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1. Centre information

The Institute for Bioengineering of Catalonia (IBEC) was created by the Government of
Catalonia, the University of Barcelona (UB), and the Technical University of Catalonia
(UPC). It received a Severo Ochoa Excellence Award from Spain’s Ministry for Economy
and Competitiveness in 2015. The main goal of this bioengineering research center is to
confront, understand, and solve complex problems in biomedicine by intersecting life
science and engineering. It currently has 22 research groups and this degree final project
was developed working as part of the Biosensors for bioengineering group headed by
Dr. Javier Ramén Azcon.(Institute for Bioengineering of Catalonia (IBEC) -

“Bioengineering Solutions for Health,” n.d.).
2. Summary

Microengineered tissues represent a new paradigm in the field of cell-based in vitro
assays providing systems with tissue-like characteristics and in vivo functionality. These
new systems find applications in acquiring physiologically-resembling predictive data of
cell behavior in microenvironments mimicking in vivo conditions. Thus, microengineered
tissues represent a huge improvement of current reductionist cell culture monolayers,
and open a new avenue of research providing more reliable tools for disease modelling
and drug testing. With this in mind collaborations between two groups at IBEC have been
developed a new microengineered device that mimics both the intestine structure and
function to study epithelial restoration in the course of inflammatory bowel disease (IBD)
combining recent developments in microfabrication, microfluidics, tissue-engineering
and the unigue self-organizing properties of stem cells. The present thesis has two main
objectives, i) The firstly identification of biomarkers associated to this epithelial
restoration processes by ELISA technique and ii) the in situ monitoring of those
biomarkers by integrating in vitro IBD model to a SPR biosensing module with on-line
monitoring capabilities to detect those biomarkers involved in this epithelial restoration
process. With these results it is expected that this work could provide a unvaluable

information about new potential therapeutic strategies for intestinal diseases.
Cytokines, SPR, sandwich ELISA, IBD, biosensors
3. Introduction

The following section moves on to present and describe the main topics this project
covers including immune system, antibody structure and definition, a brief introduction

of immunoassays, an explanation of enzyme-linked immunosorbent assay. Later a



presentation of the concept “biosensor”, focussing on optical biosensors and SPR.

Concluding with the project “?” and a small context of the proteins to analyte.
3.1 Immune system. Antibodies

The immune system function is to protect against microorganisms or pathogens. This
could be done by an adaptive immune response, that can confer protection against
reinfection with the production of antibodies, or by innate immune response or cellular
response, where phagocytic cells (macrophages) eliminate the pathogen without
requiring a past infection. This last response is the first barrier against pathogens

(Janeway, Charles; Travers, Paul; Walport, Mark; Shlomchik, 2007).
3.1.1 Antibodies

In 1890, Behring and Kitasato identified a substance in the blood that neutralizes
specifically diphtheria toxin.(von Behring & Kitasato, 1890) This substance would be
later called ‘antibody’, while the one that can induce the formation of the antibody is

known as ‘antigen’.

Antibodies (Ab) or immunoglobulins are secreted by B cells and constructed by a paired
heavy and light polypeptide chains. There are 5 different isoforms IgM, IgD, 1gG, IgA and
IgE. All of them have variable regions (which contain the antigen-binding site) and a
constant region but have a different structure and function. To give a brief idea of the

general structure of Ab, | will explain IgG (the most common isoform) as an example.

There are Y formed large molecules (150kDa), each one is composed of two heavy
chains (50kDa) and two light chains (25kDa) that are identical, forming two identical
antigen-biding sites and allowing the interaction of two antigens simultaneously. (Gao et
al., 2018).
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Figure 1. 1gG structure representation. In light blue the identical light chain and in darker blue the identical

heavy chain pair. The section circled in green corresponds to the variable regions or antigen-binding

regions.



The variable regions of each Ab bind to a zone of the antigen, this zone is called epitope.
Each B-cell produces Abs with an affinity for one specific epitope of the antigen. We can
distinguish between monoclonal Ab (mAb) and polyclonal Ab (pAb). The former, mAb,
are equal and recognize the same epitope, so they must be produced by identical B-
cells. The latter, pAb, are a mix of different Ab with an affinity for different epitopes and

are secreted by different B-cells. (Lipman et al., 2005).

This interaction antibody-antigen is not only important in the adaptative response, it is

also the basis of most of the immunological techniques.

Immunoassays are based on the specificity and selectivity reaction of the antibody with
the analyte. Are used to identify the presence or quantify the concentration of an analyte
in a sample. There are different methods and the detection of the antibody can be
measured in different ways, absorbance or fluorescence among others. (Van Emon,

1989). One of the most used immunoassays is the enzyme-linked immunosorbent assay.

3.2 Enzyme Linked Immunosorbent assay (ELISA)

The enzyme-linked immunosorbent assay (ELISA) is an analytical biochemical
technique used to detect the presence of antigen or antibody in a sample and quantify
it. This technique was firstly described by Engvall and Perlmam (Engvall & Perlmann,
1971) and currently ELISA is a widely used diagnostic tool.

The liquid sample is placed on a solid surface where the antigen is immobilized, then the
detection antibody is added and the immunocomplex (antigen-antibody) is formed. This
antibody could be bioconjugated with an enzyme or could be detected by a
bioconjugated secondary antibody. The enzyme will interact with an enzymatic substrate
and produce a visible signal. Because this signal is directly proportional to the amount of
antigen, it is also used as a quantitative technique to measure the concentration of

antigen and antibody concentration.

To perform an ELISA assay is necessary to have a solid surface where the antigen is
immobilized directly or indirectly, usually, this surface is presented in pre-treated ELISA
plates. In this surface the antigen or antibody will passively be attached, this process is
called adsorption or immobilization. After this step, a wash is needed to eliminate
unbounded reagents and avoid non-specific reactions. To obtain a signal, an enzyme or
enzyme conjugate (an enzyme attached to a protein, usually an Ab) will be added, this
molecule will react to a low concentration of a substrate catalysing it, to promote a

specific reaction. The resulting product of the enzymatic reaction turns from transparent
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to a colour solution indicating the successful interaction between the antibodies and the

antigen.

There are three different methods of ELISAS, all can be used to performed competition

or inhibition ELISAS: direct, indirect and sandwich.
3.2.1 Direct ELISA

The antigen or sample is immobilized, and a conjugated detection antibody binds to the

protein. It is less specific because only one Ab is used.

It is mainly used in competition and inhibition assays and when working with highly

defined antigens.
3.2.2 Indirect ELISA

A first primary Ab binds to the antigen and a second conjugated Ab recognise the first

one. The signal is amplificated compared to the direct ELISA.
3.2.3 Sandwich ELISA

Is based on the interaction of two Abs that recognize the same protein (antigen). In the
solid surface Abs are attached (capture antibody). This Abs will bind specifically to the
protein, immobilizing it in the well in a more specific way than with direct or indirect
ELISA. Later a labelled Ab (direct ELISA) or a non-labelled Ab (indirect ELISA) will bind

to the antigen. In the second one a secondary conjugated Ab must be added later.

The sandwich ELISA offers high specificity and sensitivity because of the use of two
different Ab directed to the antigen and the amplification of the signal provided by the
second antibody. Therefore, the ELISA assays performed in this project were direct
sandwich ELISA.(Crowther, 2000).

Direct ELISA Indirect ELISA Indirect Sandwich Direct Sandwich
ELISA ELISA Antigen
Y Primary Ab
Conjugated Ab
_____ o AAAA 1‘ Ar XY Lf YYYyY Substrate

Figure 2. Direct and indirect ELISA and direct and indirect sandwich ELISA representation.



3.3 Biosensors. Optical biosensors. SPR

Biosensors allow the measurement of the analyte concentration by obtaining a
proportionate signal. Their specificity and sensitivity make them a really useful tool in
food industry (to detect toxic compounds, pesticides or identify an specific gene or
molecule), medicine (to diagnose an illness in an early state, like a viral infection or
measure glucose levels in blood), in fermentation processes (to monitor the reaction),
plant biology (control de quantity of a molecule or monitor gene expression) and in vivo

monitor of cellular metabolism. (Mehrotra, 2016)

The analyte (molecule of interest) is specifically recognized by a bioreceptor, this
interaction generates a variation of one or more physical-chemical properties that must
be converted into a measurable signal. This process is called signalization and is
performed by a transducer that usually obtains optical or electrical signals*. These
signals are processed by a complex electronic circuity and later quantify by the display.
The display combines hardware and software obtaining the final desirable output, for

instance, a graphic. (Metkar & Girigoswami, 2019).

*This is not applicable to paper biosensors

3.3.1 Classification by type of transducer:

-Mechanical biosensors. Measure masses, forces and motion variations derivate from

the interaction of the bioreceptor with the analyte.

In static-mode surface stress sensing the binding of the antigen to the surface generates
a surface stress that leads to a deflection of the cantilever (solid beam that can oscillate
at one end). In dynamic mode devices, molecules are detected by their influence on
resonance frequency of the cantilever. When molecules land on the cantilever they

increase the mass of the cantilever and reduce de resonance frequency.

In quartz resonators, the resonance frequency is measured and related to the mass
change induced by the biorecognition and immobilization of the analyte in the crystal
surface. These biosensors are piezoelectric devices can directly measure their
deformation and transform this pressure, acceleration, tension or strength into electrical
signals. (Arlett et al., 2011)



-Electrochemical biosensors. Ab-antigen binding must be converted into a measurable

signal the transducer is an electrode.(Maduraiveeran et al., 2018) Are powerful tools and
highly used due to its sensitivity and selective rapid response, have been used to

diagnose autoimmune diseases. (Florea et al., 2019)

There are different types of electrochemical biosensors. Amperometric biosensors
measure the current generated from the electrochemical redox reaction of the
bioreceptor with the analyte. And potentiometric biosensors measure the potential

variation between working and reference electrode. (Gattani et al., 2019)

-Thermal biosensors. The total heat variation is measured by a temperature transducer

that are highly sensitive, able to detect differentia of less than 10° degrees in some
cases. This variation is proportional to the molar enthalpy change and the total number
of moles of product molecules. This biosensor is not affected by the turbidity of the
sample and do not have to be in direct contact with the fluid stream.(Lammers & Scheper,
1999)

-Magnetic biosensors. A magnetically labelled biomolecule interacting with a bioreceptor

bound to a magnetic field receptor is expose to a magnetic field. Magnetic assays are
reported to have a high sensitivity, stability on time in culture and do not have background
noise. (Nabaei et al., 2018) In the recent years, micromagnetic tools to simulate and
model have been developed. From now on the development of these biosensors can be
related with the translation of magnetic biosensor into lab-on-chip portable devices.(Wu
et al., 2019).

Thermal and magnetic biosensors are not as widely used as mechanical,

electrochemical and optical biosensors.

-Optical biosensors can be divided into label-free, the signal is obtained directly to the

interaction with the analyte, and label-based, detected by colorimetric, fluorescent or
luminescent signal. | will focus on label-free biosensors, more specifically in surface

plasmon resonance biosensors.

Surface plasmon resonance biosensors (SPR) is currently the predominant optical

transducer. This is due to the capacity of this technique to measure binding, kinetics,



affinity, specificity and concentration, without the need of labels and allow to perform this

in real time.

This phenomenon occurs when a photon of incident light (at a determinate angle or
wavelength) hits a metallic surface, a portion of the light energy incidences through the
metal coating and excites the electrons in the metal surface layer. The movements of
the electrons are called plasmons and propagate through the metal surface. And the
oscillation of the plasmons generates an electromagnetic field whose maxima are in the
metal / dielectric interface and exhibits evanescent fields that decay exponentially in both

media (a range in order of nm from the metal surface and the solution)

There are different coupling methods. Prism coupling, waveguide coupling and grating
coupling. Some studies suggest that prism coupled plasmonic sensors have a less
limited performance than grating coupled ones. But direct coupling, does not required
bulky prism and gratings can be fabricated into plastic substrates and for that reason it
can offer the possibility to obtain low-cost plasmonic sensors. If we coupled this fact to
the small number of reports of biosensing based on plasmonic grating couples compared
to prism couplers makes plasmonic sensors based on grating coupled a perfect

candidate for performing low cost SPR biosensors.

A plasmonic biosensor is based on the prior immobilization of specific receptor molecules
on the metallic thin film surface and the detection of the local refractive index changes
that take place near this surface. When a biomolecular reaction occurs, it induces a local
refractive index change that alters the plasmonic wavevector. This provides a
quantitative methodology for label-free detection of biomolecular interactions.(Arturo
Lopez Mufioz Author Laura Lechuga Gomez M2 Carmen Estévez Alberola Director Co-
Director DrEva Maria Pellicer Vila Tutor, n.d.)(Piliarik et al., 2009).
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Figure 3. Grating coupled Surface Plasmon Resonance biosensing configuration



Summarizing, Surface Plasmon Resonance occurs on the surface of a conducting
material (most frequently gold or silver because the physical-optical properties they offer)
when it is illuminated by polarized light. A sensogram can obtain the shift of the angle or
wavelengths against time. This method enables to obtain a signal proportional to the
concentration of analyte on real time and label free. To do it a functional layer is needed,
this layer allows the immobilization of the analyte on the sensor surface. This functional

layer can be based on a self-assembled monolayer (SAM).

3.3.2 Gold functionalization strategies applied in optical biosensors

Performing the immobilization of the Ab in gold surface can easily lead to the formation
of multilayers, this reduces the sensitivity and reproducibility of the sensing platform. As
mentioned before a functional layer as SAM is needed. Self-assembled of alkyl
molecules with a thiol group (-SH) at the end. The spontaneous formation of monolayers
of thiolate molecules is directed mainly by the coordination between thiols or disulphides
and gold, and Van der Waals interactions between alkyl chains. SAMs are easy to

prepare, have very defined arrangement and relative inactivity.

Thiols are frequently used for the formation of SAM on top of gold and other metal
surfaces. Some of the most commonly molecules used are 1l-dodecanethiol (DDT),
decanodithiol (DT) and 11-mercaptoundecanoic acid (MUA). The most popular systems
are alkanethiols whose structure can be divided into a head group, the part of the
molecule that will be attached to the substrate (thiol), it determines in which substrate it
can be added, the chain, is formed by an alkane (CH),, and a terminal group, the
superficial terminal group, it defines the interaction with the media and the receptor

molecule.

However, the terminal carboxyl groups of the SAMs do not have a high affinity for the
primary amino groups of the proteins. An intermediate reaction is needed to incorporate
a better leaving group catalysing the reaction. The compound 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) forms a instable intermediate that activates the
carboxyl groups, but the addition of N-Hydroxysuccinimide (NHS) is needed to transform
this unstable compound to a semi-stable ester highly reactive to amines (Abs). This

reaction is normally carried out in a single step where both compounds are added.



3.3 Project information. Bowel disease

The Biomimetic systems for cell engineering group Lead by Prof. Elena Martinez, in a
close collaboration with Biosensors for bioengineering group have develop and validate
a bioengineered model that mimics the intestine structure and function. The aim of the
collaboration is to integrate this in vitro model with a multiplexed SPR sensing platform
already developed by Prof. Javier Ramon’s group, with the aim of study the epithelial
restoration in inflammatory bowel disease (IBD). (This idea is already support by
MINECO into the frame of the project INDUCT)

The group ‘Biomimetic systems for cell engineering’ has developed a cellular model
composed of two mouse cellular lines: myofibroblasts and intestinal epithelium. The
model structure is represented in figure 4. The epithelial layer is interrupted by a PDMS

stencil that will be later extracted to study epithelial migration and reconstitution.

Epithelial

Myofibroblasts :
Matrigel

Sustrate

Figure 4. Cellular model of inflammatory bowel disease (IBD) performed by the group ‘Biomimetic
systems for cell engineering’. A first cellular layer of myofibroblasts seeded on Matrigel. Over this a
layer of epithelial cells interrupted by a PDMS stencil.

IBD includes Crohn’s disease (CD) and Ulcerative colitis (UC) chronic inflammatory
conditions that appear in genetically susceptible individuals. In IBD the adaptative
response of the immune system against the microbiota reducing the mucosa and
increasing the epithelial permeability and integrity. (Kaser et al., 2010; Michielan &
D’Inca, 2015)

The Biosensors for bioengineering is in charge of the monitoring of secreted cytokines
from this model, developing the design, optimization, and manufacture of the multiplexed
biosensing platform. The present work is focus mainly in those aspects of the project;
firstly a quantitative screening of the cytokine profile of the in vitro model samples by
ELISA technique and the later development of the SPR sensing platform to integrate it
with the intestinal model and perform a continual monitoring of the most secreted

cytokines.



3.4 Cytokines, chemokines and growth factors (TGF-B, IL-6, MCP-1, KC)

In the innate response, the activated macrophages will secrete cytokines and
chemokines, initiating the inflammation(Janeway, Charles; Travers, Paul; Walport, Mark;
Shlomchik, 2007). Cytokines are soluble proteins with an important role in intercellular
communication. Are divided into classes: interferons, interleukins, tumor necrosis

factors, and transforming growth factors. (Riera Romo et al., n.d.)

Interleukins (IL-6) stimulates the production of fibronectin in hepatocytes and
proliferation of B lymphocytes. and Transforming growth factors TGF-.

KC (CXCL1) and MCP-1 (CCL2) are chemokines, proteins whose concentration controls
the migration and position of immune system cells. Chemokines have an important role
in the innate response of the immune system and the interaction between innate and
adaptative response. KC (GRO or MGSA or CXCL1) chemoattract and activate
neutrophils and basophils. (Sokol & Luster, n.d.).

3.4.1 TGF-B

Transforming grow factor beta (TGF-B) has been reported to have a relation with
intestinal homeostasis and that IBD patients showed higher levels of TGF-B. .(Ihara et
al., 2017) One of the dysregulated mechanism in inflammatory Bowel Disease is the
activation of proinflammatory mediators as macrophages, this can be induced by TGF-
B.(Katsanos & Papadakis, 2017) Moreover, TGF- signalling is important for Treg
differentiation.(lhara et al., 2017).

For measuring TGF-f is important to take in consideration that it is usually secreted in a
latent form and is necessary to treat the samples with acidification before performing the

measurement. (Arestrom et al., 2012).

3.4.2.1L-6

Interleukin 6 (IL-6) is a pleiotropic molecule, which means it has inflammatory and anti-
inflammatory functions. IL-6 has been reported to contribute to intestinal damage in both
Crohn’s disease and ulcerative Colitis.(Sanchez-Mufioz et al., 2008). Dysregulation of
IL-6 synthesis plays a pathological effect on inflammation and autoimmunity, but IL-6
signalling is essential for the maintenance of mucosal integrity and epithelial

regeneration.(Hunter & Jones, 2015; Tanaka et al., 2014)
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3.4.3.KC

The chemokine CXCL1 or Kreatinocyte chemoattractant (KC) is also called growth-
regulated oncogene (GRO) is a pro-inflammatory chemokine, and it mediates the

neutrophil trafficking . (Sawant et al., 2016)

3.4.4. MCP-1

Monocyte Chemoattractant Protein-1 (MCP-1) or CCL2 is one of the most studied
chemokines and is produced by a high variety of cells The main function of this
chemokine is regulate the migration of monocytes or macrophages.(Deshmane et al.,
2009). MCP-1 participates in adaptative immunity controlling the differenciation of T
helper (Th) into Thl or Th2. It has been described an increase of expression of MCP-1

in IBD intestinal mucosa.(Bianconi et al., 2018).

4  Hypothesis and objectives

4.1 Hypothesis

The levels of IL-6, MCP-1 , KC and TGF-$ in the supernatant of the in-vitro model of
inflammatory bowel disease of mouse intestine will be quantified firstly by ELISA. It's
expected that levels of cytokines involved in inflammatory process such as IL6 and also
levels of TFG-[ to be high. Both systems will be optimized into the SPR sensing platform.
Finally, integration of the bio-engineered in vitro model with the SPR sensing platform

will allow an in-situ monitoring of the secreted cytokines levels.

4.2 Objectives:

- Optimization and protocol development of a sandwich ELISA for TGF-B, KC, MCP-1,
and IL-6 cytokines.

- Quantification by ELISA technique of cytokines level in samples from intestinal in vitro

model for inflammatory bowel disease

- Optimization of SPR biosensor platform for the detection of the two highest secreted

cytokines obtained in the previous objective.

- On-line multiplexed monitoring of samples by optimized SPR sensing platform.
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5 Methodology

Two main protocols were followed for the experimental part, the sandwich ELISA
protocol and the Biosensor operation protocol. For the biosensor operation, no

biotinylated Ab and enzymatic treatment were needed.
5.1 Buffer preparation
5.1.1. Sandwich ELISA:
-Coating buffer is 0.05 M Na,CO3s/NaHCOs at pH 9.6.
-PBS-T is 10mM of phosphate saline buffer at pH 7.5 and 0.05 % Tween 20.
-PBS 1%BSA is 10mM of phosphate saline buffer and 1% (w/v) bovine Serum Albumin.
-Citrate buffer is 0.04 M of sodium citrate at pH 5.4.

-Substrate solution is 0.004% (v/v) H2O. and 0.96mg mL™* of tetramethylbenzidine
(TMB).

-Stop solution is 4N sulphuric acid.

5.1.2. Biosensor operation:

-MUA solution is 2.5mM 11-Mercaptoundecanoic acid and 2.6% (v/v) HCI diluted in
ethanol 99%.

-EDC/sNHS solution is 11mM EDC (previously diluted in ethanol), 5.5mM s-NHS
(previously diluted in 0.1M 2-(N-morpholino) ethanesulfonic acid, MES) and 25mM MES
pH=6.1.

-25 mM MES solution.

-10mM PB solution is 6.2mM Sodium phosphate dibasic and 3.8mM sodium phosphate

monobasic monohydrate.

-Blocking solution is ethanolamine at 1mg mL™.

All buffers were prepared with deionised water.
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5.2 Chemical and immunochemical

Recombinant mouse IL-6 (CliniScience S.L, 200-02), Purified rat anti-mouse IL-6 clone
MP5-20F3 (BD Pharmingen, 554400), Biotin rat anti-mouse IL-6 clone MP5-32C11 (BD
Pharmingen, 554402), Recombinant murine JE/MCP-1 (CCL2) (PreproTech House,
250-10), Polyclonal rabbit anti-murine JE/MCP-1 (CCL2) (PreproTech House, 500-
P113), Polyclonal rabbit biotinylated anti-murine JE/MCP-1 (CCL2) (PreproTech House,
500-P113BT), Recombinant Murin KC (CXCL1) (PreproTech House, 250-11), Polyclonal
rabbit anti-murine KC (CXCL1) (PreproTech House, 500-P115), Polyclonal rabbit
biotinylated anti-murine KC (CXCL1) (PreproTech House, 500-P115BT), Mouse TGF-
beta 1 DuoSet ELISA (R&D Systems, DY1679-05), DuoSet ELISA Ancillary Reagent Kit
1 (R&D Systems, DY007), Sample Activation Kit 1 (R&D Systems, DY010).

All salts for buffer preparation were purchased in Sigma-Aldrich.

5.3 Sandwich ELISA
5.3.1 Sandwich ELISA method

In the assays performed the blocking protein was bovine serum albumin (BSA) a
66.5kDa widely used protein used to increase the sensitivity and decrease the
background noise by reducing the possibility of a nonspecific binding to occur. Blocking
buffers compete with nonspecific factors in the assay for available plastic sites. Other
molecules that could act as part of a blocking solutions are other serum proteins and
detergent as Tween 20. To choose blocking reagents the hole system must be taken in
consideration and an adaptation may be needed. For example, BSA is an expensive
highly used blocking reagent, but when the system has anti-BSA Ab it can’t be used or
a high background noise will be obtained (Crowther, 2000).

The conjugated Abs used were biotinylated Abs, Abs conjugated to biotin, a water-
soluble vitamin. This biotin will be bind to streptavidin Poly- horseradish peroxidase
(HRP) conjugate, a protein with polymers of HRP that will amplify the signal. HRP is an
enzyme that catalyses the oxidation of various organic substrates and has two domains
sandwich the hemin group. The reaction mechanisms and spectral changes catalysis
are complex and HRP is widely used with hydrogen peroxide. The enzyme will reduce
hydrogen peroxide by hydrogen donors that can be measured after oxidation as a color
change. Tetramethyl benzidine (TMB) is added with hydrogen peroxide and will be

oxidated when HRP is reduced. This oxidation will confer TMB a blue color and after the
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stop solution is added, the acidification confers TMB a yellow color, therefore it will be

measured at 450nm in the spectrophotometer.

Y Y Y XY Y X Y Yo Y Y Y_YX

H,0, HRP, oy TMB,,
!> E( > e<
H,0 HRP,,. TMB,eq

Y Y ' Y ' Y Y Y HRP + Hy0; = HRP,,. + TMBypq

Figure 5. Sandwich ELISA step by step protocol. The capture Ab (blue) is attached to the surface. blocking

solution was added (oval). Later, sample is added and the antigen (orange) binds to the capture Ab. Then

a biotinilated Ab binds to the antigen and streptavidin-polyHRP (yellow) binds to the biotinilated Ab. Finally,
sustrate reaction occures obtaining a color measurable signal

5.3.2 Sandwich ELISA protocol

Polystyrene microtiter plates (Nunc, Maxisorp) were coated with 100uL per well of the
capture Ab solution was prepared in coating buffer and storage overnight at 4°C. Then,
microplates were washed with a 405 TS Washer microplate washer (Biotek Instruments
Inc.) programmed to perform four washing cycles of 300uL per well of PBS-T. And 200uL
per well of blocking solution was added at room temperature for 1h in agitation at 450rpm.
After this step, microplates were washed, and protein or sample is added 100uL per well
incubated for 1 hour at room temperature and 450rpm. Then, the microplates were
washed, and the detection Ab is diluted in PBS-T buffer and 100uL per well were added
and incubated for 1 hour at room temperature and 450rpm. Later, microplates were
washed and Streptavidin-polyHRP (Pierce ThermoFisher S5512) solution at 0.1ug mL*
in PBS-T was added (100uL per well) and incubated at room temperature,450rpm and
avoiding light for 30 minutes. Finally, microplates were washed again, and 100l per well
of a substrate solution was added and incubated protected from light for 2-3 minutes at
room temperature. After this time, the enzymatic reaction was stopped by the addition of
50puL per well of the stop solution. Absorbance was read at 450nm by Power Wave
Microplate spectrophotometer reader (Biotek Instruments Inc.) using Gen5 (Biotek
Instruments Inc.) software. Later, data Analysis was performed using GraphPad Prism 8
(GraphPad Software).

*The concentration of capture Ab, protein, or biotinylated Ab varies depending on the

analyte and the specific assay. Moreover, protein solutions can be diluted in media or
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assay solution. On the results and discussion chapter, these parameters will be

specified.

5.4 SPR Biosensor operation
5.4.1 Nanostructured plasmonic biosensor based on Blu-ray discs.

The biosensor used for this project is a nanostructured plasmonic biosensor based on
Blu-ray discs connected to a microfluidic system previously published in Biosensors and

bioelectronics (L6pez-Mufioz et al., 2017) and showed in figure 6.

An integrated nanoplasmonic sensor taking advantage of the periodic nanostructured
array of commercial Blu-ray discs, that achieves a figure of merit (FOM) up to 35 nm-1
and a bulk limit of detection (LOD) up to 6.3x10-6 RIU (refractive index unit). And for
label-free biosensing capability a LOD in the pM order was demonstrated. A prototype
with high potential for integration in organ-on-a-chip platforms, given the simplicity,
reproducibility and the low cost of the sensor fabrication process and the small chip size

(only 1 cm?)

Figure 6. Nanostructured plasmon biosensor based on Blu-ray disc connected to a microfluidic system

prepared for the biodetection.

5.4.2 SPR Biosensor protocol

Sensor fabrication was previously published and described in Lopez-mufioz work
(L6pez-Mufioz et al., 2017). Briefly a Blu-ray disc, whose aluminium layer was removed,
was trimmed around the edges and immersed it in a hydrochloric acid solution (1 M CL)
for 120 minutes. Then rinse with deionized water and ethanol and air dried. Later by

electron beam deposition gold layers up to 100nm thickness were deposited. With a
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conventional computer numerical control router individual plasmonic chips (size of 1 cm?)
were obtained by cutting the gold coated optical disc. The flow cell was fabricated by
patterning a microfluidic channel using a cutting plotter in a 50 um thick double-sided

adhesive tape sheet.

The gold surface of the device is activated for 20 minutes in UV Ozone Cleaner
ProCleaner (Bioforce, 1062). The device was incubated overnight avoiding light with
MUA solution freshly prepared. Later, the device was rinsed 3 times with ethanol, dried
with N2 and the EDC/sNHS solution was added for 40 minutes. After this time, the device
is washed 2 times with 25mM MES and 1 time with 10mM PB. Then Ab immobilization
was performed in PB 10mM pH 7,2 for 2 hours. The capture antibody concentration used
was 50ug mL-1. Finally, the blocking solution was added and incubated for 15 minutes.
The device was washed 3 times with PB 10mM and dried with N2. This drying process
allowed the assembling with the top cover containing the microfluidics channels. A
pressure pump controller software was used to deliver the solutions in a sequential an
automatic way to the sensor. Zaber control software was used to control the motor who
allows the movement of the platform to measure in a multiplexed way, BWSpec Spectral
Acquisition Software (B&W Tek) was used to record the SPR signals in real-time and

finally data obtained was processed with OriginPro and analized with GraphPad Prism

software.
1)
-
VAR YR YAV ALY
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EDC/NHS I
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Figure 7. 1) Schematically representation of the chip structure. 2) Biosensor operation process. First, MUA
is added to for a self-assembled monolayer (SAM). Then EDC/NHS to activate the SAM. Finally,

Antibodies are added and immobilized.
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5.5 Data Analysis
5.5.1. Sandwich ELISA.

The data Analysis was performed with GraphPad prism 8 Software. For the calibration
curves it should follow a symmetrical sigmoidal shape, this is ELISA dose-response

curve shape. For this reason, the chosen fitting was four-parameter logistic equation.

The detection limit (LOD) is the minimum signal detected by each platform and it will be

calculated interpolating the 10% of the curve.

5.5.2. SPR biosensor data analysis.

In the assays performed in SPR biosensors the concentrations are additive. We have to
take this in consideration to perform the curves. The data analysis is equal to the

explained before with sandwich ELISA

6 Results and discussion
6.1 ELISA optimization

TGF-B was not possible to optimize with a previous stock of protein and Ab due to
degradation of the protein and lack of specificity of the antigen-Ab interaction. For that

reason, an ELISA kit was purchased and optimization wasn’t needed.

6.1.1 Optimization of capture antibody and biotinylated antibody by a 2D ELISSA
(IL-6, MCP-1 and KC)

A two dimensions (2D) assay was performed to see the range within with the lower
concentration of capture or biotinylated antibody concentration we obtained the best

signal (absorbance).

Capture antibody

Lowest

_
concentration 0 ng/mL

Highest
Biotinylated | cancentration
antibody

Highest
concentration

4 6 7 B 85 10 H 12

Lowest
concentration

| ssasaissee
o*o*oo*o*o

0 ng/ml

Figure 8. Two dimensions assay. Schematichal representation of the organization of a 96 wells plate.
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The protocol followed is the same as described in 5.3.1. The concentration of capture
Ab is different per each column, from the most concentrated to the les concentrated with
a negative control, and the concentration of biotinylated Ab is different per each row,
again, from the most concentrated to the less concentrated, as showed in figure 8. The

objective of this assay is to observe which combination gives the best signal with less

concentration.
ELISA Sandwich Assay 2D )
5ng/ml IL-6 Capture Antibody
Lrl

£ 0.8+ (pgmL™)
{= - 0
g = 05
~ 0.6 )
© -+ 0,75
=)
< 0.4 - 1
8 -+ 15
§ 0.2 * 2
S 0.2
2 = 3
< 00 T T T T T T T T 7T A 4

P P L O H 0L LA HLH

Y Y o P T N P D

Biotinilated antibody (gg mL™)

Figure 9. IL-6 ELISA sandwich 2D assay.

All the concentrations of capture ab showed in figure 9 follow a similar curve except for
the negative control. So, the range of concentrations to be used will be from 0.5 to 4 pug
mL. For the capture ab it is important to cover as much surface as possible, which
means, a higher concentration is preferred, but to avoid the interaction of one ab to
another 3 and 4 pg mL* concentrations were discarded. So the concentration of capture
Ab chose for the calibration curve was 2 pg mL*. Moreover in Fig.9,it is showed that with
a concentration of biotinylated Ab of 0.25 ug mL™ the curve is starting to be saturated.
An excess of biotinylated Ab can lead to background noise so the concentration chose

was 0.25 ug mL™2.

MCP-1

The same assay was performed for MCP-1.

18
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Figure 10. MCP-1 ELISA sandwich 2D assay

The graphic obtained for MCP-1 (fig.10) is similar to the obtained with IL-6 (fig.9). All the
concentrations of capture antibody showed a similar curve, so following the same
reasoning the concentration of capture ab to be used for the calibration curve is 2 ug
mL™. The curves start to saturate at an earlier concentration, but this is related to the
different protein concentration. As the concentrations to be measured are expected to
be much lower the concentration of biotinylated Ab chose for the calibration curve is 1
pug mLt.

KC
The procedure was repeated for KC and the results are showed in figure 11.

ELISA Sandwich Assay 2D Capture antibody
100ng/ml KC 1

[
3

1.0

0.5

0.03125
0

Absorbance (AU) @ 450 nm

l T
1.95 2.45
Biotinilated antibody (g mL™)

B T T T
-0.05 045 0.95 1.45

Figure 11. KC ELISA sandwich 2D assay

The graphic obtained for KC shows an evolution of the curve when the concentration of
capture and biotinylated Ab increases. The system is not saturated, so the chosen
concentration of capture Ab to performed the calibration curve would be the highest (2
g mL?). In the curve corresponding to 2 ug mL* of capture Ab the slope of the curve

tends to cero from 1 ug mL? of the biotinylated Ab. This is the concentration chose.
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6.1.2 Calibration curves (IL-6, MCP-1 and KC)

For the three analytes a first calibration curve was performed in in phosphate buffer
saline with tween 20 (PBST) and then the same calibration curve was performed to the
celullar medium where the “?” samples are, Dulbecco's Modified Eagle Medium (DMEM)

and complete media and growth factors (CM+GF)

IL-6

A calibration curve was obtained with 0.25ug mL? biotinylated Ab and 2ug mL* capture
Ab. The limit of detection of the calibration curve, the smallest concentration that can be
detected (LOD) was 0.120ng mL*. The calibration curve procedure was performed again

in the two cellular media the samples “?” are and compare the obtained results.

IL-6 Calibration curve IL-6 Calibration curve
PBST Capture: 2 ug/ml 1.5
1.5 _ . Biotin_Ab: 0.25 pg/mL -+ PBST
Lg_D— 0.120 ng/mL & DMEM
R™=0.9790 10 - CM4GF

Absorbance (AU) @ 450 nm
in =
Absorbance (AU) @ 450 nm
=
[5,]

e
LB
=4

T T T T 1
10 10 10 100 107

T T T T
1074 103 10 101 100 101

Log [IL6_Mous L7
Log [IL6_Mouse] (ng mL") og | louse] (ng mL™)

Figure 12. Left. IL-6 calibration curve in Phosphate Buffer Saline with Tween 20 (PBST). Right.
Comparation of the IL-6 calibration curves in different media. PBST, Dulbecco's Modified Eagle Medium
(DMEM) and complete media and growth factors (CM+GF)

It is observed that the matrix of the cellular media does not interfere with the detection of

the protein and the slope of the calibration curve is almost the same.

MCP-1

A calibration curve was constructed with 1pug mL? biotinylated Ab and 2ug mL* capture
Ab. The smallest concentration that can be detected by this calibration curve was
0.398ng mL™. As explained before, it is performed the calibration curve procedure in the
two cellular media of “?” samples are and compare the result with the calibration curve
obtained in PBST.
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Figure 13. Left. MCP-1 calibration curve in Phosphate Buffer Saline with Tween 20 (PBST). Right.
Comparation of the MCP-1 calibration curves in different media. PBST, Dulbecco's Modified Eagle Medium
(DMEM) and complete media and growth factors (CM+GF)

As with IL-6 protein the matrix of the either cellular media affects the detection of the

protein and the slope of the curve.

KC

To obtain a calibration curve 1ug mL? biotinylated Ab and 2ug mL? capture Ab were

used.
KC Calibration curve KC Calibration curve
PBST Capture: 2 pg/mL £ 15+
£15 Biotin_Ab: 1 pg/mL e
£ LOD= 0.010 ng/mL bt o o PBST
5] R?= 0,9937 2 -+ DMEM
®10 ® 1.0 -+ CM+GF
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Py (5]
o 2 0.5+
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Figure 14. Left. MCP-1 calibration curve in Phosphate Buffer Saline with Tween 20 (PBST). Right.
Comparation of the MCP-1 calibration curves in different media. PBST, Dulbecco's Modified Eagle Medium
(DMEM) and complete media and growth factors (CM+GF)

The LOD of this calibration curve was 0.010ng mL*. We performed the same procedure
with DMEM and CM+GF and compare these calibration curves with the first one
performed in PBST, the calibration curve is similar, the change of media does not affect

the calibration curve.

6.1.3 Cross reactivity of MCP-1 and IL-6

For a future functionalization of SPR sensor for a multiplex detection of MCP-1 and IL-6

a cross reactivity study is needed.
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Sandwich ELISA crossed reactivity test

IL-6 (50ng mL%), MCP-1 (5ng mL™)
A = IL-6 (1h)
Y = MCP-1

No protein
_Y_Capture antibody MCP-1
X Biotinylated antibody MCP-1
A N A4 ® Protein MCP-1
XY Y Y Y _Y_Capture antibody IL-6
A Biotinylated antibody IL-6
: _ @ Protein IL-6

Figure 15. Sandwich ELISA crossed reactivity test between MCP-1 and IL-6.
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There is not crossed reactivity between IL-6 and MCP-1, fig.16. For MCP-1 and IL-6
positive controls we obtain a high absorbance. The signal obtained for MCP-1 protein
with IL-6 capture, biotinylated Ab or both is equal to the negative control (no protein).

Moreover, MCP-1 capture antibody does not detect IL-6 protein.

6.1.4 Degradation in time (IL-6)
There was a problem with the detection of IL-6 protein performing an assay

To know if it was due to a degradation problem we compare the activity of the protein,
capture and biotinylated antibody that were being used (defrosted one week before) with

protein, capture and biotinylated ab that was just defrosted (one hour before).

Sandwich ELISA assay. Degradation in Time
IL-6 protein

$ - Capture antibody (1w)
Y Biotinilated antibody (1w)

o
o

oL =,
iotinilated antibody
Capture antibody (1h)
Biotinilated antibody (1h)

o
o

®  protein

o
N

Biotinilated antibody
Y Capture antibody

Absorbance (AU) @ 450 nm
o
=

o
o

Figure 16. Degradation in time of IL-6 protein, capture and biotinylated antibody. In black, capture and
biotinylated antibody was defrosted one week before the experiment. In light grey capture antibody was
defrosted one week before the experiment and biotinylated antibody one hour before the experiment. In

dark grey capture and biotinylated antibody were defrosted one hour before the experiment.

This assay showed that the absorbance obtained for IL-6 old protein (defrosted one week
before the experiment) was the same as the obtained by the negative control. There was

no recognition of the protein defrosted one week before the experiment.
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Almost the same absorbance was obtained using capture and biotinylated Ab defrosted
one week before comparing them with the ones just being defrosted. There was not

degradation of the capture and biotinylated Ab.

6.2 Samples analysis of IL-6 and MCP-1
6.2.1 Samples “?” analysis of MCP-1, IL-6, KC and TGF-B.

The experiment consists in a cellular model contained two cellular layers, one of
myofibroblast and one of epithelial cells on top of the myofibroblasts. The epithelial layer
is interrupted by a PDMS stencil, this stencil is extracted, and the epithelial cells migrate
to fill this “gap” or heal this wound. This process of epithelial reconstitution is monitored,
and samples are extracted along the process as picture in figure 17. Moreover, of this
cellular model a myofibroblast model is produced, as it has all the components of the

cellular except for the epithelial cells and the PDMS stencil

We analyse the media of “?” in different stages of the epithelial reconstitution experiment.
Fig.17. The first sample is extracted after 2 days in culture with the model with the PDMS
stencil. Sample 2 is extracted one day later. Then, the PDMS stencil is extracted and 2
hours later sample 3 is extracted to analyse short term epithelial reconstitution. Sample
4 is extracted 3 days later, corresponding to long term epithelial reconstitution. All these

are in complete media with growth factors (CM + GF) medium.

Sample 5 corresponds to DMEM 10%FCS 1%P/S medium 3 days in culture with the
myofibroblasts control.

Myofibroblasts
Matrigel

Sustrate

Epithelial reconstitution

Myofibroblasts control

wotrii=:L @ 0.0 8 60 0 0 0 0 0 0
Matrigel -

€

Figure 17. "?" Sample extraction of the cellular model. Sample 1, 2 days in culture of epithelial growth.
Sample 2, 1 day in culture of epithelial growth. Sample 3, 2 hours in culture short term epithelial
reconstitution. Sample 4, 3 days in culture long term epithelial reconstitution. Sample 5, 3 days in culture of

myofibroblasts control (* DIC. Days in culture. HIC. Hours in culture).
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The concentration of each analyte was measured by sandwich ELISA assay in each
sample. A 96-well plate was used per analyte. In each plate it was performed a calibration
curve on DMEM, a calibration curve on CM+GF and an analysis of the 5 samples without
dilution and diluted 1/2, 1/4 and 1/8. The calibration curves enable the interpolation of

the absorbances obtained for each sample to obtain the concentration of analyte.

From this assay we obtained the concentration of analyte in the samples.

Summary of samples quantification by ELISA L6 MCPA ke TG B
180+ (ngmL-1) (ngmL-1) (ngmL-1)  (ng mL-1)
120 - LG S1. Epithelial growth 2 days in

'E 6o = MCP-1 culture 2,053 64,5 0,212 0,000656

@ 5= I u u . K 52. Epithelial growth 1 dayin

=  culture 1,302 33,1 0,159 0

E 4 B TGF- s3.shortterrm epitelial

= 3 reconstitution 2 hours in

.E culture 0,928 2,847 0,019 0,01322

1) 2 S4.Long term epitelial

= 1 reconstitution 3 days in

o culture 1,229 37,8 0,497 0
31 57 81 84 35 S5. Fibroblasts control 3 days
Samples in culture 4,335 162,41 0,352 0,009108

Figure 18. Left, Concentration of each analyte (IL-6, MCP-1, KC and TGF-B) in "?" samples from 1 to 5
(S1-S5). Being S1, epithelial growth 2 days in culture, S2, epithelial growth 1 day in culture, S3 short term
epithelial reconstitution 2 hours in culture, S4 long term epithelial reconstitution 3 days in culture, and S5
fibroblasts control 3 days in culture. Right, table with the obtained analyte concentrations in each sample.

The concentration of TGF-B is imperceptible in all the samples, on contrary of what was
expected and KC concentration is less than 0.5ng/mL in the five samples but we can
appreciate that the sample 3, long term epithelial reconstitution has the higher

concentration (0.497ng mL™1).

For MCP-1 the higher concentrations in the samples were obtained.Fig.18. Being sample
3 the less concentrated (2.847ng mL™?), corresponding to 2 hours in culture short term
epithelial reconstruction, and sample 1 the most concentrated in contact with the
complete cellular model (64.500ng mL), corresponding to 2 days in culture epithelial
growth. This can be consequence of the high different of time the medium was in contact

with the cellular model 2 hours (sample 3) and 2 days (sample 1).

IL-6 concentrations follow the same tendency as for MCP-1 but the values are lower,

from 0.928ng mL™?, the lowest, (sample 3) to 4.335 ng mL?, the highest, (sample 5).

The most concentrated analytes MCP-1 and IL-6 are the better candidates for the

functionalization of the SPR biosensor.
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As for IL-6 and MCP-1 the concentrations obtained in myofibroblast control (sample 5)
are the highest. (4.335 ng mL? and 162.410 ng mL?), a second experiment was

performed to analyse the reason of these concentrations of analytes.

6.2.2 Analysis of MCP-1 and IL-6 in myofibroblast control, myofibroblast treated
and NIH/3T3 Fibroblasts.

The supernatants of the cell cultures where again proportionated by Biomimetic system
for cell engineering. Correspond to Intestinal subepithelial myofibroblasts (ISEMF),
ISEMF treated with the antifungal drug itraconazole (ITA), that has been reported to
decrease the contractile activity of the myofibroblasts (Bollong et al., 2017), and NIH 3T3

fibroblast, a cell line of mouse embryonal fibroblast without contractile behaviour.

MCP-1 has been related with the contractile capacity of the myofibroblasts and their

migration (Dagouassat et al., 2010).

Myofibroblasts analysis

2001
IL-6

150 MCP-1

1004

504

Protein (ng/million of cells)

0 T

Figure 19. Myofibroblasts samples analysis of MCP-1 and IL-6. (ng per million of cells).

The hypothesis was that the myofibroblasts expose to ITA will decrease the secretion of
MCP-1 due to the decrease in the contractile activity that the drug produces, and the
levels of IL-6 increased due to the alteration. But on the contrary of expected the
exposure of the cells to ITA has increase the secretion of MCP-1. Nevertheless, the low
secretion of MCP-1 in NIH3T3, was expected and can support the hypothesis of the

relation between this chemokine and the contractile activity of the myofibroblasts.

In conclusion, the results obtained in this experiment do not justify the high levels of
MCP-1 in the myofibroblast control but express a high concentration of MCP-1 in the
samples that were exposed to a stress (exposed to the drug). The same but less notable

occurred with 1L-6.
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Moreover, the results obtained in this second experiment were normalize to the number
of cells to obtain the secretion of analyte per million of cells. This was not possible in “?”
samples due to the complexity of the cellular model, but the results may change if this

normalization could be performed.

6.3 MCP-1 and IL-6 detection by SPR biosensor
6.3.1 MCP-1 and IL-6 Calibration curves

As mentioned before the two best candidates for the functionalization of SPR biosensor
were MCP-1 and IL-6

SPR Curve MCP-1 SPR Curve IL6

LOD: 0,520 ng/mL 1.5 LOD: 1.557 ng/mL
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Figure 20. SPR biosensor calibration curve. Left, MCP-1 SPR calibration curve. Right, IL-6 SPR calibration

curve

SPR shift indicates de quantity of protein attached to the biosensor. For MCP-1 the
obtained LOD=0.520 ng mL is lower than the one obtained for sandwich ELISA (Fig.13).
This calibration curve has a higher sensibility and it can be used to the measurement of
“?” samples because the concentrations obtained by sandwich ELISA assay are inside

the values of the SPR calibration curve.

For IL-6 LOD=1.557 ng mL is higher that the obtained in sandwich ELISA assay (Fig.12)
but it is close to the concentration of IL-6 observed in “?” samples, so it is suitable for the

measurement.

7 Conclusions

Optimization and protocol development of sandwich ELISA has been successfully
performed for MCP-1, IL-6, and KC. For TGF- was not possible, but an ELISA kit was

purchased already optimized. Cross-reactivity and protein stability assays were showing
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no cross reactivity between antibodies and proteins. Also, stability studies showed than
proteins used in the calibration curves for quantification assays turns unstable after 1

week of been defrosted.

The quantification of the inflammatory bowel disease in vitro model samples was
performed, and the highest secreted proteins were MCP-1 and IL-6. Contrary to the

hypothesis the secretion of TGF- was lower than other cytokines.

Control experiments to explain the high content of MCP-1 in the samples were
performed. However, the reason why myofibroblasts control sample showed the

concentration of IL-6 and MCP-1 higher than in the rest of the samples in unclear.

The optimization of SPR biosensor platform was performed for IL6 and MCP-1 cytokines.
Sensing platform shows a LOD of 1.557 ng mL* for IL6 and 0.520 ng mL™* for MCP1

Due to COVID-19 situation, it was not possible to integrate the in vitro model with the

optimised sensing platform and monitor in situ IL6 and MCP1 secretion levels.

8 Future perspectives

Once the cross-reactivity test has been performed and the IL-6 and MCP-1 SPR
calibration curves are obtained it is possible to functionalize one chip of the biosensor
for the detection of IL-6 and the other for MCP-1. Measuring the concentration of both

analytes in only one measurement procedure.

In the future, this biosensor can be connected directly to the cellular model obtaining
real-time information of the analytes’ concentrations. Moreover, other analytes or
cytokines can be optimized for SPR biosensor obtaining a more complete secreted
profile of this cellular model in real-time and it would be optimal to compare this profile

with a cellular model without performing the extraction of the PDMS stencil.

9 Auto evaluation

Despite Covid-19 situation | decided to continue with this project and even thought at the
begging it was really frustrating not knowing when we could continue to attend to the
laboratory, now | feel It has worth the effort. | have learned a lot performing this project

and | am grateful for having the opportunity to work in a laboratory for a few months.

It has also helped me realize that | need to improve my time and stress management

skills.

27



10 Bibliography

Arestrom, |., Zuber, B., Bengtsson, T., & Ahlborg, N. (2012). Measurement of human
latent transforming growth factor-f1 using a latency associated protein-reactive
ELISA. Journal of Immunological Methods, 379(1-2), 23-29.
https://doi.org/10.1016/}.jim.2012.02.016

Arlett, J. L., Myers, E. B., & Roukes, M. L. (2011). Comparative advantages of
mechanical biosensors. In Nature Nanotechnology (Vol. 6, Issue 4, pp. 203-215).
Nature Publishing Group. https://doi.org/10.1038/nnano.2011.44

Arturo Lopez Mufoz Author Laura Lechuga Gomez M? Carmen Estévez Alberola
Director Co-Director DrEva Maria Pellicer Vila Tutor, G. M. (n.d.). Simple and Low
Cost Nanostructured Plasmonic Biosensor for Sensitive and Multiplexed

Biodetection.

Bianconi, V., Sahebkar, A., Atkin, S. L., & Pirro, M. (2018). The regulation and
importance of monocyte chemoattractant protein-1. In Current Opinion in
Hematology (Vol. 25, Issue 1, pp. 44-51). Lippincott Williams and Wilkins.
https://doi.org/10.1097/MOH.0000000000000389

Bollong, M. J., Yang, B., Vergani, N., Beyer, B. A., Chin, E. N., Zambaldo, C., Wang,
D., Chatterjee, A. K., Lairson, L. L., & Schultz, P. G. (2017). Small molecule-
mediated inhibition of myofibroblast transdifferentiation for the treatment of
fibrosis. Proceedings of the National Academy of Sciences of the United States of
America, 114(18), 4679—-4684. https://doi.org/10.1073/pnas.1702750114

Crowther, J. R. (2000). The ELISA guidebook. Methods in Molecular Biology (Clifton,
N.J.), 149. https://doi.org/10.1385/1592590497

Dagouassat, M., Suffee, N., Hlawaty, H., Haddad, O., Charni, F., Laguillier, C., Vassy,
R., Martin, L., Schischmanoff, P. O., Gattegno, L., Oudar, O., Sutton, A., &
Charnaux, N. (2010). Monocyte chemoattractant protein-1 (MCP-1)/CCL2
secreted by hepatic myofibroblasts promotes migration and invasion of human
hepatoma cells. International Journal of Cancer, 126(5), 1095-1108.
https://doi.org/10.1002/ijc.24800

Deshmane, S. L., Kremlev, S., Amini, S., & Sawaya, B. E. (2009). Monocyte
chemoattractant protein-1 (MCP-1): An overview. In Journal of Interferon and
Cytokine Research (Vol. 29, Issue 6, pp. 313-325). Mary Ann Liebert, Inc.
https://doi.org/10.1089/jir.2008.0027

28



Engvall, E., & Perlmann, P. (1971). Enzyme-linked immunosorbent assay (ELISA)
gquantitative assay of immunoglobulin G. Immunochemistry, 8(9), 871-874.
https://doi.org/10.1016/0019-2791(71)90454-X

Florea, A., Melinte, G., Simon, |., & Cristea, C. (2019). Electrochemical biosensors as
potential diagnostic devices for autoimmune diseases. In Biosensors (Vol. 9, Issue
1). MDPI AG. https://doi.org/10.3390/bios9010038

Gao, Y., Huang, X., Zhu, Y., & Lv, Z. (2018). A brief review of monoclonal antibody
technology and its representative applications in immunoassays. In Journal of
Immunoassay and Immunochemistry (Vol. 39, Issue 4, pp. 351-364). Taylor and
Francis Inc. https://doi.org/10.1080/15321819.2018.1515775

Gattani, A., Singh, S. V., Agrawal, A., Khan, M. H., & Singh, P. (2019). Recent
progress in electrochemical biosensors as point of care diagnostics in livestock
health. In Analytical Biochemistry (Vol. 579, pp. 25-34). Academic Press Inc.
https://doi.org/10.1016/j.ab.2019.05.014

Hunter, C. A., & Jones, S. A. (2015). IL-6 as a keystone cytokine in health and disease.
In Nature Immunology (Vol. 16, Issue 5, pp. 448-457). Nature Publishing Group.
https://doi.org/10.1038/ni.3153

Ihara, S., Hirata, Y., & Koike, K. (2017). TGF-B in inflammatory bowel disease: a key
regulator of immune cells, epithelium, and the intestinal microbiota. In Journal of
Gastroenterology (Vol. 52, Issue 7, pp. 777-787). Springer Tokyo.
https://doi.org/10.1007/s00535-017-1350-1

Institute for Bioengineering of Catalonia (IBEC) — “Bioengineering solutions for health.”

(n.d.). Retrieved April 20, 2020, from http://www.ibecbarcelona.eu/

Janeway, Charles; Travers, Paul; Walport, Mark; Shlomchik, M. (2007). Immunobiology
(6th ed.). In Immunobiology (6th ed.) (Issue Chapter 1, pp. 1-48).

Kaser, A., Zeissig, S., & Blumberg, R. S. (2010). Inflammatory bowel disease. In
Annual Review of Immunology (Vol. 28, Issue 1, pp. 573—-621).
https://doi.org/10.1146/annurev-immunol-030409-101225

Katsanos, K. H., & Papadakis, K. A. (2017). Inflammatory bowel disease: Updates on
molecular targets for biologics. In Gut and Liver (Vol. 11, Issue 4, pp. 455-463).
Joe Bok Chung. https://doi.org/10.5009/gnl16308

Lammers, F., & Scheper, T. (1999). Thermal biosensors in biotechnology. In Advances

in biochemical engineering/biotechnology (Vol. 64, pp. 35-67). Adv Biochem Eng

29



Biotechnol. https://doi.org/10.1007/3-540-49811-7 2

Lipman, N. S., Jackson, L. R., Trudel, L. J., & Weis-Garcia, F. (2005). Monoclonal
versus polyclonal antibodies: Distinguishing characteristics, applications, and
information resources. In ILAR Journal (Vol. 46, Issue 3, pp. 258-267). Institute
for Laboratory Animal Research. https://doi.org/10.1093/ilar.46.3.258

Lépez-Muiioz, G. A., Estevez, M. C., Peldez-Gutierrez, E. C., Homs-Corbera, A.,
Garcia-Hernandez, M. C., Imbaud, J. I., & Lechuga, L. M. (2017). A label-free
nanostructured plasmonic biosensor based on Blu-ray discs with integrated
microfluidics for sensitive biodetection. Biosensors and Bioelectronics, 96, 260—
267. https://doi.org/10.1016/j.bios.2017.05.020

Maduraiveeran, G., Sasidharan, M., & Ganesan, V. (2018). Electrochemical sensor and
biosensor platforms based on advanced nanomaterials for biological and
biomedical applications. In Biosensors and Bioelectronics (Vol. 103, pp. 113-129).
Elsevier Ltd. https://doi.org/10.1016/j.bios.2017.12.031

Mehrotra, P. (2016). Biosensors and their applications - A review. In Journal of Oral
Biology and Craniofacial Research (Vol. 6, Issue 2, pp. 153—159). Elsevier B.V.
https://doi.org/10.1016/j.jobcr.2015.12.002

Metkar, S. K., & Girigoswami, K. (2019). Diagnostic biosensors in medicine — A review.
In Biocatalysis and Agricultural Biotechnology (Vol. 17, pp. 271-283). Elsevier Ltd.
https://doi.org/10.1016/j.bcab.2018.11.029

Michielan, A., & D’Inca, R. (2015). Intestinal Permeability in Inflammatory Bowel
Disease: Pathogenesis, Clinical Evaluation, and Therapy of Leaky Gut. In
Mediators of Inflammation (Vol. 2015). Hindawi Publishing Corporation.
https://doi.org/10.1155/2015/628157

Nabaei, V., Chandrawati, R., & Heidari, H. (2018). Magnetic biosensors: Modelling and
simulation. In Biosensors and Bioelectronics (Vol. 103, pp. 69-86). Elsevier Ltd.
https://doi.org/10.1016/j.bi0s.2017.12.023

Piliarik, M., Vaisocherova, H., & Homola, J. (2009). Surface plasmon resonance
biosensing. In Methods in molecular biology (Clifton, N.J.) (Vol. 503, pp. 65-88).
Methods Mol Biol. https://doi.org/10.1007/978-1-60327-567-5 5

Riera Romo, M., erez-Mart inez, D. P., Castillo Ferrer, C., & of Marine Bioproducts, C.
(n.d.). Innate immunity in vertebrates: an overview.
https://doi.org/10.1111/imm.12597

30



Sanchez-Mufoz, F., Dominguez-Lopez, A., & Yamamoto-Furusho, J. K. (2008). Role of
cytokines in inflammatory bowel disease. In World Journal of Gastroenterology
(Vol. 14, Issue 27, pp. 4280-4288). World J Gastroenterol.
https://doi.org/10.3748/wjg.14.4280

Sawant, K. V., Poluri, K. M., Dutta, A. K., Sepuru, K. M., Troshkina, A., Garofalo, R. P.,
& Rajarathnam, K. (2016). Chemokine CXCL1 mediated neutrophil recruitment:
Role of glycosaminoglycan interactions. Scientific Reports, 6(1), 1-8.
https://doi.org/10.1038/srep33123

Sokol, C. L., & Luster, A. D. (n.d.). The Chemokine System in Innate Immunity.
https://doi.org/10.1101/cshperspect.a016303

Tanaka, T., Narazaki, M., & Kishimoto, T. (2014). 1I-6 in inflammation, Immunity, And
disease. Cold Spring Harbor Perspectives in Biology, 6(10), 16295-16296.
https://doi.org/10.1101/cshperspect.a016295

Van Emon, J. M. (1989). Immunoassay Methods. 58—64. https://doi.org/10.1021/bk-
1989-0442.ch007

von Behring, E., & Kitasato, S. (1890). Ueber das Zustandekommen der Diphtherie-
Immunitat und der Tetanus-Immunitat bei Thieren. Molecular Immunology, 28(12),
1317, 1319-1320. http://www.ncbi.nlm.nih.gov/pubmed/1749380

Wu, K., Su, D., Liu, J., Saha, R., & Wang, J. P. (2019). Magnetic nanoparticles in
nanomedicine: A review of recent advances. Nanotechnology, 30(50).
https://doi.org/10.1088/1361-6528/ab4241

31



