a LoD of 12.2 ng/mL, a sensitivity value comparable to that
reported in 2017 by Pinto and co-workers?3, which achieved a LoD of at least 10 ng/mL of PSA in human
serum samples, in a sandwich immunoassay performed with Protein A beads used to immobilize anti-
PSA antibodies. These results indicate that the study performed in buffer solution is more sensitive in
comparison with the assay performed with human serum spiked samples, possibly due to the
interference of the several protein constituents of this latter biological matrix, which might interfere with

specific molecular recognition.

Despite these promising results and their approximation to the clinical window for PSA
detection, novel strategies are in need to further push down the values of LoD, ensuring the detection
of lower concentrations of PSA, in order to allow the use of this system for PC diagnosis. In that context,
an amplification strategy based on streptavidin-biotin complex can be employed to enhance assay
sensitivity. This strategy has been largely exploited to enhance immunoassays sensitivity, essentially
due to the high binding affinity presented by streptavidin-biotin complexes. Indeed, according to Green,
N. M.205 the dissociation constant between streptavidin and biotin is about 101> M, whereas the
dissociation constant between a regular antibody-antigen complex was proved to be around 107 M by
Andrasi et al.1% Therefore, the interaction between streptavidin and biotin has been considered the
strongest, more stable non-covalent interaction ever known’. In sandwich immunoassays, usually the
capture antibody is conjugated with biotin, in process called biotinylation, which specifically binds to
streptavidin and target antigen at two different binding sites. The labelled detector antibody then binds
the target analyte, allowing its quantification. Therefore, the strength and stability of this complex,
together with the ability of conjugation of biotin with a wide range of biomolecules?, turn this strategy
into an extensively used system for the detection of biomarkers in several immunoassays. Wu and co-
workers!® reported a signal amplification system using biotin-streptavidin complex in a microfluidic chip

for the simultaneous detection of two relevant biomarkers, interleukin-6 (IL-6) and procalcitonin (PCT)
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in clinical samples and compared it with a regular ELISA assay. With the adopted amplification system,
they reported a significant increase in sensitivity in comparison with conventional immunoassays and
ELISA, with LoD about 2 times lower than LoD of PCT and 4 times lower than LoD of IL-6 by ELISA.
Regarding PSA detection, Madaboosi et al'%4, reported a 10-fold reduction in LoD of PSA from 21.4
ng/mL to 2.7 ng/mL thanks to the biotin-streptavidin amplification strategy implemented in the sandwich
immunoassay performed in a microfluidic device, successfully reaching the clinically relevant “grey
zone” for PC diagnosis. Therefore, streptavidin-biotin complex is a promising signal amplification
strategy, that can be applied in future experiments within the present work context, in order to lower the

LoD herein reported.

3.2.7. Influence of ILs and PEG in PSA detection

The influence of all ILs and two different molecular weights of PEG in the detection of prostate
cancer biomarker PSA was analysed based on the sandwich immunoassay described in section 3.2.1.
PEG was the only polymer tested due to their vast utilization in ABS for extraction and concentration
procedures, essentially due to its advantageous properties, and also because it showed reduced
interference in molecular recognition during the preliminary tests performed with model system for BSA
detection described in detail in section 3.1b). The total ILs herein tested consisted in all five ILs
previously tested during preliminary studies to assess the interference of these solutions in the detection
of BSA, plus an extra IL, [P4444]Br, which is another phosphonium-based IL but with a bromide as anion.

This IL is also extensively used in ABS systems, presenting greater ability for phase separation®3.

For the purpose of this analysis, a specific concentration above LoD of PSA in PBS was used,
namely 25 ng/mL, ensuring the fluorescence signal obtained was not influenced by a possible lack of
sensitivity of the system if lower concentrations of PSA were used. It is worth mentioning that the results
were always obtained by simultaneously testing a control sample, with no concentration of PSA (plain
buffer solution or IL solution) and the selected sample with specific PSA concentration of 25 ng/mL
spiked in each of the ILs and PEGs prepared at chosen concentration of 5% (w/w), since generally lower
interference values were obtained when the solutions were prepared at lower concentrations. All ionic
liquids and PEGs herein tested are detailly described in section 2.1.1. Briefly, after beads preparation
and packing inside the microchannel, PBS was flowed to remove PEG solution, followed by a blocking
step with BSA 4% (w/v) to minimize non-specific signal. Subsequently, the target PSA (samples of 0
ng/mL or 25 ng/mL spiked in ILs or PEG solutions) was flowed through the channel, followed by detector
anti-PSA-Alexa430 antibody. Lastly, a final washing step with PBS was performed and the fluorescence
signal was acquired as described in section 2.4.1. It is worth notice that intermittent washes were
performed between assay steps and all reagents were flowed at 0.5 pl/min for 10 minutes, except for
PBS during intermittent washing steps which was flowed at 5 pl/min for 1 minute. The detailed protocol

can be found in section 3.2.1. The results obtained with this approach are depicted in Figure 33.
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Figure 33 — Influence of ILs and PEG in PSA detection studies. (Top) Fluorescent signal obtained by performing
sandwich immunoassays for the detection of PSA spiked in PBS, six ILs ([C4Ciim]Cl, [C4Cipyrr]CL, [Na44s]Cl,
[P4444]Cl, [P4444]Cl and [Ch]CI ) and PEG with two different molecular weights (PEG1000 and PEG2000) for both
sample (25 ng/mL) and control (0 ng/mL). The arrows represent the ratio of sample to control and error bars
represent the standard deviation between two repeated measurements. (Bottom) The set of experimental images
from left to right represent the fluorescence signal of PSA detection in PBS, [N4444]Cl and PEG2000. All data was

acquired with Olympus Microscope with an 4x objective, exposure time of 2 seconds and 0dB of gain.

By analysing Figure 33 it is possible to conclude that the ILs showing higher signal-to-noise
ratios and higher fluorescence signals for PSA detection are [C4Cipyrr]Cl, [N444s]Cl, [P4sa4]Cl and
[Paa44]Br. However, despite the high fluorescence intensity registered by PSA spiked solution of [P4444]Cl,
there is an increase in non-specific interactions, reducing the ratio between sample and control
experiments to a value even lower than that of the experiments performed in PBS. Therefore, [P4444]Cl
will probably not be considered for the formation of ABS for the extraction of PSA from complex biological
matrices. The experiments for the detection of PSA spiked in [N4444]Cl was the one which registered a
higher ratio from sample with 25 ng/mL of PSA to that of the control with a significant decrease of non-
specific signal and slightly lower fluorescent specific signal in comparison with PBS experiments.
Regarding [C4Capyrr]Cl and [Paa44]Br, both registered similar signal-to-noise ratios, but the latter showed
a better specific fluorescent signal, comparable with that of the experiments performed in PBS.
Interestingly, ammonium and phosphonium-based ILs, such as [N4444]Cl and [P4444]Br are commonly
used as constituents of ABS for extraction and concentration of several target biomolecules and stand
out in terms of cost and thermal and chemical stability®*. Therefore, and considering that PSA, similarly
to other biomarkers, is only present in trace amounts in a sample, these are favourable results, attesting
the potential of these ILs as promising candidates for the formation of aqueous biphasic systems for
extraction of PSA biomarker from complex biological fluids and subsequent pre-concentration, without

jeopardizing their detection using a sandwich-type of immunoassay, as the one presently employed.
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In addition to ILs, two different molecular weights of PEG were tested at 5% (w/w) concentration,
namely PEG1000 and PEG2000, due to the promising behaviour this polymer expressed in the
preliminary assays performed using a BSA model system described in section 3.1b), especially when
present in lower concentrations, and also because it is one of the most used polymers for the formation
of polymer-based and IL-based ABS. In Figure 33, it is possible to observe that PEG2000 presented
lower interference in the detection of PSA in comparison with PEG1000, achieving a slightly higher ratio
between sample with 25 ng/mL of PSA and control sample than that of PEG1000. Moreover, the signal-
to-noise ratio achieved by performing this assay with PSA spiked in PEG2000 is similar to that of the
assay performed in PBS. Therefore, PEG2000 also proved to be a reliable choice for the formation of
ABS for sample pre-treatment, prior to PSA detection, with minimum interference during target

measurement and could be used together with one of the referred ILs for the formation of IL-based ABS.

Based on the results obtained from Figure 33 it is possible to assume the use of some ionic
liquids, such as [Pa444]Br and [Na44]Cl, as constituents of ABS for the extraction and concentration of
PSA to overcome the common problems immunoassays face regarding matrix interference effect.
Therefore, the developed strategy is expected to work as basis for a fully integrated microfluidic device
capable of simultaneously performing extraction, concentration, and detection of target analyte. The
system would consist of a two-module device, in which the first module would be dedicated to extraction
and concentration procedures through an IL-based ABS and the second module to the detection of
target analyte through a sandwich immunoassay. The idea would consist of converging a human serum
sample spiked with a salt (containing a certain concentration of PSA) with an IL-rich phase. Then
partitioning of PSA is expected to occur to the IL-rich phase, which would take place in the extraction
module. Then, PSA in IL solution would diffuse to the detection module, where it would be capture by
anti-PSA antibodies immobilized on protein G agarose beads. Afterwards, through a third inlet, detector
anti-PSA antibodies would be inserted in the channel to bind to captured target PSA, completing the
sandwich immunoassay. This way it would be possible to create a fully integrated system capable of
accurate diagnosis of prostate cancer from biological samples. Figure 34 represents the schematics
of the integrated microfluidic system described.
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Figure 34 — Conceptual schematic of integrated microfluidic platform for simultaneous extraction, concentration,

and detection of PSA in biological samples to increase system sensitivity and lower detection limits.
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4. Conclusions and Future Prospects

Microfluidics have been exploited as promising alternatives to conventional methods in disease
screening and diagnosis. Indeed, recent work started to point towards the development of cost-effective
POC devices with high sensitivity for the detection of a wide variety of diseases. The present work is
mainly focused on developing a microfluidic system capable of detection of a specific cancer biomarker,
PSA, within clinically relevant values. The detection is performed in buffer solution and in human serum
samples, in order to bring the microfluidic system closer to real-life situations, where biological samples
are used for prostate cancer screening. Besides buffer solutions and human serum, PSA detection was
also performed in several ILs, since these molten salts are extremely promising constituents of ABS for
sample pre-treatment, which is a possible future application in the context of the current work. These
ILs, together with a group of salts and polymers were first assessed regarding their interference with
fluorescence detection using a model system composed of anti-BSA antibodies and BSA-FITC

conjugate.

Since one of the main challenges in biomarker detection is achieving higher levels of sensitivity, in
the present work a bead-based sandwich immunoassay was implemented, since microbeads have the
potential to increase surface-to-volume ratio and consequently lowering limits of detection and improving
overall system sensitivity. Protein G agarose beads proved to be the best bead system for immobilization
of anti-PSA capture antibodies. Some optimization protocols were followed, specifically for antibody
concentration and blocking. Unfortunately, even testing different blocking agents to ensure efficient
blocking and different capture antibody concentrations for a complete saturation of Protein G beads,
none of the alternatives was capable of completely removing non-specific signal. Therefore, even though
the results obtained can be considered promising, there is still a high level of non-specific interaction

taking place during molecular recognition, which indicates the need for further work.

Using a fluorescence detection method, the capacity to detect this cancer biomarker within a
clinically relevant range was analysed and two calibration curves were obtained for PSA samples spiked
in buffer and human serum. The developed system was able to reach a LoD of 10.8 ng/mL of samples
spiked in buffer and a LoD of 12.2 ng/mL of PSA in human serum, which are close to the upper limit of
the clinically relevant “grey zone” (4-10 ng/mL). Despite high non-specific signal, the LoD achieved for
target analyte in buffer solution is comparable to a previously reported study performed in open
microchannels, providing a ~ 2-fold enhanced sensitivity compared to this other system1%4. Regarding
the LoD achieved for PSA in human serum, despite being slightly above the clinical window for PSA

detection, it is comparable with protocols using Protein A beads’s.

Finally, the capacity to detect PSA in different ILs and in PEG was studied, mainly because these
solutions can be applied in the extraction and concentration of PSA using ABS before its detection,
improving system sensitivity, and lowering detection limits. Therefore, seven ILs and PEG with two
different molecular weights were used for testing their interference in PSA fluorescence detection.
Regarding the ILs, the ones that performed better in terms of minimum interference in molecular

recognition were [Pa4444]Br and [Nas44]Cl, both with improved signal-to-noise ratios, and [Pa44]Br in
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specific with an overall fluorescent signal comparable to that of experiments performed in buffer. These
phosphonium- and ammonium-based ILs are the commonly used in ABS and considered a better option
in terms of biodegradability and toxicity in comparison with their imidazolium-based counterparts.
Furthermore, PEG2000 was the polymer that provided a better signal-to-noise ratio and better specific
fluorescent signal, being also considered a good option for the formation of an ABS, prior to the PSA
detection. The system herein described is expected to work as a basis for future development of a fully
integrated microfluidic device consisting of a two-step detection platform, in which the target biomarker
would firstly be extracted from a complex biological fluid (blood, serum, urine) through an IL-based ABS
and then detected through a sandwich immunoassay performed in the same microchip, for an accurate

prostate cancer diagnosis.

Even though the approaches followed throughout the experimental work herein described
encountered some limitations, the objectives defined at the beginning of this project were achieved since

it was possible to:

o Detect relatively low concentrations of target PSA solutions spiked in either buffer or human
serum;

e Achieve limits of detection comparable to those reported on previous studies and close to
the upper limit of the clinically relevant range for prostate cancer diagnosis;

o Demonstrate the feasibility of using this type of system for cancer biomarker screening;

e Appraise the interference of several ILs and PEG in terms of interference in molecular
recognition during PSA detection;

e Select the most promising solutions for future development of a fully integrated microfluidic

device with an IL-based ABS and detection system.

As future prospects, there are still challenges this system needs to overcome, namely in terms
of sensitivity and reproducibility. Although low PSA concentrations were achieved, there is still the need
to lower detection limits in order to reach the clinically relevant range for PC diagnosis and also reduce
non-specific signal obtained, which was higher than desired. To overcome these limitations two
strategies can be used: the first one would be taking advantage of the highly specific interaction between
streptavidin-biotin complex and therefore reduce non-specific binding activity and enhance system
sensitivity. This can be achieved by using streptavidin beads to immobilize biotinylated capture anti-
PSA antibody and performing the remaining sandwich immunoassay; the second approach would
consist of using aptamers, which are oligonucleotide sequences with high target affinity and specificity,
and thus implement an aptamer-based sandwich immunoassay for the detection of PSA. Moreover, it
would also be interesting to exploit the applicability of the developed system to other types of cancer
biomarkers, such as HER2/ErbB2 which is a specific biomarker for breast cancer. Finally, and as
mentioned before, would be of great value to integrate this detection system with a prior pre-sample
treatment platform based on ABS formed by ILs as a potential easy-to-use and cost effective POC

device for faster and accurate screening of cancer biomarkers.
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