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Abstract

This Doctoral Thesis focuses on a novel point-of-care device based on a
nanophotonic microarray biosensor for the direct and label-free quantification
of multiple clinical biomarkers for clinical diagnosis and pathogen detection
directly on patient’s sample. The recently developed biosensor is a new large-
field-of-view interferometric microscope which measures phase shifts upon
changes in refractive indexes.

Firstly, the optical physics behind the novel device and its feasibility to be
used for biomolecules detection and quantification have been evaluated.
Then, several analytical assays based on the use antibodies as bioreceptors
have been developed and their performance evaluated. Finally, with the aim
of using it as a specific biosensor, the immunoassay that showed the best
performance has been applied to actual biomarker detection. Specifically, the
biomarkers selected are related with the diagnosis of sepsis, a clinical
condition characterized for a grave whole-body inflammatory response
caused by an infection. There is an urgent need for fast diagnosis of sepsis
because this condition is currently the main cause of death in Intensive Care
Units and its incidence is increasing worldwide with a mortality rate between
40 to 50% in developed countries.

The work in this Thesis combines the wide knowledge of the research
group in the design and creation of biofunctionalised surfaces and the
implementation of bioanalytical techniques to achieve cheap, fast and robust
biosensors that overcome current challenges related to costly and time-
consuming clinical analysis.






Resumen

El trabajo que recoge esta tesis doctoral se centra en el estudio y
aplicacion de un nuevo biosensor nanofotonico con configuracion de
microarray en formato point-of-care para la deteccion y cuantificacion
directa y sin marcaje de varios biomarcadores clinicos y microorganismos
patdgenos. Este nuevo biosensor esta basado en un microscopio
interferométrico con un campo visual amplio que mide cambios en la fase en
la luz producidos por variaciones en indices de refraccion.

Para ello, primero, se ha profundizado en la dptica del dispositivo para
evaluar el potencial del dispositivo para la deteccion y cuantificacion de
biomoléculas. Posteriormente, se han desarrollado varios inmunoensayos en
formato directo (usando anticuerpos como bioreceptores) basados en
diferentes técnicas de biofuncionalizacion. A partir de las mejores
condiciones, se ha desarrollado una estrategia reproducible que ha sido
empleada para la deteccion de un panel de biomarcardores de interés clinico.
Estos biomarcadores estan relacionados con el diagnéstico de sepsis, una
afeccion médica grave que se caracteriza por una reaccion inflamatoria
sisttmica producida por una infeccion. Actualmente existe la necesidad
urgente de establecer un diagndstico rapido de la sepsis puesto que se trata de
la principal causa de muerte en las unidades de cuidados intensivos de los
hospitales (tasas de mortalidad entre un 40 y 50% en paises desarrollados).

Esta Tesis Doctoral combina los conocimientos del grupo de investigacion
en el &mbito del disefio y preparacion de superficies biofuncionalizadas y en
su implementacion en el desarrollo de biosensores sencillos, rapidos y
econdmicos como técnicas bioanaliticas competitivas con las técnicas
convencionales usadas actualmente en diagndstico clinico.
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Motivation and Objectives

Sepsis is a potential fatal whole-body inflammatory reaction caused by
severe infection. Its mortality rate is around 35% causing 20.000 deaths per
day worldwide. Moreover, the cost of sepsis is high and rising. In 2009 more
than US$15.4 billion were spent on hospitalizations both in USA and
Europe.* Quantification of the cost of sepsis patients in developing countries
iIs more complicated as the early symptoms are the same than in other
diseases, which makes even more difficult its fast detection without an
intensive laboratory analysis. In addition, detection of the infection-causing
agent usually takes hours or even days which increases the mortality and
reduces the survival rate.

During the last decades, the scientific and medical community are changing
the paradigm of diagnosis moving from laboratory analysis to point-of-care
(POC) tests, which are fast, easy to handle and use and, in many cases, less
expensive. The compactness and autonomy of a POC device to diagnose
sepsis will be very useful to pave the way towards its application in different
decentralized environments. For example, a POC can be placed in the
hospital benchtop at the physician desk or even at ICU unit for sepsis
diagnosis or for other diseases as well as fast-settled hospitals in developed
countries. Furthermore, sepsis requires identification of many biomarkers to
be diagnosed. Hence, multiplex detection and quantification of these
indicators can be very useful for proper and early diagnosis, thus, allowing
early start of the treatment.

In order to achieve early diagnosis of sepsis a POC device was proposed
within the framework of a European Project called RAIS (Horizon 2020).
The overall objective of the RAIS project (www.rais-project.eu) was
developing a nanophotonic point-of-care biosensor that can detect and
quantify, in label-free conditions, multiple biomarkers in human serum or
plasma simultaneously in an easy and simple way by using a new microarray
technology (Figure 1). Several sepsis biomarkers were initially selected to
demonstrate the capability of this novel POC biosensor to detect this
condition in less than 30 minutes


http://www.rais-project.eu/
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Figure 1: Scheme of the RAIS project goals.

The main aim of this thesis is to evaluate the performance of the novel point-
of-care biosensor and to demonstrate its feasibility to be applied for the
detection of clinical biomarkers commonly related to sepsis. This involves
the following specific objectives:

e Characterization of the POC biosensor for its application with
biological samples (liquid solutions, proteins layers, etc.).

e Development of biofunctionalization strategies compatible with the
microarray format to anchor antibodies as specific receptors for the
detection of protein biomarkers and bacteria.

e Development and characterization of direct assays for protein and
bacteria detection and quantification.

e Validation of the POC and the developed assays with real human
samples
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Chapter 1
Introduction

This chapter provides a general introduction to the topic of the Thesis. It
begins with an insight about current clinical diagnosis and its evolution
towards point-of-care platforms. We review the traditional techniques that
have been used and how this has evolved to the need of faster and more user-
oriented devices. After this, we explain optical biosensors and how their
easiness for integration makes them ideal candidates for point-of-care
devices. Then, protein microarray technology and several techniques to
generate microarrays are explained. Later, we provide some information
about the use of bioreceptors for biomolecular identification. Finally, we
describe the sepsis as a representative clinical complication to assess the new
POC device for diagnostics. Sepsis is a severe blood infection which can lead
to organ failure and death. This is a clinical condition whose diagnosis is still
challenging and has become a major public health issue.






1. Introduction

1.1 Clinical diagnosis: From analytical laboratories to

point-of-care platforms

Successful prevention of and therapies against diseases can only be
achieved by having a proper diagnosis. Conventional diagnostic techniques
are based on clinical imaging or in bodily fluids analysis (such as blood,
urine or other fluids). Imaging techniques for diagnosis require advanced
infrastructures with trained personnel and can be relatively costly and
complex. In addition, collection of human samples implies later shipment to a
specialised laboratory and waiting for several hours, days or weeks for the
results. In this case, the process of diagnosis involves sample pretreatment,
detection and identification of the pathology and determination of its severity
which will finally serve as a basis for the medical doctor to make the
selection of the more suitable therapy or medical treatment. Afterwards, the
physiological status of the patients must be followed up to check their
evolution during the therapy and asses their health improvement.??

During the last decades there have been strong advancements in medicine
and in clinical research; however, the mortality associated with diseases not
treated on time or not monitored correctly is still high. This is also aggravated
in low resource settings, where there is a limited access to advanced
equipment, such as in developing countries.” Many efforts have been
conducted to develop novel ways to diagnose in cheaper, faster and more
user-friendly conditions. Biosensors are analytical tools that employ
biomolecules which act as receptors to recognize and capture the analyte of
interest (commonly a biomarker that has a role in the suspected disease or
condition). Biosensors are user-friendly, easy to move and provide fast
results. Consequently, many hospitals bet on including biosensors in their
clinical laboratories to achieve faster diagnosis.

In addition, improvement of healthcare management and disease
monitoring at the hospital or at home can be done by placing the biosensors
near the patient (i.e. at the point-of-care). Therefore, novel biosensors with
special features such as compactness, smaller size, portability and easy-to-use
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have arisen. They are called point-of-care (POC) devices and they should
perform accurate and fast diagnosis where the patient is located.*

1.1.1 Conventional clinical diagnostic techniques

Medical decisions nowadays mainly rely on acquiring biomolecular
information through imaging techniques (magnetic resonance imaging, X-
rays, TAC, PET, etc.) or through analysis of biofluids (i.e. blood, urine,
saliva, tears, sputum) from the patient (in vitro diagnosis). Currently, bodily
fluids analysis is preferred rather than imaging techniques because is cheaper
and less invasive. Detection and quantification of the biomarkers present in
the sample have been used throughout many years. Therefore, many routine
techniques are widely used in laboratories.

Common standard techniques to identify biomarkers are Enzyme-Linked
Immunosorbent Assay (ELISA), chromatography, flow cytometry and mass
spectrometry. Currently, detection of specific biomarkers (such as proteins)
in a high throughput screening is mostly based on ELISA. This method
involves the use of antibodies for a specific biomarker and a chromogenic
reporter that signals its detection. Detection with higher sensitivity is
achieved by adding fluorescence and electrochemiluminescence labels.
ELISA is a sensitive and well established methodology, however it is
labourious as it needs many reagents and trained personnel to perform it.
Mass spectrometry is highly used for proteomic patterns search. This
technology enables high throughput analysis of hundreds of clinical samples
per day. Despite mass spectrometric patterns may be very useful, only well-
defined and highly validated clinical biomarkers are eventually useful in this
type of tests. Thus, the wide mass pattern search is limited by the availability
of well-stablished biomarkers.® Flow cytometry is another technique
employed which relies on the analysis of the physical and chemical
characteristics of a big population of cells (or particles). The cells present in a
sample are previously stained with a dye whose absorption spectrum matches
the wavelength of a light beam. When passing through the focus of the light,
each cell emits a pulse of fluorescence and the scattered light is collected by
lenses and directed onto sensitive detectors (photomultiplier tubes). These
detectors transform the light pulses into an equivalent electrical signal. The



light scattering of the cells gives information on their size, shape and
structure and cell mass.”® This means that in a single-channel cytometer we
can acquire approximately 1000 images of cells per second. Thanks to the
labelling of the cells with specific fluorochromes or fluorescent conjugates
that bind with high specificity to one given cellular constituent, it is possible
to measure a wide variety of cell surface biomolecules like proteins,
carbohydrates, or enzymes. Although initially developed for eukaryotic cells,
flow cytometry has also been adapted for bacteria. Flow cytometry is a
powerful technique but, besides being a very costly equipment, it lacks
reproducibility which is required to produce consistent data. *°

Clinical conditions related with pathogen infection have another plethora
of techniques that can be complementary to the previously explained.>*!
Pathogen identification traditionally depends on microscopic analysis, the
growth of the microorganism (cell culture) and staining. These techniques are
reliable but time consuming. Culture-based diagnosis (culture and later visual
inspection) remains as the reference standard method. This method takes up
to 72 h and may vary depending on the growth speed of the
bacteria/microorganism. However, this technique is not convenient for
infections when the infection causing pathogen cannot be cultured in the lab
or when an antibiotic treatment started before the sampling.*?

The evolution of molecular biology and in particular the development of
amplification methods like polymerase chain reaction (PCR) have resulted in
a faster solution than culture growth. This technique is highly sensitive
although it also has disadvantages. The main one is the need of having a pure
sample (to avoid cross-contamination and measuring DNA of foreign
species) which implies several complex previous steps before the analysis.
This delays the process several hours and increases the overall cost. Recent
advances in the technology, for example digital PCR, quantitative PCR or
microfluidic PCR, can reduce the assay time, the sample and reagent
volumes, and give a better performance. However, these novel techniques
need dyes or labeled probes which also increases the overall cost and
complexity of the assay.'**?

All these clinical laboratory techniques are applied broadly to different
types of biomolecules or microorganisms and, in general, are highly effective
processing large number of samples. However, these advantages come with a

3



significant commercial cost and often the speed of analysis is reduced
because the technology is confined to small laboratories, which limits the
availability. Moreover costly equipment cannot be afforded in resource-
constrained areas such as hospitals in developing countries. *

Current challenges in the diagnostics field are to create cheaper, simpler
and de-centralized tests which can deliver faster results. Biosensors devices
are pointed-out to improve the diagnosis and follow-up of therapies and to
help in the near future opening the door to a global health access.

1.1.2 Biosensors and Point-of-Care devices

Biosensors (Figure 1.1) are devices in which the recognition system
employs a biorecognition element that has affinity for the target or that has
catalytic activity over the target. This biorecognition can be carried out by
enzymes, proteins, nucleic acids, tissues, organelles or whole cells. Upon
interaction among the bioreceptor and the target, a series of physicochemical
changes in the medium or the transducer surface occurs. This change is
detected and converted into discrete or continuous signals. Depending on the
signal change experimented by the transducer, different types of biosensors
can be defined being electrochemical, mechanical or optical biosensors the
most common ones.™*’

Sample {

F C (Antibody
* —I * Aptamer
| l . . * Enzyme
* Biological | , DNA/RNA
3 receptor | . Tissues
@ l* +  Whole-cells
/ * Optical
Analyte Transducer * Electrochemical
* Mechanical

Data processing

Figure 1.1: Biosensor Scheme: Representation of a biosensor including a heterogeneous
sample, the biological receptor, the transducer and the data processing for achieving a signal.

4



The merge of the bioreceptors layer together with the transducer gives the
ability to selectively detect the target analyte with high sensitivity. Biosensors
have been widely used in many fields like medicine, food, safety, water
control, compliance with regulations (drug testing or doping), public health
and security.18 They offer several advantages over conventional methods,
including low limit of detection, real-time analysis, label-free detection, and low
sample consumption.

The most representative biosensor is the glucose biosensor. This device
was invented in 1962 by Clark and Lyon ° and since then it is used for self-
testing the levels of glucose in blood in diabetic people. Initially it was
developed for measuring glucose and urea levels. It consisted on an electrode
system that combined with a specific enzyme (glucose oxidase or urease)
embedded in a membrane was able to detect the analyte. Later, in 1965,
Kadish and Hall % described a similar method in which an oxygen electrode
was in contact with glucose oxidase and by oxidation of glucose, reduction of
oxygen was monitored. All these works culminated on a patent®! followed by
its commercialisation by the company Yellow Springs Instruments from
1975.

Nowadays, with the advances in microelectronics, the glucose biosensor
or glucose-meter measures the electrochemical signals generated by the
redox reaction produced by the enzymes glucose oxidase or glucose
dehydrogenase in contact with the glucose (Figure 1.2). Glucose-meter
sensors display the result in 5 seconds and use 300 nL of blood which are
collected by puncturing, commonly on a fingerstick. Recently, the company
Abbot released the FreeStyle® Libre glucose-meter which is a wearable
sensor located at the back of the upper arm (directly on skin) that provides
real-time glucose readings for up to 10 days.



GLUCOSE METER
Electrode
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Figure 1.2: Glucose meter. The glucose meter is a device in which disposable test strips
with a blood drop is inserted. The glucose in the blood reacts with an enzyme electrode
containing the glucose oxidase (GOx). The enzyme is reoxidized with an excess of a
mediator reagent, ferricyanide. The mediator in turn is reoxidized by reaction at the
electrode, which generates an electric current. The total charge passing through the electrode
is proportional to the amount of glucose in the blood that has reacted with the enzyme.

However, not all biosensors are as simple as the glucose-meter. Some are
difficult to integrate and to reduce its size ending in bulky and expensive
devices limited to specialized laboratories. The trend followed during the last
decades is to develop compact, fully-integrated, user-friendly and portable
biosensors to be used as POC devices. These devices aim at performing the
analysis near the site of the patient (i.e. point-of-care). They should provide
results in a fast way and without the need of laboratory staff or specialized
facilities.”” The test should be easy-to-use requiring only elementary
instructions and if possible or needed, should measure more than one
parameter at a time (multiplex measurement). Also, interpretation of the
results should be easy and clear, adequate to the final user. POC devices for
clinical diagnosis should eventually be used by medical doctors either at the
hospital or in their office, or at home by the patient to track health, monitor
therapies and manage disease (Figure 1.3). Thus, ideally, they should be
developed considering the analysis of common bodily fluids such as blood,
saliva or urine.”*%


https://en.wikipedia.org/wiki/Ferricyanide
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Figure 1.3: Scheme showing the application of POC devices in health diagnosis. Human
samples such as urine or blood are withdrawn from the patient and inserted in a POC and
different substances are measured. Upon reception of the results the doctor will choose the
most appropriate therapy for the patient. Adapted from %

Ideal POC devices should require small sample volumes (nL up to 1
mL),%" should be affordable or use disposable chips or cartridges that (if
needed) incorporate microfluidics with features to provide and control
sample preparation, flow rate, mixture of reagents, filtration or separation.?®”
%0 commonly, POCs devices include a strip, chip or cartridge that interacts
with the sample and is disposable. Additional components, such as secondary
dyes, optics, electrodes or thermal control components might be also
incorporated in this part if required. Often, a reduction of economic cost is
associated with POCs due to the avoidance of sample mislabelling or
mishandling. Furthermore, by providing quicker results, POC systems enable
for the earlier treatment to start and eventually could improve the patient
outcome.

Also, portable POC devices may help the physicians with the follow-up of
therapies by connecting remotely to the device. It has been appointed that
higher patient compliance is achieved by making patients more responsible
for managing their own condition(s).* As a consequence, the doctor can
track the results online, which reduces hospital visits frequency, thus,
reducing travel expenses for the patient. *2

Currently, one of the most successful and robust POC devices available is
the pregnancy test. It is a test based on Lateral Flow Assay (LFA) or lateral
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flow immunochromatographic assay which detects the presence of human
chorionic gonadotropin (hCG), whose level increases during pregnancy
(Figures 1.4). LFA devices incorporate porous membranes, antibodies, and a
visible signal-generating system. The fluid sample migrates through the test
strip and generates a response signal that begins when an antibody (usually
labelled with colloidal gold particles or dyed polystyrene or latex spheres)
flows through the adsorbent pad and binds the analyte. Due to the colour
label on the antibodies, upon binding, a colour line appears on the strip
showing a positive result. This example of POC system illustrates the
feasibility of giving qualitative results in a short time with a portable device.

PREGNANCY TEST BY LATERAL FLOW ASSAY

Sample pad
Conjugate pad

Control line )
J Test line Negative result

Adsorbent pad (no hCG)
—C

\/ Positive result ’I I

*
Urine sample X
with hCG %

Labeled

. Color tag

antlbodles
t human chorionic
* gonadotropin (hCG)
N Fixed antibody
7 (anti hCG)

Negative T —

control  Positive N\ Free antibody
result .
(anti hCG)

(anti-free antibodies)

1 Fixed antibody

Figure 1.4: Pregnancy test. Urine migrates through a test stripe in which several antibodies
are located: free tagged antibodies anti-hCG on the conjugated pad, fixed anti-antibodies on
the negaiv control line and fixed antibodies anti-hCG on the test line. Free tagged antibodies
on the conjugated pad migrate when urine is applied on the sample pad. If urine does not
contain hCG the antibodies will react only in the control line area (negative result), however,
if hCG is present, binding of the labelled antibody will occur in the test line, giving two
coloured lines (positive result).

The LFA has also being exploited to measure other analytes different than
hormones. For example, the product Rapid Analyte Measurement Platform
(RAMP,  from  Response Biomedical Corp., BC, Canada,
www.responsebio.com) requires a sample, which is mixed and incubated
with a label and buffer and then applied on the strip, to quantify several
analytes with interest in the cardiovascular response, infectious disease
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response, biodefense control and even environmental monitoring. ** Latest
advances in the LFA field include 3D pore structures to control the pore-size,
thus, having better control of the fluid flow rates.?®

During the last years, advances in microfluidics, smart materials, data
analytics, and web based connectivity have allowed the use of more
sophisticated technologies for the development of POCs.* For example, a
large number of devices based on coupling the readout system to a
smartphone or including the POC in fabrics (wearable sensors and e-textiles)
have been explored. As most of the population has at least one mobile phone
this is seen as an opportunity to couple the POC to a smartphone
implementing some of the tools that they normally carry such as a camera, a
light sensor, power source, movement detector, wireless connection (Wi-Fi),
Bluetooth, near-field communication (NFC), infra-red sensor and global
positioning system (GPS). For example, camera has been used as an imaging
tool such as a spectrometer,® as a bright field and fluorescent microscope®
or an automated cell counter.*

In addition, in-situ continuous monitoring of health parameters remotely is
slowly being achieved by the use of wearable sensors. These non-invasive
devices offer to the user valuable real-time information that can be useful on
tracking wearer’s health, tracking exercise activity or assessing human
performance. This allows the individuals to change their lifestyle for
maintaining optimal health status.®” Some examples of wearable sensors are
saliva based-sensors which are placed in tooth for controlling the plaque pH
or the fluoride activity.***° Advances in flexible polymers and materials have
allowed the development of new wearable POCs that are incorporated as
textiles or tattoos.***? These flexible polymers can be engineered to different
shapes and structures that can be mounted on surfaces of the human body for
enhanced monitoring. Also, they have special characteristics like not liquid
adsorption (which allows better detection through time), transparency,
electro-chemical resistance or thermal-electrical conductivity that allows its
incorporation in the sensing systems.**#?

In conclusion, different requisites are needed depending on the final
application of the POC. Therefore, based on this, World Health Organization
stated the ASSURED criteria. This is a list of suggestions of which
characteristics an ideal POC should have. ASSURED stands for: Affordable
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(for those who need the POC), Sensitive (low false negatives), Specific (low
false positives), User-friendly (easy and simple to use by a non-trained
person), Rapid (fast results) or robust (for example not requiring refrigerated
storage), Equipment-free (no extra equipment is needed) and Delivered to
those who need it. 224344

New technologies which can revolutionize diagnosis with POCs are
emerging every day. These new devices promise adding cutting edge sensors
that can solve diagnosis problems in source-limited areas as well as in
hospital near the patient bed. Not only by shortening work time for the
doctors and the patients, but also reducing elevated hospital economical
expenses.

1.2 Optical biosensors

As seen in previous section, point-of-care platforms are currently of
utmost important in diagnosis. Many biosensor technologies have been
exploited to create robust, compact and reliable POCs, however, optical
biosensors are especially adequate for this purpose. Optical biosensors afford
outstanding characteristics as excellent levels of sensitivity, immunity to
electromagnetical interferences, miniaturization and integration capabilities,
and portability, among others. Therefore, they are excellent analytical tools to
move the analysis from centralized laboratories to the point-of-care. Often,
their design offers fast delivery of results, easy-to-handle features and in
some cases, simultaneous detection capabilities. >

Optical biosensors measure variations of the optical properties of the
propagated light (i.e. absorption, fluorescence, polarization, intensity,
wavelength, dispersion or refractive index) due to the interaction between the
bioreceptor and the analyte' ***® Most of them are based on the evanescent
field detection. Evanescent field is an oscillating electric and/or magnetic
field that does not propagate as an electromagnetic wave but whose energy is
spatially concentrated in the vicinity of the source (oscillating charges and
currents) with an exponential decay. In the evanescent wave mechanism, a
bioreceptor layer is immobilized onto the surface of a waveguide; the
exposure to the partner analyte produces a biomolecular interaction affecting
the guiding properties of the waveguide (specifically, a variation of the
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refractive index) via the modification through the evanescent field. This
evanescent field is affected by RI changes caused by a biological interaction,
so no labels or special tags are required.*” The variation of the RI can be
measured by any of the waveguiding optical properties and this variation can
be correlated with the concentration of the analyte resulting in a quantitative
value of the interaction (see Figure 1.5). 1"

Plasmonic biosensors, interferometers and resonators are examples of the
most common evanescent wave biosensors. They have high detection
sensitivities in a short response time and they can operate in real-time. 1"

External medium
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Figure 1.5: Scheme of the evanescent field sensing. A refractive index change is induced by
a biomolecular interaction that takes place at the wave-guide surface within the evanescent
region.

1.2.1 Plasmonic biosensors

Plasmonics is the field that studies the interaction of light with noble
metals. Surface Plasmon Polaritons (SPPs) or surface plasma waves (SPW)
are classically described as electrogmagnetic waves formed by electrons
coherent oscillation at the surface of a metal when excited by an incident
light. They are special modes of electromagnetic field which can exist at the
interface between a dielectric and a metal that behaves like nearly-free
electron plasma.®®*! They contribute to one or more optical phenomena
depending on the geometry of the sensor surface. The first biosensing
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technique that employed SPPs was Surface Plasmon Resonance (SPR). *2>

Conventionally, SPR measurements are conducted on thin metal films and
the excitation triggers the propagating SPPs, which run through the sensor
surface  (the metal-dielectric interface) and the corresponding
electromagnetic field is highly sensitive to the RI of the surrounding medium.
As a result, SPR measurements can detect analytes with very low limits of
detection. >’

Simultaneously, and as the nanofabrication capabilities have improved,
nanoplasmonics have emerged in order to expand sensing capabilities.
Nanoplasmonic sensors take advantage of the optical phenomenon that
appears when the dimensions of metallic nanostructures become smaller than
the wavelength of the incident light. In this case, additional types of plasmon
oscillations are observed which are locally confined within the nanostructure.
Depending on the metallic nanostructure (i.e., nanoparticles of different
shape and size or nanoholes) these phenomena are usually classified as
localized surface plasmon resonance (LSPR) or extraordinary optical
transmission (EOT), respectively (see Figure 1.6).

LSPR
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Extinction Transmission
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Figure 1.6: Schematic illustration of the working principles, nanostructures architectures and
spectral information obtained from nanoplasmonic sensors based on localized surface
plasmon resonance (LSPR) and extraordinary optical transmission (EOT) phenomena,
respectively. Adapted from *°.
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LSPR generation occurs from the interaction of light with subwavelength
size nanostructures instead of thin metallic layers. In this case, particular
electronic modes can be excited when light strikes the metallic
nanostructures, so that free electrons oscillate collectively. As a result of
these resonance oscillations (i.e. localized surface plasmons), the
nanostructures strongly scatters light at a specific wavelength range.*® As the
field is strongly confined in the surrounding of the nanostructure, the
sensitivity at the surface is commonly higher than in SPR configuration,
being the decay length of the electromagnetic field around 10-30 nm. At the
same time, the sensitivity to bulk refractive index changes (i.e. shift of the
extinction peak per unit change in the refractive index of the surrounding
medium) is lower so the measurements are more stable and less susceptible to
environmental fluctuations, which usually happens in SPR technique. 3%

EOT is a related optical phenomenon that arises from the interaction of
light with periodic arrays of nanoholes, involving a combination of
propagating and localized surface plasmons. The enhanced transmission is
caused by the interplay of localized modes associated with individual
nanoholes with coupling to propagating surface modes due to the periodicity
along the cavities of the surface. As a consequence, the EOT spectral
signatures  exhibit wavelength-dependent transmission enhancement,
resulting in multiple transmission minima and maxima. * In general, the
transmission spectra of nanohole arrays show at least two transmission
maxima (Agp) and their spectral positions can be predicted based on the
relationship to the lattice constant of the array (periodicity, p), the scattering
orders of the nanohole array (i and j), and the real parts of the dielectric
constant of the surrounding medium and the metal (e,,:and &.(4),
respectively). The metal dielectric constant depends on the light wavelength
(1). ® This is described by the following Equation 1.1 ®°:

. N p Er(/‘l)g
/151: (l;]) - W gr(/l)+;::t (11)

The general design of an EOT-based sensing platform requires the choice
of the (i) plasmonic material, (ii) geometrical properties of the nanoholes,
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(iii) fabrication method, (iv) surface coating, and (v) flow conditions. >

1.2.2 Multiplexed biosensors

Usually, biosensors are designed to perform individual analysis.
Increasing the multiplexing capabilities adds significant value to these
devices, although it usually requires upgrades in the optical and microfluidics
part. Moreover, it is also necessary to place different bioreceptors in defined
locations over the sensing surface. Monitoring of these multiple locations
(i.e. different bioreceptors) could be done by connecting a specific sensor to
each location (multi-channel sensing) or by generating an image of the
surface (imaging techniques). The optimal way to allocate many bioreceptors
on reduced sensing surface (required for POC platforms) is by means of
microarray-based designs, where tens to thousands of spots can be generated,
ideally with different bioreceptors in each spot.

Several optical devices based on microarray formats have been already
proposed. Commonly, fluorescent labels are used for the detection of the
interaction. Typically, one of the elements involved in the recognition is
tagged with a fluorescent reporter/molecule. This enables few molecules and
even single-molecule detection. However, an extrinsic tag always could
affect the properties of the tagged molecule and can affect the interaction. In
addition, some pre-treatment of the samples is usually required prior target
labelling. As a consequence, label-free detection techniques in a microarray
format, with adequate sensitivities to compete with fluorescent-based
detection methods, are arising as an alternative.® Some of these label-free
microarray methods are: Reflectometric Interference Spectroscopy (RIFS),
Total Internal Reflection Fluorescence (TIRF), Oblique-Incidence
Reflectivity Difference Microscopy (OI-RD), Imaging Surface Plasmon
Resonance Spectroscopy (SPRi), Imaging Optical Ellipsometry (OE) or
Arrayed Imaging Reflectometry (AIR). %4

Many of these techniques have been used mainly in applications that
require high-throughput analysis. For example, Kemmler et al.”* proposed a
device for sepsis diagnosis based on a microarray using TIRF. The
microarray device was employed to evaluate several sepsis biomarkers but
required fluorescent labels and involved several fluid handling steps such as
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dilution, mixing, separation, pre-incubation and incubation to carry on
sandwich and inhibition assays. In addition, the biochip required internal
calibration to prevent inaccuracy.

Mace et al. ™ developed a platform based on AIR to detect various
cytokine proteins involved in the body inflammatory response. This
technology relies on the interferences created on a polarized light beam that
strikes on a silicon sensor chip. Initially, the sensor chip made of silicon
oxide contains a protein adhesion layer and bioreceptors, which are tuned to
an appropriate optical thickness. Upon binding of the target molecule to the
bioreceptor, the spot where the incident light is located no longer fulfils the
antireflective criteria. A different light reflection may be observed of
intensity that is proportional to the amount of targets bound. This system
does not required moving parts and a CCD camera is used to track the
changes on antireflection.”® Specific antibody-based macroarrays (i.e. 1.5 puL
spot volume) were manually generated. The design of the device allowed
visualization and tracking of up to 8 differentiated spots, which limited its
multiplexing potential and produced a high variability among measurements.
This technology was also applied for autoantibodies detection for the
diagnosis of autoimmune diseases’® or for environmental monitoring.’’

SPRIi has been widely used since many years for evaluating affinity
systems, including nucleic acids interactions, DNA binding proteins to DNA,
antibody/antigen, carbohydrate/protein or enzyme/substrate, among others.”
For example Jeong et al. ® tested different cysteine tag lengths attached to
Protein G. A holed sticker was used to create wells (diameter = 2.5 mm) that
contained the different modified Protein Gs. The antibody binding efficiency
was studied on bare gold and series of cysteine-tagged protein G layers. This
technique was also used by Gorodkiewicz et al. ® to study the effect of an
inhibitor (MARS-115 CatG peptidyl inhibitor) that affects the enzymatic
activity of cathepsin G. Moreover, Nelson et al. ®° detected the 16S ribosomal
RNA from E. coli cells by its hybridization to a complementary DNA probe
immobilized over a gold sensor surface. The limit of detection was 10 nm
and the DNA array contained squared areas with the immobilized DNA
probes.

As these optical technologies have gradually evolved and improved their
performance, significant progress in microarray generation techniques have
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also arisen as a matter of improving the allocation of multiple probes on a
specific surface and especially in small-size surfaces. This may be very
valuable for creating POCs which can include single-use portable sensing
surfaces.

1.3 Microarrays

Microarrays commonly involve large ordered arrangements of molecules
distributed in rows and columns in a defined area with spots size <250 um.*
Immobilization of molecules can be done passively (adsorption) or actively
(covalent bonding) depending on the chemical nature of the substrate. Most
frequently substrates employed to generate microarrays are microscope glass
slides, silicon or synthetic-polymer based materials. The recognition probes
are chosen depending on the target, which commonly are nucleic acids,
proteins or carbohydrates, among others.?%

Using microarrays has made possible the development of a wide range of
applications related to drug screening, vaccines development, enzyme
substrates profiling and immuno-profiling, disease diagnosis, mapping of
biochemical pathways and evaluation of protein-protein interactions.*
Protein microarrays are widely used as proteomics tools to provide
information on proteins, ligand, analyte, receptor, and antibody affinity based
interactions and high-throughput analysis. Their main advantages over
classical protein separation/identification techniques such as ELISAs or
western blots are: (i) better detectability with improved sensitivity and
specificity of proteins at lower concentration range in complex media; (ii)
multiplex capabilities by detection of several proteins on a single platform
(rational design); (iii) less reagents and sample consumption.?*% However,
protein microarrays also face challenges especially when moving from
research to clinical diagnosis. Printed microspots can have non-uniform
morphologies that end in inconsistent quantification (i.e. poor coefficient of
variation for spot-to-spot, assay-to-assay, substrate-to-substrate and lab-to-lab
comparisons).2* Complex immobilization protocols, contaminations during
the microarray generation, and static (no flow) mass transport conditions lead
to low signal-to-noise ratios (variability in assay kinetics and/or endpoints).®
Also, the use of non-optimal (unfavourable) protocols conditions like pH,
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temperature or desiccation of the surface or poor antibody compatibility with
surface chemistry can hinder sensitivity of the assays. This may end in poor
storage shelf-life of microarray chips. 8"

1.3.1 Array fabrication technologies

Specialized technology is required for spotting small volumes of
biomolecules with the required control and according to the design
parameters of the array (i.e.: spot diameter, separation between spots, volume
of spot). Several techniques are commercially available to generate
microarrays in a controlled mode and they are mainly classified according to
whether there is contact or not between the substrate and the tool that carries
the spotting solution, commonly called “ink”.

Contact printing methods

Nowadays, the most used method for microarray printing is contact pin
printing. The spotters based on this technology use solid pins, split or quill
pins, tweezers or other liquid transfer/deposition pin types to carry and
deliver the droplets onto solid surfaces (Figure 1.7A). A robot head that is
controlled electronically incorporates one to several fluid-dispensing tips/pins
that are periodically dipped into wells of a microtiter plate containing the
spotting solution. The robot captures a specific volume of solution from each
well through the pins, which dispense droplets when contacting the surface.
Surface energy between the surface, the solution and the pin, liquid wetting
and interfacial tensions are important parameters to control the deposition
and to have a reliable release of volume.®* Printing additives are frequently
added to the solution to maintain protein stability and tune the surface energy
of the solution. Some examples are glycerol, concentrated sugars or high
molecular weight polymers.®®®! Due to the contact nature of this technology
there is the possibility that the array surface suffers some damage during the
deposition process.”> Normally, the spot diameter is between 10 to 100 pm
but this may vary depending on the pin and the contact time.

Microcontact printing or soft lithography®* is another technique which
requires the use of microstamps to transfer the solution to the surface. It
consists on a more parallel deposition method where several stamp features
are soaked or sprayed in ink (i.e. printing solution) and then the stamp is
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finally transferred to the array surface by physical contact (Figure 1.7B).
Generally, the stamps are made of an elastomeric polymer, such as
polydimethylsiloxane (PDMS) which allows tuning its hydrophilic or
hydrophobic properties for better transfer from stamp to substrate and also
prevents reagent adsorption or aggregation. Serial deposition can be achieved
by iterative loading of reagents and cleaning of the stamp. Arrays printed
with microstamps tend to be highly reproducible.®* Stamp tips smaller than
100 nm buckle and deform under stamping forces, thus, spots are usually
limited to sizes larger than that. 3

Dip-pen nanolithography (DPN) (Figure 1.7C) is another method for the
generation of microarrays. It consists on a modified atomic force microscopy
(AFM) tip that is immersed in the spotting solution and then it is transferred
to the surface creating the array in a write/drawing mode.** It can perform
spots and also lines if using rastering mode. DPN has been also used to study
layer growth and fabrication of nanostructures. The mechanism of ink
transport is complex and likely to be influenced by numerous parameters, but
it highly relies in the meniscus shape and size, temperature, humidity and
deposition  conditions  (rate, surface  hydrophobicity and tip
hydrophobicity).*>* The size of the DPN tip varies from 10 to 60 um. Thus,
the technique is very useful not only for protein microarray fabrication but
also for the monitoring of biorecognition processes from molecular to cellular
level,”” such as the study of cellular adhesion processes.*®
Non-contact printing methods

Contrary to the techniques described in the previous section, in these
methods there is no physical contact between the printing tool and the surface
to be spotted. Instead, the solution is ejected as a droplet from a specific
distance. The working principle is similar to ink-jet printers but adapted to
the deposition of biomolecules. There are three types of printings according
to the mechanism used for the drop ejection: thermal ink-jet, piezo actuation
and valve-jet. In thermal ejection a bubble is created in the reservoir with the
use of a heating element (Figure 1.7D). As the bubble propagates, the liquid
is squeezed out the orifice. When the bubble collapses the sample is ejected.
In piezo actuation the liquid is squeezed (volumetric change) by the
deformation of the reservoir causing the ejection of the droplet (Figure
1.7E). Finally, in valve-jet technologies there is a valve that opens and closes
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the reservoir under computer control and high pressure (Figure 1.7F). In
each cycle of open-closing the valve produces a droplet.*
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Figure 1.7: Scheme of contact and non-contact printing. A: Pin printing technology. B:
Microcontact stamp printing. C: Dip-pen nanolithography. D: Thermal injection. E: Piezo
actuation. F: Valve-jet. Adapted from &
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1.4 Biofunctionalization of solid surfaces: the
biorecognition layer

The analytical sensitivity and selectivity of any assay strongly
depends on the biorecognition element anchored to the sensor surface and
also on the surrounding area. Knowing and controlling this interaction,
favouring the specific capture of the analyte and minimizing non-specific
adsorptions, is the key element for a successful and reliable biosensor device.

1.4.1 Bioreceptors

Bioreceptors are classified according to its interaction with the
analyte. If they introduce a change in the chemical structure of the analyte
they are called catalytic bioreceptors and the most commonly used are
enzymes. Enzymes are proteins that reduce the activation energy of a
specific reaction that happens physically in their structure when the analyte is
present. The analyte acts as a substrate for the reaction that is catalysed by
the enzyme and transforms it into a product (Figure 1.8A). Commonly, the
signal produced by reduction of substrate or detection of product of the
reaction is evaluated.

Bioreceptors that binds specifically to the analyte are called affinity
bioreceptors. They show extraordinary specificity to certain analytes, thus,
permitting the selective capture of the analyte with extreme sensitivity.
Commonly, affinity bioreceptors are nucleic acids, cell membrane receptor
proteins, and antibodies. Nucleic acids show exceptional recognition
properties because of the hybridization of complementary nucleotide
sequences by Watson-Crick pairing (Figure 1.8B). Nucleotides possess
amino groups that form specific hydrogen bonds that allow complementary
binding with high specificity. DNA and RNA are easy to synthesize, and they
are stable (DNA more than RNA) and reusable. Moreover, they can be
chemically modified and tailored with additional groups at the ends (5 or 3°)
that make easier their immobilization or conjugation to other biomolecules.
Recently, nucleic acids with new synthetic oligonucleotides have been added
to improve the interaction among the nucleic acid probe and the target
sequence.”® Some examples of these synthetic oligonucleotides are peptide
nucleic acids (PNA), locked nucleic acids (LNAs) or triplex-base pairing
nucleic acids. For example, stronger bonding between the target sequence
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and the protein backbone of the PNA is created due to the lack of
electrostatic repulsion. This expands the pH range where the interaction
remains strong compared to conventional DNA/DNA interaction. LNAs have
very high thermal stability when hybridized to a complementary DNA or
RNA strand. All these different forms can be also used as a bioreceptor on
solid surfaces.®**® Another type of nucleic acid-based bioreceptors are the
aptamers. They are functional oligonucleotide sequences of single-stranded
DNA or RNA that fold in a unique intricate structure that allows recognition
of a specific analyte with high affinity and specificity through electrostatic
interactions and hydrogen bond formation (Figure 1.8C).1** Aptamers are
selected by a process called Systematic Evolution of Ligands by Exponential
Enrichment (SELEX) which starts from a large aptamer library that is placed
in vitro together with the target that fishes the most suitable aptamers out of
the pool. This cycle is repeated several times with different assay conditions
stringency (normally the closest ones to the final application). The best
aptamers are selected and then sequenced by reverse transcription. Once the
optimal aptamer sequence is known, the large-scale production of aptamers is
easy and non-expensive. Some advantages of aptamers are their high affinity
for the target (sometimes even higher than antibodies), their small size, and
that they can be chemically modified in a precise and defined way. In
addition, they can be easily stored and delivered as well as reversibly heat-
denatured. However, aptamers with high affinities are still low in number
compared to antibodies and their experimental sensitivities are also
|0WEI’.102’103

Finally, the most frequently used bioreceptors due to their exceptional
affinity and specificity are the antibodies (Figure 1.8D). These are proteins
that are produced by the immune system and that recognise and bind to
specific antigens.
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Figure 1.8: Summary of some bioreceptors commonly used in in biosensors. A:
Enzymes. B: DNA probes with complementary sequence of the target nucleic acid. C:
Aptamers. D: Antibody.

Antibodies as bioreceptors

Antibodies are immunoglobulin (Ig) molecules derived from the immune
system and that possess highly specific ligand binding activity. They are used
by the immune system as a surveillance mechanism against infectious
organisms and/or their toxic products.**

We can find five different types of antibodies according to the structure of
their heavy chains: IgA, IgG, IgM, IgD and IgE. IgG is the most predominant
class produced during an immune response and it is the most widely used as a
bioreceptors in immunoassays. The modular structure of a IgG antibody
(Figure 1.9A) consists of 2 heavy chains (50 kDa) and 2 light chains (25
kDa), the former contains 3 constant domains (Cy) and one variable domain
(Vw), and the latter one a constant domain (C.) and one variable domain
(VL). The light chain and the constant chain are bound via disulphide bonds.
The variable domains contain three different regions called complementary
determining regions (CDRs) which have hypervariable amino acid
sequences. These regions modulate the binding specificity of a certain
antibody to a molecule. The rest of the antibody structure (constant domains)
is highly conserved among species including certain oligosaccharide
chains.!®

According to the way of producing antibodies for biorecognition
purposes they are classified in polyclonal, monoclonal, and recombinants
antibodies, respectively.
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Animals such as rabbits, mice, goats or sheep are used as hosts for the
production of polyclonal antibodies. The process begins with the
injection of the target antigen or with bacterial cells or heat-treated
cells (in the case of bacterial pathogens antigens) together with the
presence of suitable adjuvants. The immune system of the host reacts
to the antigen and its B cells starts producing antibodies (pAb) against
the antigen. These antibodies present in the blood of the animal are
reactive to different epitopes of the same antigen. This mixture is
known as polyclonal antiserum. When high specificity against a
unique epitope is required, the production of monoclonal antibodies is
more advisable.

To produce monoclonal antibodies (mAb), B cells from the spleen
(or the bone marrow or the primary lymph nodes) of the host animal
are selected. Each B cell produces a specific type of antibody. These
selected B cells are fused to an immortal myeloma cell resulting in a
hybrid cell called hybridome. This hybridome is harvested and used
to create an immortal cell culture line that secretes full-length
antibodies directed towards a single epitope.'®®

Moreover, fragments of antibodies produced by enzymatic or
chemical cleavage such as F(ab’), and Fab (Figure 1.9B) can be also
used. Later, when recombinant DNA technology evolved,
recombinant antibodies (rAb) emerged as solutions with improved
or modulated affinity and specificity. The production of rAb can be
done by de novo design or by refinement of the gene sequence. Once
the sequence is defined and synthesized, it is transferred to a cell
culture that will express the sequence, thus, the recombinant antibody.
Finally the antibodies are collected and purified. The newly created
rAb not always have affinity levels as high as antibodies, which
sometimes is a drawback *®

In research, antibodies are the key molecules used for recognition. They
are not only highly used in the clinical field but also in food analysis,
environmental monitoring of soils and water, etc. The choice of the type of
antibody will depend on the final application. Finally, the production cost
should be also taken into account, monoclonal and recombinant antibodies
are more costly since it requires more complex production steps.
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Figure 1.9: A: Basic structure of an antibody (IgG). B: Recombinant antibody formats. scFv
is a Fv with a flexible linker. Fab is the Fv with both constant heavy and light chains. F(ab”)2
is the fragment with the two Fabs linked with disulphide bonds.

1.5 Sepsis

Sepsis is a clinical condition characterized for a grave whole-body
inflammatory response due to an infection in blood. In 1992, the definition of
sepsis was stated as the presence of infection and SIRS (systemic
inflammatory response syndrome), which is established when two out of the
four criteria listed in Table 1.1 are met. When a patient with sepsis suffers of
organ dysfunction (liver, kidney, lung and heart, mainly) the disease is called
“severe sepsis”. If the disease advances, ending in hypotension of the body
which does not react to fluid resuscitation, the patient will face a “septic
shock” which will end up with the patient’s death.'®*® Currently, sepsis
affects nearly 1 out of every 23 hospitalized patients and the clinical
significance of death by sepsis is hard to understate, especially in developing
countries. Sepsis is the main cause of death in Intensive Care Units (ICU) and
its incidence is increasing worldwide.*®® The occurrence rate was 146, 68
and 52 cases per 100.000 population for sepsis, severe sepsis and septic
shock, respectively.’*® Clinical studies have shown that mortality rate from
septic shock is between 40 to 50% in hospitals.’”" %! More alarmingly,
between 2000 and 2015 sepsis has increased (17%) and sepsis related deaths
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have grown 31% between 1999 and 2014.*

The mortality rate increases with a delayed diagnosis or an inappropriate
antibiotic therapy, which implies a high economic cost for the health care
system.'*! Only in the US is currently the most expensive condition treated at
hospitals. For example, in Spain the yearly national total cost of
hospitalization due to sepsis increased from 652 M € in 2000 to over 2.500 M
€ after 2010. This can be explained with the significant upward trend in
average cost per patient that has been observed from 6.991€ (2000-2004) to
9.096€ (2005-2009) to 10.029€ (2010-2013).*** Only in the US, the
aggregated cost was US $15.4 billions in 2009, whereas non-specific
diagnosis of sepsis account for US $23.7 billion per year.® Besides this, the
global sepsis diagnostics market was valued at US $ 367.9 Million in 2017
and is expected to reach US $ 613.9 Million by 2023."

The high costs are related to the hospitalization process which most of the
times takes place at the Intensive Care Units (ICU). The current treatments
for sepsis are fluid revival, antibiotic therapy, vasoactive mediation and/or a
supportive therapy for organ dysfunction. Fast recognition of the septic
patient and early location of the stage of the illness (sepsis, severe sepsis or
septic shock) is critical. This helps define the proper treatment and reduce
mortality risk.*10°

Table 1.1: SIRS criteria

Presence of = 2 criteria to establish a SIRS diagnosis

Temperature Heart rate Res;l)‘;rtaetory White blood cell count
>38 °C > 90 >20 >12.0 x10 9 cells/L
<36 °C beats/min breaths/min < 4.0 x10 9 cells/L
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1.5.1 Current biomarkers for sepsis diagnosis and
detection methods

The evolution of an infection to sepsis usually involves changes in
concentrations of endogenous inflammatory and coagulations mediators and
variation in metabolism.**® Many different biomarkers have been proposed
for sepsis diagnosis and further treatment monitoring (Table 1.2). However,
currently there is not a specific biomarker for sepsis which can be solely used
to diagnose this condition. On the contrary, some of them can be very helpful
for triaging critically ill patients.™

Table 1.2: Some examples of proposed biomarkers for sepsis. List retrieved from 17118

Proposed sepsis biomarkers
e Lactate e  Procalcitonin (PCT)
e  Macrophage inhibitory e  Neutrophil gelatinase-
protein-3 (MIP-3) associated lipocalin (NGAL)
e D-dimer e  Protein C (PC)
° Interleukins: IL-6, IL-1f, IL-8, ) Tumor necrosis factor (TNF)
IL-10 e  Tumor necrosis factor
e [L-1receptor antagonist receptor 1a (TNFa-R1a)
e  (C-reactive protein (CRP) e  Peptidoglycan recognition
e (3 andC5 complement protein
proteins e  MR-pro-Adrenomedullin (MR
e  Several miRNA pro-ADM)
e  Brain natriuretic peptide
(BNP)

One option is the checking the levels of different pro-inflammatory
cytokines that mediate the initial response of innate immune system to injury
or infection (TNF, IL-1p and IL-6). Within this group, IL-6 is the cytokine
that has received major attention because it is easier to measure in plasma
than the others. *>**° Stimulation by IL-6, IL-p and IL-8 as a consequence of
an infection (bacterial or viral) or any other inflammation process (acute or
chronic) produces secretion of C-reactive protein (CRP), an acute phase
protein produced by the hepatocytes.

Another interesting candidate as sepsis biomarker is procalcitonin (PCT).
It is a prohormone of calcitonin synthesised at the thyroid. During a sepsis
process, the main producers of PCT are macrophages and monocytes from
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different organs, and mainly from the liver. In healthy people, PCT levels are
undetectable because it is processed as soon as is synthesised. The synthesis
of PCT can be identified after 2-3 h after onset of infection what makes PCT
a useful biomarker for early sepsis diagnosis. The maximum peak of this
biomarker is reached after 8 and 24 h after infection onset and the
concentration fluctuates in the range of 10-100 ng/mL. PCT is very stable
and possesses a median half-life of 24 h. It is important to note that PCT
does not increase during a viral infection. Currently at patients at the ICU
with high levels of CRP and PCT are related with sepsis infection, however,
these biomarkers have some limitations as they can be involved in others
non-inflammatory processes, for example burns or traumas, 0" 110116

Currently, the standard gold technique for diagnosis of sepsis is the
presence of two of the symptoms listed in Table 1.1 together with a positive
bacterial culture. In general, cultures should be obtained from every source of
infection such as blood, urine, sputum, or wounds. However, blood is the one
most commonly used, being necessary a large volume (commonly 20 mL) for
the analysis. Overall, the actual diagnosis of sepsis have many drawbacks as
blood culture requires relatively long periods of time, trained personnel and
laboratory facilities. %" 108110.111

An additional and more straightforward strategy to confirm sepsis and to
provide insight on specific therapy is the confirmation of infection and the
identification of the responsible microorganism. As infectious pathogens
travel through blood, the most common allocations for the infection are
lungs, the bloodstream and the urinary track. Infection can be caused by
many different bacteria but the most commonly found are: Staphylococcuss
aureus, Streptococcus pneumoniae (in lungs), Haemophilus influenza,
Pseudomonas aeruginosa, Klebsiella spp., and Escherichia coli.*?

Techniques for the detection of the infectious agent rely on sending
specimens (e.g., blood, saliva or urine) for microbiological analysis to a
centralised laboratory. Techniques as microscopy and cell culture,
biochemical immunoassays, immunological tests or genetic analysis are
employed. Microscopy is commonly used to observe the morphology and the
staining pattern (gram stain) of bacteria to distinguish and classify bacterial
species by the chemical and physical properties of their cell walls. This is a
fast but not specific method. Bacteria cell culture on selective media under
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specific growth conditions remains as the gold standard technique. However,
it can take up to several days and not all bacteria can be cultured in the
laboratory. For example, in routine blood cultures it can take between 6 hours
to 5 days for the organism to grow to detectable levels. Extra time is then
additionally needed for identification (24 h) and to perform antibiotic
susceptibility tests (around 2 days). Moreover, the patient hemoculture often
appears negative in patients with sepsis because not all bacteria can grow on
laboratory culture media. Finally, methods based on the use of antibodies that
specifically recognize bacterial surface epitopes are also commonly
employed, such as ELISA and agglutination assays. These methods are
reliable but they require substantial time, skilled personnel, bulky laboratory
based equipment and relatively high pathogen loads. 821123

In the latest years, molecular techniques such as genetic analysis have
enabled more rapid profiling of bacterial strains. PCR is a very sensitive
technique which allows identification of bacteria based on their genetic
material. PCR employs designed genetic probes that pair with the target
bacterial sequence. Wrong pairing may result in false-positive results, and
genetically mutated strains might escape the correct probe matching.
Nevertheless, this procedure is still lengthy and expensive and can take
several days. A faster procedure is real-time PCR analysis which can be
completed within several hours, but still requires specialist equipment and
reagents. Also, sequencing of 16S and 18S subunit of ribosomes has been
proposed for bacterial identification through amplification because those
sequences are highly conserved. Thus, providing strong and reliable
identification of bacterial taxonomy and phylogeny. **

In general, all these techniques take time, require sample preparation and
distinct reagents and equipment, and can be very costly. As a consequence,
there is an urgent demand for more rapid, cost-effective, and sensitive tests
which can identify whole bacteria in the field or at the point of-care,
bypassing multistep processing and purification.*® Moreover, due to the high
mortality of sepsis the prompt start of accurate antibiotic therapies will
depend on the ability to diagnose the specific species or strains of the
pathogens causing the infection. In the absence of a precise diagnosis, first
action taken by physicians is treating with broad-spectrum antibiotics, which
contributes to the development of antibiotic resistant bacteria. '**'%
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Moreover, as the mortality rate is very high, antibiotic treatments are started
early as prevention. Patients under antibiotic treatment present negative blood
cultures. This is counterproductive as the correct initial choice of antibiotic
therapy has been shown to save more lives than any other medical
intervention.*®?° In addition a study suggests that there is a 1 to 3 hours
diagnosis window from symptom-based sepsis identification to beginning of
antimicrobial treatment before the mortality increases.**® Another study
reported a 5-fold decrease in survival as a consequence of inappropriate
antibiotic treatment in the first 6 h after sepsis is diagnosed.***

In addition, the biomarkers on the list above (Table 1.2) and the
symptoms in Table 1.1 are commonly used to diagnose other syndromes or
diseases. Therefore, the corroboration of sepsis would be ideally done by
detecting more than one of the biomarkers on the list (Table 1.2) by
laboratory analysis. This way, detection of several biomarkers compatible
with sepsis diagnosis puts the doctors closer to an accurate diagnostic.
However, this commonly also requires many tests at the working laboratory
and high volumes of blood, urine, or sputum samples. In view of that no
single biomarker can solely effectively triage septic patients, many
researchers have reported attempts to use several biomarkers in order to
better identify the condition and the degree of severity. Comparison of novel
and routinely used biomarkers of sepsis alone and in combination was done
by Kofoed et al. in 2007. **2 They concluded that combining information
from different biomarkers (three to six) gives more accurate diagnosis for
detection of bacterial versus non-bacterial systemic inflammation than any
biomarker alone. A few years later a study of combined score of pro- and
anti-inflammatory interleukins improved the prediction of severe sepsis.*®
They used a commercial multiplexed immunoassay that determined that IL-6,
IL-8, IL-10 and monocyte chemoattractant protein-1 (MCP-1) levels in
plasma were higher in the death patients. They found that IL-10 was
especially higher than the rest.

As a conclusion, we can foresee that multiplex traceability of certain
biomarkers is very suitable for achieving a correct diagnosis of patients
suffering from sepsis. Also, there is an important need of not only diagnosing
the presence of sepsis but also to prompt and precisely identify the etiological
agents that cause the infection.
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1.5.2 Commercially available systems for Sepsis

diagnosis

As regards to all the above mentioned, the development of a compact
device which could monitor the most specific sepsis biomarkers and ideally
identify the infectious agent would be very useful in the clinical settings.
Especially, a POC platform which can move the diagnosis out of the classical
analytical laboratory would be very valuable. This device may easily triage
patients with an inflammatory process or with sepsis and also would be able
to monitor septic patients along the disease process until their recovery. It
might be used by medical professionals in hospitals and clinics like
emergency rooms and Critical/Intensive care units, and in ambulatory care
(out-patient and doctor’s offices). For example, in emergency rooms it could
rapidly and accurately diagnose sepsis and, therefore, reduce the patient
length of stay. In ICU units it would enable an improved patient monitoring
and its response to treatments. Finally, in ambulatory care units, it would
enable a more efficient screening.

This opportunity has been seen by some companies which have invested
in the development of diagnostic platforms focused on sepsis (or not
specifically but might be applied to, see Table 1.3).
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Table 1.3: List of some current commercial technologies that can compete with a new POC
device for sepsis diagnosis.

Name of the technology and relevant features

Alere TRIAGE
e 18 immunoassays (cardiac biomarkers, e o
certain microorganism, drug screening) in /\ S
one platform = he
e Results in 20 min O N
=3

e Possible to use with blood, plasma or
urine

Abbott - i-Stat
e 3 stepsrequired for measurements

e Measurement of metabolites, blood gases,
B-hCG and other coagulation and cardiac
markers

e Requires 100 pL of blood, plasma or
serum

e Supports electronic medical records
(EMR) connectivity and can store up to
5000 profiles

Radiometer AQT90 Flex
e Quantitative results in 11-21 min
e CRP, PCT, troponin and D-dimer tests
e Upto 30 samples/hour

Samsung LABGEO IB-10
e Portable and battery-powered
e Resultsin 20 min in an automatic device

e Up to three tests like troponin, D-dimer,
TSH or -hCG.

Biocartis Idylla

e real-time PCR based molecular diagnosis -
system

e RNA and DNA analysis )

e 2-150 min hands-in results — —

Magicplex™ Sepsis Real-time Test - Seegene

e Screening for 90 pathogens '—

e Gram +/- bacteria and fungi and Drug -—
resistance B =

e 3 hours analysis
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1.5.3 Sepsis diagnosis in the frame of RAIS H2020 project

The diagnosis and management of Sepsis is a critical area where fast and
accurate results can translate into life changing health outcomes for
individuals. In view of this the development of a POC platform to diagnose
sepsis was proposed within the frame of the RAIS H2020 European project
(RAIS: Scalable, point-of-care and label-free microarray platform for rapid
detection of Sepsis, Reference: 644956).

The overall aim of RAIS was to develop a new fully integrated point-of-
care label-free microarray platform and validate it for quantifying levels of
specific Sepsis’ biomarkers. The approach uses a novel interferometric
technique ultimately capable of providing very large arrays of tests. The
specific objectives and activities included:

- Development of an optical POC microarray reader based on a novel
design that combines interferometric lens-free microscopy and a
complementary metal-oxide—semiconductor (CMOS) sensor for
image sensing and analysis in high-throughput, label-free, rapid and
sensitive conditions. The POC platform is reviewed more in detail in
Chapter 3.

- A microarray plate, integrated in a proper microfluidic cartridge,
consisting of a transparent slide with a novel nanostructured surface
geometry to increase the detection sensitivity and covered by specific
receptors to capture biomarkers;

- their integration in a portable and battery powered label-free
microarray platform potentially capable of measuring more than 1
million of targets simultaneously.

The overall objective was the development of a technology to be capable
to detect micro-ribonucleic acids (microRNAS), bacteria, and specific protein
biomarkers associated to Sepsis using a few microliters of serum or plasma
samples, in a concentration as low as pg/mL, within 30 minutes (sample to
result) and at a cost per patient of less than 50€. Achieving such goal would
put patients on the right treatment more rapidly, potentially reducing the
Sepsis mortality rate of more than 70%, with estimated cost savings of more
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than €10 billion per year as a consequence of shorter hospital stays, reduced
use of unnecessary drugs and lower associated insurance bills. Figure 1.10
shows a self-explicative scheme of the project and the partners involved in it.

The Nanobiosensors and Bioanalytical Applications research group at
the Catalan Institute of Nanoscience and Nanotechnology (ICN2) has
expertise in the field of biofunctionalization of surfaces and biosensors
development. Therefore, the main tasks assigned within the project were:

Optimization of the biofunctionalization protocol for each biomarker
proposed in the project for its evaluation directly in human samples.
Full analytical evaluation of the new microarray device for each
selected biomarker using spiked analytes in plasma.

Establishing calibration curves, calibration standards and complete
assay for the new microarray device.

Evaluation of the diagnostic performance of the microarray device for
each biomarker in patients' samples.

In this Doctoral thesis we have included the main results achieved for
protein and bacterial biomarkers.

A

Low-cost
< 30 minutes
Sepsis diagnostic

Disposable cartridge

Patented optical reader

Patient blood + Software

B
- ICFO’ nicecr

|é..2[9 mompon  foe E:’}I:;dﬂemn oL trmeah
wemacams ) ThermoFisher ———pe—mm—— :
memm EIOHW SemersY SicroTEC pécuen’r

Figure 1.10: A: Scheme of the RAIS project. B: Logo of the partners involved in the project.

33



34



Chapter 2
Materials and Methods

In this chapter the materials and methodology used along this thesis are
explained. First, a detailed explanation of the components of the optical POC
device is provided, followed by the fabrication protocol of the nanoplasmonic
substrates employed. After, a list of all the chemical reagents, buffer and
biological compounds is included. In addition, we include all the
biofunctionalization protocols tested in this thesis and, finally, a description
of the assays developed for the detection and quantification of sepsis protein
biomarkers and bacteria is also included.
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2. Materials and Methods

2.1 Optical POC device

The optical POC device employed in this thesis is based on a novel
interferometric lens-free microscopy design and consists of three main parts:
the light source, the optical components and the electronics. The light source
is an external LED fiber which spectrally overlaps the transmission peak
(A=660 nm) of the custom-designed gold nanoplasmonic chips used as
sensing substrate, which are based on gold nanohole arrays (Au-NHA,
detailed below). The device can work with glass substrates, in which case,
the light source is an LED block containing high-power LEDs coherently
coupled into a single multimode fiber. This LED block is from Thorlabs
(USA) and contained three LEDs at 455 nm (blue), 530 nm (green) and 625
nm (red), respectively. The optical assembly comprises optical elements that
are mounted to facilitate a vertical optical axis. First, the fiber-coupled light
is collimated using a parabolic mirror to enable uniform illumination over the
field-of-view (FOV) (See Figure 2.1). The collimated and coherent light
beam passes through the microarray plate mounted on the sample holder,
which is sandwiched between two sets of orthogonal polarizers and Savart
plate (SP) pairs, and terminates at the CMOS read-out sensor (area = 4.2x5.7
mm?). Whereas all optical elements are fixed to the optical column, the top
SP holder can be tilted in the z-direction. A step motor, whose rotation axis is
shared by a leveler with uneven radius, is used to push one side of the SP
holder to generate precisely controlled tilt angles of up to +2°.1%
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Figure 2.1: Schematic representation of the optical components in the POC device. The
design includes a LED light source (not shown), a fiber collimator (not shown), a polarizer
(1), two SP plates and a second polarizer (2). The sample is placed between the two SP. The
output light beam is recorded by a CMQOS sensor.

211 Nanoplasmonic sensor chip fabrication

During the project progress, nanoplasmonic chips based on gold
nanohole arrays (Au-NHAs) were found to be the optimal configuration as
sensing chips. The chips were provided by our collaborators from Ecole
Polytechnique Fédérale de Lausanne (EPFL) (Switzerland) responsible for
their design and fabrication at their cleanroom facilities. Wafer-scale, high-
throughput nanofabrication techniques on a robust transparent substrate
(Radio Corporation of America-cleaned 4-inch fused silica wafers of 500 pm
of thickness) in a single lithography step were used. Using an e-beam
evaporator (Alliance-Concept EVA 760, Cran Gevrier, France), 10 nm
titanium and 120 nm gold layers were evaporated. The nanohole arrays (200
nm diameter and 600 nm period) were patterned using a 248 nm deep
ultraviolet stepper (ASML PAS 5500/300 DUV, Veldhoven, Netherlands).
After resist development, the nanohole arrays are transferred into the Ti/Au
layer using an ion beam etching tool (Oxford Instruments PlasmalLab 300
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IBE, Abingdon, UK). The resist on the surface is removed using oxygen
plasma cleaning. Finally, after coating with a layer of photoresist to protect
the sensor surface, the 4-inch wafer is diced into 1 cm? chips. The resist layer
on the chips is removed by a remover solvent followed by an oxygen plasma
exposure to ensure a uniformly clean sensor surface. For more details see
Yesilkoy et al. 2018.*

21.2 Signal processing and Data analysis

The OPD (optical path difference) signal over the whole FOV was
measured with custom-made software written in Python by our collaborators
at ICFO (Barcelona, Spain), which rendered intensity mapping images of the
arrayed surfaces. This software also controls the POC. Then, the accurate
OPD signal quantification and data statistics extraction of routine microarray
analysis was calculated with a custom-made acquisition software developed
in LabVIEW 2011 (National Instruments, USA) by Trinean NV (Ghent,
Belgium). OPDyqa values for bacteria determination were calculated with a
software written in Python by our research group. Data analysis was carried
out using GraphPad Prism 7 software (San Diego, CA, US).

In the “Preliminary considerations” (section 4.2) OPD values were
estimated from the recorded images using the software ImageJ (NIH Image)
whereas in the other sections of the chapter the OPD was estimated with the
custom-made measuring software.

2.1.3 Characterization of the POC for sensor

measurements

SiO, calibrating plate

Transparent fused silica chips and Au-NHA chips were patterned to
create microarrays of SiO, layers. These chips were prepared and provided
by our collaborators at EPFL (Switzerland). More detailed information can
be found in Yesilkoy et al. 2018.1** Briefly, a single-step lithography was
performed. After resist development, various thin SiO, layers (1.5, 2.5, 5 and
10 nm) were evaporated on both Au-NHA chips and the corresponding
transparent control substrates using an e-beam evaporator (Alliance-Concept
EVA 760). Finally, a lift-off process in resist remover solvent was applied,
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leaving a microarray of circular SiO; thin-film patterns. Chips with each SiO,
thickness were prepared twice for both glass and Au-NHA substrates. OPD
signal produced by SiO, spots was measured with the POC system.
Sensitivity on different refractive indexes media

An Au-NHA chip with a high OPD signal intensity microarray was
assembled in a microfluidic cartridge designed and fabricated in Poly(methyl
methacrylate) (PMMA) by MicroTEC (Germany). The microfluidic cartridge
was custom designed for fitting a 1cm? Au-NHA chips. It contained an inlet
and outlet apertures were tubes were connected to flow different solutions. A
LED light source with emission at 880 nm was coupled in the POC for
analysis in aqueous solutions. MilliQ water and PBS buffer were flown
through the assembled microfluidics and the OPD signal was measured.

2.2 Fabrication of Microarrays with Dip-pen

Nanolithography

The Dip-pen Nanolitography spotter Nano eNabler™ from BioForce
Nanosciences (Utah, USA) was used for the generation of microarrays. Two
different surface patterning tools (SPT), 30R and 60R from BioForce
Nanosciences (Utah, USA) were used to generate spots of different sizes.
SPTs were always treated in O, plasma chamber for 2 min (0.5 mbar, 99%
power, 120 s) before use. Different protein or buffer solutions were spotted
on the surface at high humidity conditions (75-80% Relative Humidity).
Upon optimized conditions creating an 8x8 microarray takes around 3 min.

2.3 Chemical and Biological Reagents

2.3.1 Chemical Reagents and Buffers Composition

Most of the salts and chemical reagents for preparation of buffers and
biofunctionalization protocols were purchased at Sigma-Aldrich (Germany):
alkanethiols for SAM formation (16-mercaptohexadecanoic acid (MHDA),
reagents for carboxylic group activation (1-ethyl-3(3-
dimethylaminopropyl)carbodiimide  hydrochloride  (EDC) and  N-
hydroxysulfosuccinimide (sulfo-NHS)), Tween 20, bovine serum albumin
(BSA), glycerol.
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Several buffers were used either for functionalization or target analysis:
PBS 10 mM (10 mM phosphate, 137 mM NaCl and 2.7 mM KCI, pH 7.4),
PBST (PBS buffer + 0.5% Tween 20, MES buffer (0.1 M, pH 5.4) and.
MilliQ water from Millipore (USA) was always employed to prepare them.

Ethanol and acetone were purchased to Panreac (Spain). EZ-Link™
HPDP-Biotin (HPDP) was purchased to Fisher Scientific (Spain). Antibodies
were biotinylated with the commercial kit Lighting Link® Rapid Biotin Type
B from Antibody BC (Spain). Skim milk powder from Fluka- Fisher
Scientific (Spain). Pooled Normal Human Plasma was purchased to
Innovative research (USA).

2.3.2 Biological compounds

Streptavidin (SA) and NeutrAvidin (NA) were purchased to Sigma-
Aldrich (Germany). Three different anti-CRP monoclonal antibodies were
used: C183 and C196 were kindly provided by DIESSE Diagnostica Senese
S.p.a. (Italy) whereas C7 was acquired from HyTest Ltd. (Finland). Anti-PCT
antibodies (QNO5 and 03-1C2) and PCT were kindly provided by Brahms-
ThermoFisher (Germany). Anti-IL-6 monoclonal antibody was acquired to
Fisher Scientific (Spain). CRP was provided by BBI solutions (United
Kingdom) and IL-6 by Abyntek Biopharma (Spain). Anti P. aeruginosa
polyclonal antibody ab68538 (anti-Pae) and anti E. coli O + E. coli K
polyclonal antibody ab31499 (anti-Ec) were purchased to Abcam (United
Kingdom).

Lyophilized bacterial pellets of P. aeruginosa (ATCC 27853) (Pae) and E.
coli (ATCC 8739) (Ec) were acquired from ieLab (Spain). The bacterial
pellets were reconstituted in pure water according to the recommendations of
the manufacturer. The concentration of each solution is certified by
accredited laboratories conforming to internationally recognize standards.
The bacterial solutions were aliquoted and stored at -20°C until needed.
Before use, aliquots were centrifuge at 7500 rpm for 10 min at 4°C. The
supernatant was discarded and the pellet was suspended in PBST.
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2.4 Biofunctionalization Strategies

241 Glass surface functionalization by dip-pen
nanolithography

The silanized microscope glass slides (Nexterion Slide E for epoxy and
3D Hydrogel Coating Slide H modified with NHS esters) were purchased to
SCHOTT (Jena, Germany). Glass surfaces were spotted with 500 pg/mL
solution of C7 anti-CRP antibodies in PBS buffer. Incubation at 4° was done
in a common fridge while incubation at 37° was carried out in an incubator.
Visualization of the microarrays was done using the POC reader with the
LED block.

2.4.2 Gold surface functionalization by dip-pen
nanolithography

Gold chips (1 cm?) for control experiments were prepared at our
facilities by electron beam deposition (1 A/s) of 1 nm of titanium and 7 or
120 nm of gold layers with ATC-8E Orion from AJA International Inc
(USA). Then, these gold-coated glass chips were cleaned by consecutively
immersion in acetone, ethanol, and MilliQ water and sonication for one min.
The chips were dried with N, and placed in the holder of the Nano eNabler™
for the microarray printing.

Nanoplasmonic chips were cleaned by immersion for 10 s in a 2 min
activated piranha solution (H,SO4:H,0;, 3:1). Then they were placed in UV
Ozone Cleaner-ProCleaner™ for 30 min. After this, the chips were immersed
in MilliQ water for 30 min. The dried chips were then biofunctionalized
following different strategies, as detailed below.

2.4.2.1 Direct antibody binding through adsorption

Direct adsorption of IgGs: an anti-CRP solution at 250 pg/mL dissolved
in PBS buffer (with 5% glycerol) was used to generate the microarrays. After
spotting, an incubation step for 2 h at room temperature (RT) was done and
then, the chips were rinsed with MilliQ water and dried with Ns.
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2.4.2.2 Antibody binding through Protein G orientation

Protein G was attached to the surface via adsorption or through a
previously created SAM.

Protein G adsorption was done by creating a microarray of Protein G
at 500 pg/mL dissolved in PBS buffer (10 mM, pH 7.4 and 5% glycerol).
After deposition, an incubation step of 2 h at RT was done. Then, the chips
were rinsed with MilliQ water and dried with N,. BSA (1%) solution was
incubated for 1 h to block the sensor surface. An antibody solution (250
pg/mL in PBS buffer) was added to the whole sensor surface and incubated
for 1 h at RT. The chips were rinsed with MilliQ water and dried with N,
again.

Binding of Protein G through a SAM was done, firstly, by immersing
the chips in a 250 uM 16-mercaptohexadecanoic acid (MHDA) solution and
kept overnight at RT. Then, chips were rinsed with ethanol, MilliQ water and
dried with N, to remove excess of MHDA. After this, a solution of EDC (0.2
M) and sulfo-NHS (0.05 M) in MES buffer was added and incubated for 30-
40 min. After rinsing with water, a solution of Protein G (50 pg/mL in PBS)
was deposited over the chip and incubated for 1 h. After rinsing, the chip was
then placed in the Nano eNabler and arrays of antibody (250 pg/mL in PBS
buffer with 5% glycerol) were spotted.

2.4.2.3 Antibody binding through avidin/biotin interaction

Biotinylation of antibodies was done with the Lightning-Link® Rapid
mix according to the supplier. Briefly, every 10 pL of antibody solution (1
mg/mL) was mixed with 1 pL of LL Rapid Modifier reagent. Then the
mixture was added directly onto the vial with the lyophilized material. This
was gently mixed by withdrawing and redispensing the liquid using a pipette.
The vial was incubated for 15 min at RT. Finally, addition of 1 pL of LL
Rapid Quencher for every 10 pL of antibody solution was added to the mix.
The solution is ready after 5 min.

Biotinylated antibodies were attached to avidin-coated chips. The
avidin protein was attached to the surface through different ways: (i) direct
adsorption of SA or NA, (ii) binding to a SAM of HPDP-biotin and binding to
a SAM of SH-PEG-biotin either (iii) covering the whole surface or (iv)
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previously spotted in a microarray design.

Adsorption of SA or NA (i) was done by direct spotting of 250 pg/mL
solutions in PBS (with 5% glycerol). After deposition, an incubation step of 2
h at RT was followed. Then, the chips were rinsed with MilliQ water and
dried with N,. Later, biotinylated antibodies (250 pug/mL in PBS buffer) were
incubated at RT for 1 h. The chips were rinsed with MilliQ water and dried
with N, again.

For binding through a SAM of HPDP-biotin (ii), first, a layer of
HPDP-biotin (1 mM in ethanol incubated overnight) was formed covering the
whole surface of the chip. Then, a layer of avidin (SA or NA at 100 pg/mL in
PBS buffer) was added and incubated at RT for 1 h. Finally, biotinylated
antibodies (250 pg/mL in PBS buffer) were directly spotted in order to
achieve the microarray pattern.

A continuous SAM of SH-PEG-biotin (iii) was obtained after
incubation of a 1 mM solution in ethanol overnight. Then, SA was spotted at
500 pg/mL (in PBS buffer with 5% glycerol). Finally, biotinylated antibodies
(250 pg/mL in PBS buffer) with the commercial kit Lightning-Link® Rapid
Biotin Conjugation Kit (Type B*) from Expedeon (San Diego, California,
US) were incubated during 1h.

Conversely, SH-PEG-biotin dissolved in PBS (with glycerol 5%) was
spotted to generate a microarray-based SAM (iv). After overnight incubation,
a solution of BSA (1% in MilliQ water) was added for 1 h to block remaining
areas. Then, SA (100 pg/mL) was added and incubated for 1 hour. Finally,
biotinylated antibodies (250 pg/mL in PBS buffer and biotinilation reagents)
were incubated during 1h.

2.5 Immunoassays for protein biomarkers and bacteria
(Chapters 5 and 6)

2.5.1 Calibration curves
Au-NHA chips were cleaned by immersion for 10 s in 2-minutes-activated
piranha solution (H,SO4:H,0,, 3:1). After rinsing and drying, they were
placed in the UV Ozone Cleaner-ProCleaner™ for 30 min. After this, the
chips were immersed in MilliQ water for 30 min. Then, Protein G (500
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pg/mL in PBS buffer with 5% glycerol) were spotted on the chips and
incubated for 2 h. A BSA solution (1% in MilliQ water) was added to the
whole surface and incubated at RT for 1 h to block remaining gold areas.
Specific antibodies (250 pg/mL for anti-CRP , anti-1I-6 and anti-PCT and
500 pg/mL for anti-Pae and anti-Ec) were incubated for 1 h also at RT.
Finally, several concentrations of CRP, IL-6, PCT or bacteria (10 pL of
incubation volume in PBS buffer or in diluted plasma) were analysed in order
to generate the calibration curves. Incubation time was fixed at 30 min.
Between each step a rinsing with PBS and MilliQ water and drying with N,
was performed. OPD signals were recorded with the same custom-made
acquisition software as in previous chapter.

2.5.2 Hospital samples and clinical validation

The patient’s samples used in the validation analysis were previously
collected to constitute the Sepsis Bank, a large collection of samples handled
by the Biobank Unit at the Vall d'Hebron Barcelona Campus (Vall d'Hebron
University Hospital/Vall d'Hebron Research Institute (VHIR)). Informed
consent was obtained from all blood donors (healthy donors, SIRS patients as
well as sepsis patients) and the protocol had previously been approved by the
Clinical Research Ethics Committee of the Hospital with reference number
PR(AG)11/2006. The Sepsis Bank was set up in the context of the H2020
RAIS project; accordingly, all data was protected in accordance with the EU
Data Protection Directive 95/46/EC ““on the protection of individuals with
regard to the processing of personal data and on the free movement of such
data”. Specifically, all samples and related clinical data were anonymized,
and no personally identifiable data has ever been included in any dataset
transmitted outside of VHIR.

Four different microarrays of antibodies (8x8 each one) were printed on 1
cm? and marked with hydrophobic pen to be able to study 4 samples
simultaneously. Patient plasma samples (200 pL) were diluted at 25 or 50%
in PBS or PBST, respectively. Then, 10 uL of each sample were incubated
with the microarrays during 30 min at RT. The chip was then rinsed with
PBS buffer and MilliQ water and finally dried with N,. The calculated
concentration was achieved by interpolation from the corresponding
calibration curve.
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Chapter 3

Nanophotonic microarray-based
biosensor

Given the novelty of the nanophotonic biosensor employed in this thesis,
this chapter is dedicated to an in-deep explanation of the optical principles
behind this new technology. The optical system used for evaluating in a
microarray format with nanoplasmonic chips is described in detail. In
addition, experiments performed to test the technology for biosensing
applications are also included. Finally, an extended study to find the optimal
conditions to create microarrays on the nanoplasmonics sensor surface is also
described.
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3. Nanophotonic microarray-based biosensor

3.1 POC nanophotonic biosensor

Light microscopes are devices used to enlarge images by using visible
light and lenses. When a sample is illuminated by a light beam it introduces
changes in the final illumination. These changes can be associated to optical
effects such as absorption, reflection, scattering or their combination.
Interaction of light waves with other media different than vacuum produces
changes in the wave amplitude and phase. This depends on the properties of
the medium where the light travels through. Modifications in amplitude
(brightness) are due to scattering and absorption of light. Human eye is only
sensitive to amplitude variations, thus, phase changes are often invisible.
Samples containing small objects such as cells or biomolecules often do not
produce enough changes in the light to be detected, appearing therefore as
invisible. Microscopes that measure phase-shifts (or optical path differences,
OPD) arose as a solution for allowing transparent objects (to human eye) to
be visible.

Current microscopes that exploit phase shifts are phase-contrast,
holographic **** and differential-interference contrast (DIC)**° microscopes
(see Figure 3.1). They offer high sensitivity and resolution to transparent
samples but with a limited field-of-view (FOV) (typically less than 0.2 mm?)
and depth-of-field (DOF) as the light beam is focused on the sample.**

135,136

During last years, many efforts have been made towards the development
of lens-free microscopes (LFMs) in order to reduce the size of the
microscope and to enlarge the FOV and DOF. This is done by using
unfocused light beams and a photosensitive detector such as a CMOS or a
charge-coupled (CCD) camera.** %
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Figure 3.1: Scheme of the optical components of microscopes that exploit phase shifts to
build the image. Examples of images achieved with these microscopes are included too.**®
150 A:Phase-contrast microscopy. B: Digital holographic microscopy. C: Differential-
interference contrast (DIC) microscopy.

Recently, a new large-FOV interferometric microscope (LIM) which
measures phase-shifts was presented.™ It has a novel design that combines
DIC, LFM and phase-shifting interferometry (PSI) in an unique manner that
makes possible to achieve 20 mm?as FOV, 30 mm as DOF, axial sensitivity
of OPD < 1 nm and 35 um as lateral resolution. The design includes a light
emitting diode (LED) as light source, a fiber collimator, two polarizers, two
SP and a CMOS sensor (Figure 3.2A). SP are composed of two birefringent
crystals, which act differently on a light beam depending on its
polarization.™ The two SP are located between crossed polarizers to create a
balanced Mach-Zehnder interferometer of partially overlapping and sheared
beams with orthogonal polarizations. No lenses are required for refocusing
the sheared beams with orthogonal polarization as it happens in conventional
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DIC microscopes. This is what allows high axial sensitivity and large FOV.

If a sample is located between the SP and introduces any RI change that
affects the sheared beams it will lead to a detectable OPD by transforming
the phase-shift into intensity (Figure 3.2B). The interferometric pattern
created over the full FOV of the camera is recorded by the CMOS camera.
This information is sent to a connected computer which creates an “image or
a picture” that contains the OPD pattern over the FOV. A holographic image
of the surface of the sample is achieved by using a surface reconstruction
program which uses deconvolution algorithms. Thus, local deviations in the
thickness (i.e. in the RI), such as biomolecules attached to the sensor surface,
can be tracked by a camera and then processed by an algorithm to extract the
OPD. The algorithm isolates each spot and its surroundings and calculates the
difference between the maximum and the minimum phase-shift values found
in that area, rendering the final OPD value for each spot. With this approach
the topography of the analysed surface, with thickness variations in the
nanometre range, can be measured and quantified.

A Collimated light beam B
25 um
Polarizer 1 I I I | |
Vi e
Savart Plate 1 7 [ z 7 [ = — [ = =f
A -
SAMPLE vy /
. | 4
1 g 2
Savart Plate 2 H H : . . .
v Yy v Vv v Vv
| a9;=0 AD=+ D AD=+ O

Polarizer 2

CcmMos

Figure 3.2: A: Scheme of the optical device. The design includes a LED light source (not
shown), a fiber collimator (not shown), a polarizer (1), two Savart plates and a second
polarizer (2). The sample is placed between the two Savart plates. The outcome light beam is
recorded by a CMOS sensor. B: Principle of detection of the OPDs in transparent
samples using the phase-sensitive microscope. In the LIM, two polarized beams are
symmetrically sheared by a distance of 25 pm. Depending on the RI on the surface, the
resulting phase-shifts (OPDs) will be larger or smaller, resulting in more or less intense
signals. ®= Phase-shift.
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As detailed in the Materials and Methods, all the optical elements are
fixed to the optical column; however, the top SP holder can be tilted in the z-
direction to generate precisely controlled tilt angles. During the measurement
(which takes around 1 min) the SP is being tilted creating different angles of
incidence (screening of ) of the input beam incident which leads to a larger
difference in OPD, therefore, there is a higher sensitivity to OPD changes and
a lower threshold for detection. The relative change in OPD measured by the
LIM is calculated with the following equation (Equation 3.1):

Agppoot [(ﬂ) 9] (3.1)

2 2
ng+ng

where t is the thickness of the SP, and n, and n. are the refractive indexes
that go through each split light beam formed by the SP.**!

The potential of the LIM for the detection of changes in the RI was
previously assessed with three different kind of experiments performed on
transparent substrates.'>® First a ribbon made of transparent indium tin oxide
(10 nm thick, 0.5 mm wide and 7 mm long) was deposited on a glass
substrate. Upon current injection in the ribbon a clear signal was detected due
to thermooptics effect (increase in the local refractive index and the glass
beneath) (see Figure 3.3A). The more current applied, the larger the local
refractive index change, thus, a larger signal is recorded. Secondly, a set of
silica substrates were patterned with ultrathin silica (SiO, layers of 2 and 5
nm). The pattern was visible with the LIM (Figure 3.3B) and the heights
matched with the ones evaluated by AFM for comparison. Finally, a glass
substrate was patterned with two samples: one with a BSA solution and the
other with BSA incubated with anti-BSA antibodies. Both monolayer (only
BSA) and bilayer (BSA + 1gG) were covalently attached to the glass surface
and clearly detected by the LIM (Figure 3.3C). Moreover, the OPD signal
for the bilayer was larger than for the monolayer, which exemplifies the
potential of the developed LIM to perform analysis in a label-free scheme.
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Figure 3.3: Detection of transparent patterns with the LIM. A: transparent indium tin oxide
(ITO) ribbon. B: SiO, silica patterns. C: mono and bilayer of biomolecules. Figure extracted

from ¢,

To improve the usability and feasibility as user-friendly analytical device,
miniaturization of the novel LIM and its integration with cheaper components
was done within the European RAIS project. A smaller and more compact
device (20 x 14 x 23 cm, Figure 3.4A) was achieved, thus, making possible
its use as a truly point-of-care platform. The improved LIM contains an
external LED (Figure 3.4B) and a holder to introduce the samples (Figure

3.4C).
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23 cm

_—

Figure 3.4: Pictures of the POC biosensor (and its external components. A: The POC device
is a black box with a robust armour; B: external LED light source (660 nm); C: Holder that
can carry 1 cm?and 2 cm? chips.

The optical principle of the LIM/POC device (i.e. each point of one of the
sheared beams interferes with the corresponding other sheared beam point)
makes it the ideal candidate for the measurement of periodic patterns with
dimensions equal or larger than the shear distance (25 um). Due to this, the
POC biosensor was proposed to be used as a label-free microarray reader for
biomarker detection.

3.2 Custom-designed nanoplasmonic structures for

signal enhancement

The POC biosensor can operate with substrates that transmit light at the
specific wavelength of the LED light source coupled. Initial tests*>* showed
the feasibility of label-free measurements with the POC device using
conventional glass substrates. However, also within the RAIS European
project, a metal nanoplasmonic plate was specifically designed by the
collaborators in EPFL to enhance the phase shifts (i.e. the sensitivity) of the
device.**

The nanoplasmonic plate was designed and fabricated to operate in
transmission mode under normal incidence of light to amplify the
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interference of the detection and reference signals. Periodically-ordered sub-
wavelength nanohole arrays (NHAs) were chosen due to their high
transmission efficiency at narrow wavelength range (EOT effect), their
tuneable optical properties, and the possibility to be fabricated using large-
area, low-cost, high-throughput nanofabrication methods. Under normal
circumstances a light beam would not cross a subwavelength aperture,
however, due to the coupling of light with plasmons and the presence of
constructive interferences on the surface of the periodically patterned
metallic film, light is transmitted through the substrate.®” 3

In these plasmonic nanostructures, geometrical parameters (i.e. symmetry
and periodicity of the nanohole, nanohole diameter and metal film thickness)
are crucial parameters to be tuned in order to maximize the transmission and
enhancement of OPD. After numerical simulations and experimental trials,
arrays with 200 nm diameter nanoholes with a 600 nm period (Figure 3.5C)
were selected. These parameters fit to a maximum transmission around 660
nm in air, and therefore, an LED light source at that wavelength was coupled
to the POC device. The sensitivity of the POC device with these
nanostructures was numerically estimated as 5-10* nm per Refractive Index
Unit (RIU).2** When comparing this sensitivity with other photonic devices
(see Table 3.1) we observe that although not being the most sensitive sensor,
it could be useful for some biosensing applications as other sensor systems
like grating couplers or photonic crystals based devices, which work within
the same sensitivity range. In addition, the main advantage of the LIM
technology over the others ones is the high-throughput capabilities that can
be easily implemented (up to thousands of interaction spots).

An important feature of the nanoplasmonic chips is the geometrical lattice
arrangement of the nanoholes. Two lattices, hexagonal and squared, were
tested. Both have similar sensitivities for similar resonance wavelengths.™
Squared gold-NHAs are produced by a Deep Ultra-Violet lithography
(DUVL)™ technique while the hexagonal gold-NHAs are done by Talbot
lithography.**>**® Initially, sensor chips produced by Talbot lithography did
not reach a hole size below 200 nm, so there was a strong direct transmission
through the holes widening the resonance peak (Figure 3.5D). On the
contrary, as the resolution of the DUVL was improved, it was possible to
fabricate smaller holes and the resonance was more uniform, shrinking the
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transmission peak. Further optimization of the Talbot process allowed the
production of square lattices and smaller holes, resulting in sharper
resonances. Although hexagonal lattice seems to be more sensitive (i.e. they
generate larger phase-shifts™), due to fabrication process optimization, it
was decided to continue working with sensor chips fabricated withthe
squared lattice by the DUVL technique.

Figure 3.5A,B,C shows AFM pictures of the nanoplasmonic chips with
both geometrical arrangements. As can be seen in Figure 3.5D, the
transmission spectrum of squared lattice is sharper than the hexagonal one at
660 nm.

Table 3.1: Sensitivity of the most common photonic biosensors.

LIMIT OF
TRANSDUCER DETECTI(Z)N BULK S(';:{I\IIISJ')TIVITY REFERENCE
(PG/MM )
Surface Plasmon 01-5 10'5 _ 10-7 157
Resonance (SPR&LSPR)
SPR imaging 1 10'6 74
q _ -4 -6 158
Grating couplers 0.3-5 10°-10
Mach-Zehnder 0.01-0.06 10'7 _ 10'3 159,160
Interferometer
Bimodal Waveguide 0.01 10'7 _ 10-8 161
Interferometer
Young Interferometer 0.013-0.75 10'8 _ 10'9 162,163
: : ; -5 iz 164-167
Microring resonators 1-3 10" -10
i - -4 -5 17
Photonic Crystals 0.4-7.5 10%-10

56



15.6 nm
10.0

5.0

0.0
-5.0
-10.0
-15.0
-233

D
31 nm 144 nm —_
L I B ) 10.0 E
0 - '§1.o-
-20 ® ® 0 - 0.0 % 08
E
. -5.0 3 0.6
=60 Ll L -100 E o)
g -15.0 3
' . .1 "". s 021 ~—— Squared
-122 -24.6 Eof- . . = He'xagonal
Z 55 600 650 700 750 800

Wavelength (nm)

Figure 3.5: AFM pictures of the two types of nanoholes pattern arrangement. A: Hexagonal
lattice. B: Squared lattice. C: Nanohole detail. D: Transmission spectra of hexagonal and
squared lattice nanohole plasmonic plates.

As mentioned in the introduction, nanoholes are highly sensitive to surface
conditions due to their highly confined local electromagnetic fields, which
strongly interact with the surrounding medium. As pointed in equation [3.1],
OPD depends on the RI of the medium where the light is being transmitted.
The transmission maximum peak appears at 660 nm when the light goes
through air (RI=1), that is, dry conditions. If the plasmonic plate is placed in
a medium with a higher RI, the transmission peak will be displaced to higher
wavelengths. We can observe in Figure 3.6 how the transmission peak
appears around 880 nm when measuring in aqueous media (Rl = 1.33).
Therefore, measurements in aqueous media require a change in the employed
LED to meet this wavelength maximum.
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Figure 3.6: Transmission spectrum of the squared-lattice NHA chips in air/dry (orange,
R1=1) and in water/wet (blue, R1=1.33).

Finally, some examples of the OPD intensity pattern images generated
with the LIM are showed in Figure 3.7. Orange/black scaled images
correspond to the first software developed for the initial design of LIM, while
full colour scale was displayed with the software generated for the optimized
LIM (POC-based design). Preliminary studies were done with the first
software and the first version of LIM until the final POC version was
delivered during the execution of the European project. All the images
contain the same type of information, being the colour scales the only
difference.

Figure 3.7: OPD intensity pattern images generated with:
A: First version of the LIM and B: POC version of the LIM.
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3.3 Characterization of the POC for biosensing

applications

In the following section, those preliminary experiments done to test and
characterize the POC technology and its sensing application are described.

3.3.1 Signal enhancement due to the Nanoplasmonic chip

In order to evaluate the real enhancement produced by the nanoplasmonic
nanostructures, the wafer was diced in 1 cm? chips (Au-NHA) and different
thicknesses (1.5, 2.5, 5 and 10 nm) of SiO, were evaporated in a microarray-
based design (i.e. mimicking the spotting of few pm area). Also, 1 cm? glass
chips were also coated with SiO, with the same pattern and thickness layers.

Two examples of the OPD colour code maps generated by 5 and 10 nm
thickness layer, respectively, are shown in Figure 3.8A. Visually the SiO,
spots evaporated over the Au-NHA chip are more intense than the ones
generated only on the glass surface. The OPD in air (dry) was recorded in
both substrates and the results were plotted (See Figure 3.8B). The OPD
signal recorded for the same thickness of SiO, was ten times larger for the
Au-NHA chip than for the bare glass substrate. Therefore, the Au-NHA chips
were enhancing the OPD by one order of magnitude.
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Figure 3.8: Comparison of OPD signals on bare glass and on nanohole-patterned surfaces.
A: Colour code OPD maps for 6x6 microarrays of 5 and 10 nm SiO, layers on bare glass and
Au-NHA surfaces, respectively. B: Plot containing the OPD values for the different
thickness of SiO, over bare glass and Au-NHA surfaces, respectively .
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3.3.2 Influence of the evaluation medium

As the transmission spectrum of the Au-NHAS depends on the refractive
index of the surrounding media, evaluations in water and buffer were
performed in order to assess the feasibility of performing analysis without
drying the chip and, eventually, directly in complex media such as human
serum or plasma. An already spotted Au-NHA chip with a microarray with
high intensity OPD spots was assembled in the microfluidic cartridge
specifically designed (Figure 3.9C) which fits in a holder that contains an
inlet to inject the sample. The transmission spectrum shows experimentally
that when the RI is around ~ 1.33, the maximum transmission peak is shifted
to 880 nm (Figure 3.6), thus an LED light source with the appropriate
wavelength was assembled in the POC device. MilliQ water and PBS buffer
were flown through the assembled microfluidics and the OPD signals were
recorded. Figure 3.9A shows images of the same set of spots measured in air,
water and PBS buffer using the appropriate LED light. The average OPD of
these spots is summarized in Figure 3.9B. When the Au-NHA chips is in air
(R1=1.0) we can observe that the OPD signal intensity of the microarray
spots is larger (89.1+9.51) than when the spots are in aqueous media,
61.76+£10.01 for MilliQ water (R1=1.33299) and 54.78+6.31 in PBS buffer
(R1=1.33451).

A C

660 nm 880 nm IR AR
Air Water PBS buffer

Au-NHA chip

Ar V'::;: FEs bufler inlet -I L outlet
Figure 3.9: A: Colour code OPD maps obtained for the same microarray measured in air
(dry), MilliQ water and PBS buffer. Dry measurement was done with a LED light source
with emission at 660 nm while wet measurements were done with a LED emission at 880
nm. B: Numerical OPD values obtained in the different media. C: Picture of the designed
microfluidic cartridge.
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The decrease in the OPD signal in aqueous media can be understood by
equation [3.1] and with the scheme in Figure 3.10. The OPD depends on the
contrast/difference on the RI of the surface respect the surrounding media.
The sheared beam 1 crosses a protein layer (protein spot) whose refractive
index is commonly between 1.42 and 1.57. *®1° |n water (or PBS) the
surrounding media where the sheared beam 2 passes through, has a RI around
1.33, closer to the values of proteins than in air (RI=1.0) Therefore, the
difference is going to be always significantly lower (i.e. lower signal
intensity and thus, lower sensitivity). This is however an inherent
consequence of refractive index-based sensing because the difference in Rl is
going to be higher in air than in aqueous media, thus, more sensitive. Due to
this, it was preferred to test the performance of the POC device in air (dry
conditions).

Aqueous media Dry medium

2 1

vy Ve
AD,=+ O AD,=+O
OPD = ny-dy— ny-dy
AD, < AD,
Figure 3.10: Scheme explaining how the refractive index of the media where the reference

sheared beam 2 goes through affects the final OPD value and sensitivity of the measurement.
We consider that sheared beam 1 corresponds to the protein layer (spot).

3.3.3 POC device applied to biosensing

As described in the introduction, the developed POC was intended to be
used for clinical diagnosis, and, in particular, for the diagnosis of sepsis.
Having in mind all the aforementioned considerations and experimental
singularities, a biosensing procedure was designed (see Figure 3.11). First,
nanoplasmonic chips (Au-NHA fabricated in square lattice) were
biofunctionalized in a microarray designed (by means of a dip-pen
nanolithography printer), with specific antibodies that act as bioreceptors for
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sepsis biomarkers (Figure 3.11A). Then, the chip was inserted inside the
POC device which, after data processing, generates an OPD intensity image
pattern of the sensor surface (Figure 3.11B). The OPD value for each spot
containing the antibody alone is the OPD;, . After incubation with the sample
containing the analyte, change in the OPD (OPD,,) will occur as a result of
the specific biointeraction (Figure 3.11C). Finally, the difference (AOPD)
between OPD,, and OPD;, is calculated, and then, related with the biomarker
concentration (Figure 3.11D). Theoretically, each spot can be constituted by
different receptors, in such a way that many biomarkers can be analysed
simultaneously. Also, the same receptor can be used for several spots, in such
a way, the resultant signals can be averaged. This latter approach was
followed as the first step to assess the performance of the device during the
assay development (i.e. selection of the biofunctionalization strategy, study
of the reproducibility of the microarray generation, target detection and also
for the evaluation of the signal processing and the final sensitivity).
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Figure 3.11: Scheme showing the sequential steps involving the use of the POC for
biosensing. A: Biofunctionalization of the Au-NHA chips using a dip-pen nanolithography
molecular printer. A microarray image with different drops with a diameter of 55 um and a
SEM image of the nanoplasmonic chip are shown. B: Scheme of the POC with an Au-NHA
chip. C: Colour code OPD maps of the arrays generated after software processing. D:
Differences in the OPD (AOPD = OPD,, — OPD, ) in each spot with and without the target
can be related with the analyte (biomarker) concentration.
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3.4 Conclusions

In this chapter we have evaluated the novel POC device for its application
as a biosensor. The phase-shift signal enhancement produced by the custom-
designed nanoplasmonic plate has been evaluated. Upon testing SiO; patterns
over glass and the novel nanoplasmonic plate it was confirmed that the OPD
signal was increased by one order of magnitude. This improves the final
sensitivity of the device and makes it suitable for biosensing applications.

One important feature of the new nanoplasmonic plate is that the
maximum transmission peaks depends on the RI of the measuring media. We
observed that upon a RI of 1.0 (air, dry conditions) the maximum peak is
around 660 nm while when the RI is around 1.33 the peak is located at 880
nm. As protein layers have a RI of 1.42-1.57 we explored how the sensitivity
performs upon different media (air, MilliQ water and PBS buffer). As
expected from the optical configuration of the novel POC biosensor, a loss in
sensitivity is produced upon measuring in water due to the smaller
contrast/difference between the protein layer and the surrounding media. As a
consequence, and taking into account the reported 5-10 RIU sensitivity of
the POC device, we firstly decided to evaluate its performance as a biosensor.
Dry conditions would be tested in the following chapters as the contrast
would be higher, thus, better sensitivity will be achieved.

Finally, based on these findings, a protocol was stablished to use the POC
device as a biosensor for measuring biological samples. The procedure that
we will follow consists on creating microarrays with the specific antibodies
that act as bioreceptors for the selected biomarkers. The difference in the
OPD intensity image pattern between the antibody alone and after incubation
with the sample containing the analyte will be related with the biomarker
concentration.
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Chapter 4

Optimization of antibody
iImmobilization for biomarker
detection

In this Chapter, the best strategy to immobilize the bioreceptors that will
further recognise the selected biomarkers for fast Sepsis detection is sough.
Firstly, a preliminary study was done with different working surfaces
compatible with the optical configuration of the POC. Later, a wide range of
biofunctionalization strategies for antibody immobilization over the Au-NHA
sensor chips were explored. The best antibody biofunctionalization protocol
in terms of sensitivity and selectivity was chosen for the next step of sepsis
biomarkers analysis.
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4. Optimization of antibody immobilization

4.1 Biofunctionalization strategies for gold and glass
surfaces

As the detection principle of the POC device is based on the transmission
of the light through the sensor surface (were the biomolecules are attached), a
transparent media to the wavelength of the LED source is required. As
previously mentioned, besides glass substrates, gold-based structures as
NHAs where selected as optimal substrates. Therefore, the optimal
biofunctionalization of both types of materials were studied. Thus, we started
the optimization with transparent glass, ultrathin-layer gold chips (as are still
a transparent substrate) and finally with the Au-NHA chips custom-made for
the POC instrument of the European project. For this optimisation studied we
decided to focus on CRP detection, as this protein is one of the most common
biomarkers used for sepsis diagnosis and other inflammatory processes.

The main challenge in the manufacturing of a reliable protein microarray
chip is selecting the most appropriate surface chemistry. Protein attachment
on solid surfaces should be done in a controlled manner to guarantee its
integrity, native conformation and biological function. In addition, the overall
performance of the biofunctionalised surfaces depends on the chemical and
physical properties of the solid surface due to its influence on specific
binding of the target analyte while avoiding non-specific interactions. The
orientations of the antibodies and their density over the surface have a strong
effect on the binding efficiency thus affecting the final sensitivity of the
sensor device. In addition, for label-free optical sensors where the sensitivity
is highly dependent with the proximity of the interaction event to the sensor
surface, the net distance between the surface and the immobilized bioreceptor
is also relevant.

Optimal recognition can be achieved when immobilization of the
bioreceptor fulfils these parameters: good orientation and adequate packing
density over the surface, good stability and activity of the bioreceptor in the
assay conditions and avoidance of non-specific binding of other molecules
present in the sample that can hinder the analyte recognition. Thus, choosing
the best immobilization strategy is paramount to achieve a good overall
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performance. Accordingly, many biofunctionalization strategies to control
the attachment of biomolecules have been developed. In proteins, there are
several mechanisms of immobilization:

Physical adsorption

Physical adsorption is the direct deposition of the biomolecules (See
Figure 4.1A). This immobilization is triggered by ionic bond formation,
polar, electrostatic and hydrophobic interactions.”* The chemical nature of
the protein and the surface involved in the interaction are the ones rolling the
dominative intermolecular forces. The newly formed protein layer will be
heterogeneous and biomolecules will be randomly oriented because proteins
tend to place themselves minimizing repulsive interactions with the surface
or previously adsorbed proteins. We may take into account that a passivation
step will be needed after immobilization to block the remaining areas.'’? This
strategy can lead to improper folding or unfolding of the proteins
(denaturation), thus, the protein may lose its function. For the particular case
of antibodies, we must take into account their non-symmetrical structure
(Figure 1.9A), (i.e. the recognition part (Fab) is located at one end, which
should therefore be exposed). Hence, employing this strategy will result in a
random non-oriented attachment and it may face some loss of
functionality.'’

Physical entrapment

A strategy that has been used to avoid the direct contact of the
biorecognition element and the surface to prevent its denaturation and to keep
its conformation is the physical entrapment (Figure 4.1B). This is done by
creating a uniform matrix of polymer that allows the insertion of the
bioreceptor without modifications. This ensures the biological activity and
provides a better environment for storage. Nevertheless, it can be difficult for
the analyte to access the receptor due to diffusion and mass transport
problems related to the polymer entrapment.’’
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Figure 4.1: Methods to immobilize a bioreceptor to a solid surface. A: Direct physical
adsorption. B: Physical entrapment by a polymer. C: Covalent or non-covalent binding to a
self-assembled monolayer.

Covalent immobilization

In this case, the attachment of the proteins is based on the formation of
covalent bonds between active groups placed on the surface and accessible
reactive groups in the amino acid chains of the protein. The most commonly
used reactions are through amine and thiol coupling. Some examples of
amine-reacting surface functional groups are: N-hydroxysuccinimide-ester
(NHS-ester), aldehyde, isothiocianate and epoxide groups. *#*"

Often, protein chips are prepared by immobilizing proteins on chemically
activated planar glass microscope slide. Glass slides have been widely used
as microarray supports because their low auto-fluorescence, easy availability,
flatness, rigidity, transparency, amenability of the surface to chemical
modifications, non-porosity and cheap price. Although they also have
limitations such as low capacity for analyte binding, non-uniform spot size
which ends in complications for the reading with microarray software
scanners.7#17®

Usually, the functionalization of glass slides starts with the activation of
the glass surface to generate enough silanol groups (Si-OH) by pretreatment
of the surface with oxygen plasma or piranha solution (H,02/H,SO,). After
this, silanization protocols are employed to introduce reactive groups such as
aldehyde, epoxy isothiocyanate, amino, carboxyl or mercapto.

In this thesis, two of the most common ones, epoxy and carboxyl groups
activated as NHS-ester groups were explored over glass surfaces. Both can
react with primary amines forming an amide bond in the case of NHS and
amine bond with epoxy groups as can be seen in the scheme of Figure 4.2.
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Figure 4.2: Scheme of the two glass functionalizations tested. Glass surface modified with
epoxy and NHS esters groups are used. Epoxy reaction creates an amine bond whereas NHS
ester creates an amide bond, both will link covalently the proteins to the glass surface.

Epoxy chemistry is simple and very suitable for performing fast protocols
that require neutral pH values, wet conditions and minimal modification of
the protein. Proteins, peptides or amino acids with a primary amine behave as
a nucleophile, attacking the epoxy groups and binding through covalent bond.
Although covalent reactions between proteins and the epoxy groups are slow,
it is seen that adsorbed proteins reacts faster, thus, a two-step mechanism has
been proposed: first, fast adsorption of molecules to the glass, followed by
chemical attachment triggered by the higher concentration of epoxy groups
on the surface.

NHS is commonly used as an activating agent of carboxylic acids to form
amide bonds with primary amines. NHS ester groups present on the surface
of the glass slide react with the nucleophilic groups of the proteins when they
are dissolved in low ionic-strength buffer. The efficiency of the
immobilization relies on several parameters like pH, concentration, ionic
strength and reaction time.

Gold surfaces, on the other hand, can exploit their strong affinity to thiol
(-SH) groups in order to be covalently biofunctionalised with biomolecules.
Thiol-containing molecules such as proteins with exposed cysteine (Cys)
residues can directly create a strong bond in gold surfaces, although this is
rarely used as the number of accessible Cys is usually very low. However,
this strong affinity is commonly exploited through the formation of self-
assembled monolayers (SAM) using thiol-modified molecules. SAM are self-
organized monolayers made of amphiphilic molecules formed by carbon
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alkyl chains that spontaneously create a compact layer upon interaction of a
surface-active head group (in solution) with an appropriate substrate (Figure
4.1C). The side exposed outwards can have a functional group that is used
for covalent or non-covalent attachment of the molecules.*”” By tuning the
concentration of the amphiphilic molecules and the composition, we can
control the bioreceptor packing density.*"

The exposed outwards functional groups can be a carboxyl group too in
which case the NHS-ester chemistry can be exploited too with the use of -
ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC). The
carboxylic acid reacts with the EDC to form an active ester intermediate that
is displaced by the NHS that is again later displaced by the primary amine
(Figure 4.3). EDC can also be used alone but it is less efficient due to the
instability of the intermediate. Often, deactivation of the remaining active
carboxy groups and removal of residual NHS-esters on the surface is done
with ethanolamine.*”
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o-Acylisourea CH,

Active Intermediate

Figure 4.3: EDC/NHS mechanism of reaction: EDC reacts with carboxylic acids to create an

active-ester intermediate. In the presence of an amine nucleophile, an amide bond is formed

with release of an isourea by-product. The reaction of EDC can be more efficient by the

formation of a sulfo-NHS ester intermediate because this intermediate is more effective at

reacting with amine-containing molecules. From ™.

As commented before, the main advantage of the covalent attachment is
the generation of a permanent bond ensuring a stable binding of the
bioreceptor to the sensor surface. However, one drawback is the need of
having reactive groups on the outer part of the bioreceptor molecule. Another
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disadvantage is that reactive groups can be present in the binding/interacting
site of interest in the bioreceptor (for example the antigen binding site of an
antibody), thus, depriving its functionality.

Bioaffinity immobilization

Finally, another strategy exploited for immobilization is the use of affinity
interactions. One of the most well-known methods used for noncovalent
conjugation is the natural strong affinity of the pair avidin/biotin. Biotin is
the common name for the water-soluble B; vitamin. Avidin is a tetrameric
biotin-binding protein that can be found in the eggs of birds, reptiles or
amphibians. One variety of avidin protein is SA, which is a similar biotin-
binding protein but of bacterial origin (originated in Streptomyces avidinii).
As avidin, it comprises four identical subunits and each one can bind to a
single biotin molecule (i.e.: it possesses four biotin binding sites). The
binding affinity of these molecules is one of the strongest found in nature
(K = 103 — 10> M~1) especially in the first pocket to be occupied, then
the affinity decreases gradually upon binding of more molecules. It is
commonly accepted as an irreversible interaction and of comparable strength
than covalent bonds. The binding occurs rapidly and it is not highly affected
by pH or temperature.

To use this strategy, the bioreceptors need to incorporate a biotin group in
order to be attached (Figure 4.4A). There are many commercial reagents to
add functional biotin groups to proteins, nucleic acids or to other molecules.
For instance, antibodies can be attached to a layer of SA by conjugating them
to biotin molecules. Placement of this biotin within the antibody implies
chemical modification of the antibody, which can lead to alterations in the
Fab fragment. It is generally preferred to create a stack composition of
biotin/SA/biotin layer (Figure 4.4B) rather than direct immobilization of SA
because it yields a lower degree of organization.*’? This can be controlled by
tuning the density of the initial layer of biotin by using two different
heterobifunctional cross-linkers (one compound is biotinylated and the other
one not).
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Figure 4.4: A: Scheme of a biotin SAM layer and how the avidin binds through one of its 4
binding sites. Only antibodies with a biotin tag can attach to the free remaining binding sites.
B: a stack composition of biotin/SA/biotin layer. SAM forming molecules without biotin tags
may be added to the SAM solution for spacing the location of avidins over the surface.

Another example of affinity site-directed immobilization of antibodies is
by using Protein G, Protein A or recombinant protein A/G, which
specifically binds to the Fc region of the immunoglobulins (see Figure
1.9A). Protein G and A are bacterial proteins that appear in certain species of
pathogenic staphylococcal and streptococcal bacteria. Group C and G
Streptococci  express Protein G while Protein A is expressed in
Staphylococcus aureus. These proteins are highly used in the field of affinity
chromatography and especially for antibody purification. They capture
immunoglobulins on the surface by binding the Fc region and directing
outwards the antigen-binding region, in such a way that the antibodies can
interact more efficiently with the antigen. Native Protein G also binds to
albumin but in the recombinant protein G expressed in Escherichia coli (the
most commonly used in laboratories) the amino acid sequence that creates
the BSA-affinity has been removed. One minor disadvantage of this affinity
binding type is the dissociation of the Fc from the Protein G when they are in
a low pH solution (2.0 to 3.0). One important feature to take into account
when using this strategy is the host animal where the antibodies were
produced because they have different affinity to the different 1gG types.'”

Many other strategies for affinity binding have been reported, as metal
ion affinity (nickel and nitrilotriacetic acid), histidine tags, calixarene
derivatives, among others; the choice of the most suitable strategy will
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depend on the nature of the ligand-analyte interaction. ¥

In this Thesis, first, a preliminary study of different biofunctionalization
strategies for immobilization of antibodies over different surfaces compatible
with the optical principle of the POC device was explored. Glass slides
coated with epoxy or NHS ester groups were tested. Also, gold surfaces were
explored with direct adsorption of antibodies or through their attachement via
SAM formation. Specifically, we have employed three different types of
SAM forming molecules: MHDA, HPDP and SH-PEG-biotin.

MHDA molecules contains one thiol group in one end (which interacts
with the gold surface creating a covalent bond) and a carboxyl group in the
opposite which can be activated for forming covalent amide bonds (Figure
4.5A). HPDP (Figure 4.5B) is a molecule that contains two sulphur groups
which can trigger strong attachment to the gold surface and expose biotin
groups, as previously reported in the literature.’’® The ends containing a
biotin group can act as anchoring point for SA or NA and later bind to
biotinylated molecules. SH-PEG-biotin is a SAM forming molecule that
included a thiol group for gold anchoring, a polyethylene glycol (PEG) chain
which is a molecule that includes a long chain which provides low non-
specific binding and a biotin group (see Figure 4.5C).
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Figure 4.5: Chemical structure of the three different compounds employed to create a SAM.
A: 16-Mercaptohexadecanoic acid (MHDA). In green the carboxylic group and in blue the
thiol group that will bind to the gold surface. B: HPDP. Blue circles show the sulphide bond
that interacts with gold. Orange circle shows the biotin group at the end of the molecule. C:
SH-PEG-biotin. Yellow circle shows the PEG groups which can be tuned to different
lengths.
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4.2 Initial study of the attachment of antibodies over

different surfaces compatible with the POC biosensor

As commented in Chapter 3, the detection of 2 nm thickness protein
layers covalently attached over epoxy-coated glass slides was possible with
the LIM technology.’® In this section we explain the preliminary studies
performed over glass, ultrathin gold layers and the initial version of the
custom-designed nanoplasmonic plate. This was done to anticipate the best
biofunctionalization strategy upon receiving the final version of the
nanoplasmonic plate designed within the European project.

4.2.1 Functionalized glass surfaces

Epoxy functionalized glass slides

Several glass epoxy surfaces were biofunctionalized with anti-CRP (500
pg/mL in 10 mM PBS buffer with 5% glycerol), generating microarrays with
several spot sizes and different period. After the microarray deposition,
several incubation times (and temperatures) were tested to evaluate the
optimal conditions for the coupling of the antibody.

Table 4.1: Summary of conditions tested for epoxy functionalised glass surface.
0.n.: overnight; RT: Room temperature.

Time Temperature POC image Mean OPD
o.n. RT =15
o.n. 37° x12
3h RT

3h 37°

As we can observed in the Table 4.1, when incubating the sensor chips
overnight at both temperatures, RT and 37°C, the spots were visible. By
incubating at 37°C but for shorter times (3h) was also enough to see the
microarray. The OPD values were between 12-15 units ( a more precise value
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could not be provided at this stage as the dedicated software able to extract
this value was not available yet). For comparison purposes, this approximate
value was extracted using ImageJ software, which allowed determining
intensity values in a relative manner. A separation of 250 um was employed
because this gap provided very well defined spots from the surrounding area.

N-Hydroxysuccinimide (NHS) esters functionalized glass slides

In Table 4.2 a summary of the results for this surface chemistry is shown.
After creating the microarray with anti-CRP (500 pg/mL, in 10 mM PBS
buffer with 5% glycerol), incubation for 3h at RT and at 37°C was tested.
Only the microarray incubated at 37°C was visible. In this case the OPD
value was slightly lower than with the attachment via epoxy chemistry.

Table 4.2.: Summary of conditions tested for NHS esters functionalized glass surface.

Time Temperature POC image Mean OPD

3h RT Not visible -

4.2.2 Gold surfaces

Ultrathin gold (1 nm Ti+ 7 nm Au)

Before testing the nanoplasmonic chips, a preliminary study was done
with chips with thin layers of continuous evaporated gold. We prepared glass
slides with a 1 nm of titanium that function as an adhesion layer and 7 nm of
gold. This ultrathin metal layer (8 nm in total) allows transparency to the
LED light so the chip can operate in the POC device.

First, direct physical adsorption was studied. Direct adsorption of
antibodies to a surface is simple and easy. However, physisorption is not
strong and the antibodies can be displaced with successive washing steps.
Clear microarrays were observed when antibody was directly deposited and
after an incubation step of 3 h (see Table 4.3). Two different types of SAMs
were generated to attach the antibody: one based on MHDA, resulting in a
carboxyl monolayer, and another one made of HPDP-biotin, which rendered
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a monolayer of biotin molecules facing outwards (see Figure 4.5 for
chemical structure). The carboxyl group of the MHDA was activated with
EDC to enable the binding of antibodies or protein G. First, we tried spotting
a solution that mixed EDC and antibodies at high concentration (500 pg/mL),
however, we did not observe the microarray afterwards. This can be
attributed to a less efficient reaction (since the sulfo-NHS was not present) or
that the spotting time was too long. Time is important when using EDC
because these molecule tends to hydrolyse gradually and relatively fast (i.e.
approximately in less than 1 h), which can be too short if the spotting process
requires more time. Therefore, this can eventually affects the uniformity of
the microarray generation (i.e. first spots may have fresh EDC ready to
interact with the carboxyl group, whereas at the end of the spotting process,
the reactive EDC might have decreased significantly, affecting the coupling
of the antibody). Accordingly, we decided to incubate the whole surface with
a solution of EDC and sulfo-NHS for 30 min and then spotting the antibody,
as the active ester intermediate is more stable against hydrolysis than with
only EDC. Although the spotting time could still have an influence in this
case, we were able to see arrays, with an intensity similar to the one obtained
by direct adsorption. In addition, a bioaffinity approach with the addition of a
Protein G layer before spotting the antibody was explored. The signal
obtained after antibody bidning with this strategy was similar to the covalent
attachment with EDC, however when using Protein G, the antibodies are
oriented, which is better than random orientation (Table 4.3).

HPDP is a sulphydryl-reactive biotinylation reagent that conjugates via a
disulphide bond to enable its use in a variety of purification methods or
protein labelling.."®" After forming the SAM of HPDP two different types of
avidins were tested: SA and NA. The former one is the avidin from bacterial
origin (pl = 5) while the latter one is a deglycosilated recombinant avidin
which pl is 6.3 (near neutral pH) that minimized non-specific interactions
especially with negatively charged molecules. After incubation of the chips
with each avidin, we proceeded to deposit the biotinylated antibodies (250
ug/mL) to generate the microarray. Surprisingly, we only observed
microarrays on the chips that were incubated with SA, although even in this
case, the signals were apparently faint. A summary of the main results with
representative images of the microarrays are included in Table 4.3.
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Table 4.3: Summary of the surface chemistries assayed with 7 nm gold-coated chips.

Surface chemistry

POC OPD map Mean OPD

1- SAM 2-Intermediate 3- Spotted
layer steps solution
Antibody x5
(adsorption)
MHDA .
(250 uM) Antibody + EDC -
MHDA .

(250 uM) EDC/Sulfo-NHS Antibody =5
MHDA EDC/Sulfo-NHS . N
(250 uM) | Protein G Antibody ~4
HPDP SA Biotinylated ~6

(1 mM) antibodies ~
HPDP NA Biotinylated i
1 mM) antibodies

Nanoplasmonic chips: Talbot and DUVL chips
Previous experiments with ultrathin gold layer chips suggested that the

proposed strategies could be suitable for the immobilization of the antibodies,
although, as expected, the signal intensity signal was quite low (i.e. these
substrates are neither completely transparent nor possess the enhanced
performance that nanoplasmonics can provide). Therefore, these strategies
were all tested with Au-NHA chips. It should be mentioned, that for these
experiments, we employed nanoplasmonic chips whose fabrication process
(either Talbot lithography or DUVL) was not optimised yet. All the
biofunctionalization strategies are summarised in Table 4.4 with
representative pictures of the resulting microarrays.

In the case of direct antibody adsorption on Talbot chips, again the spots
could be observed although they were very faded. Similar result was
observed for the strategy based on the covalent binding using only EDC (i.e.
the protocol resulted in non-observable arrays for both types of AuNHAS),
therefore this approach was discarded. Affinity based approaches (i.e. Protein
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G and SA/NA) were the most successful and the microarrays showed higher

OPDs with more intense spots.

Table 4.4: Summary of the surface chemistries assayed over Au-NHA nanoplasmonic chips.

Au-NHA chips via TALBOT - Surface chemistry

POC OPD map Mean OPD
1- SAM 2-Intermediate 3- Spotted
layer steps solution
_ ) Antibody ~8
(adsorption) b
MHDA .
(250 uM) Antibody + EDC - -
MHDA EDC/Sulfo-NHS . — 3 = N
(250 pM) Protein G Antibody Y 53 ~29
HPDP SA Biotinylated ~ 26
antibodies
HPDP NA Biotinylated ~18
antibodies
AU-NHAs chips via DUVL - Surface Chemistry
MHDA .
(250 uM) Antibody + EDC - -
o “»
MHDA EDC/Sulfo-NHS . e, N N
(250 uM) Protein G Antibody g ~37
. . » yi'n 4
HPDP SA Biotinylated ; ~28
antibodies PR TS R R

Figure 4.6 compares OPD values obtained with regular thin layer gold
chips and those obtained with AU-NHAs for those strategies with better
results: (i) with a MHDA SAM modified with a Protein G layer and oriented
antibody (Figure 4.6A) and a HPDP SAM, modified with a SA or NA layer
and biotinylated antibodies over nanoplasmonic chips (DUVL and Talbot)
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and non-nanoplasmonic (thin gold) surfaces. As we can observe from the
images and from the graph, the OPD signal is larger in the nanoplasmonic
chips (around 25-37) compared to regular thin gold chips (less than 10)
which demonstrate  the enhancement, confirming somehow that both
strategies are similarly efficient in capturing the specific antibody and
generating the microarrays.

A Protein G attached to an MHDA SAM B AB-biotin attached to an HPDP SAM

Control Talbot DUVL | Control (sA) sA nA

- - -,
R .

" e

50 40

== Control
== Talbot
401 30
304
E o 20
O 204
10
10
*
0- 04
Control Talbot  DUVL Streptavidin Neutravidin

Figure 4.6: Colour code OPD maps and values of microarrays created following two
different biofunctionalization strategies. A: Functionalization with Protein G attached to an
MHDA SAM. B: Functionalization with biotinylated antibodies over a gold surface modified
with a SAM layer of HPDP. NA and SA were tried as an intermediate layer. Thin layer gold
(used as control), Talbot- based Au-NHAs and DULV-based Au-NHAs are compared in both
cases. *: microarray not seen.
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4.3 Optimization of antibody immobilization on Au-NHAs
chips

Based on the previous results, the strategies that led to more promising
results were further more in-depth studied on the final version of the
nanoplasmonic plate to evaluate their performance for biomarker detection.
At this stage of the project we already had been provided with the especial
software custom-designed to calculate the real values of the spots at the
Colour code OPD maps. The selected strategies were based on direct
antibody binding, anchoring of antibody through Protein G and anchoring via
affinity interaction with the pair avidin/biotin.

4.3.1 Direct antibody binding

Direct adsorption

As mentioned above, physisorption or adsorption of antibodies over a
surface is easy and simple (Figure 4.7). As it was seen in preliminary tests
(Table 4.3 and 4.4) direct adsorption seems to be successful.

.

Gold NHA  Antibody Analyte
spotting

Figure 4.7: Schematic representation of the direct antibody adsorption protocol.

Antibodies were spotted in a microarray format over the nanoplasmonic
chips. After deposition, the antibodies were incubated for 2 h at RT. Then,
we observed the microarrays with the POC device and we saw that
adsorption was successful (see Figure 4.8A, left images for some
representative images). The mean OPD signal achieved (Figure 4.8B) for
antibody adsorption was 17.38+2.91. The SD value (obtained after averaging
all the spots of an 8x8 array) may be attributed to the homogeneity of the
adsorption. Commonly this SD increases with successive steps. Another
parameter to study the reproducibility and robustness of the protocol is the
Coefficient of Variance (CV %):
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SD
Mean

CV (%) =

-100 (4.1)

In this case, the CV is 16.74%. This is an acceptable value as it is within
the acceptable range according to reported data related to protein microarray
formation and the probe dispensing method. 182184

After incubation with the biomarker CRP (100 pg/mL in PBS buffer, 30
min) the arrays were not visible anymore (see arrays 1, 3 and 4 in Figure
4.8A). The most plausible explanation for this is that weak interactions
trigger desorption between the gold and the antibodies after the incubation or
washing processes. The remaining antibodies produce a low OPD, which
cannot be detected by the POC device or the software.

-

A n ?]( Analyte % Y

OPD

1 2 3 4
Array

Figure 4.8: A: Colour code OPD maps of four 8x8 antibody-spotted microarrays. Right
images show the antibodies after the adsorption protocol; left images show the microarrays
after incubation with CRP (100 pg/mL). B: OPD signals of the four antibody microarrays
after immobilization.
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4.3.2 Antibody binding through Protein G orientation

Two different approaches were tested to immobilize the Protein G: direct
adsorption and covalent attachment via SAM. A scheme of both strategies is
shown in Figure 4.9.

d, 99 WO Y 0 > % 0$
_ A . >
Gold NHA Protein G Antibody Analyte
spotting
>
Gold NHA MHDASAM (i) Activation Antibody (i) Rinsing
formation (ii)Protein G coupling deposition (i) Analyte
(-CO,H)
0 Protein G S -CO,H SAM layer Drop based controlled deposition YAnzibody @ Analyte

Figure 4.9: A: Adsorption of spotted Protein G and subsequent incubation of antibodies. B:
Attachment of Protein G over an active EDC/Sulfo-NHS surface and subsequent oriented
capture of spotted antibodies.

Adsorption of Protein G

Deposition of Protein G for its adsorption creates a microarray of
anchoring points for antibodies. After adsorption of Protein G, a layer of
BSA was added. This was done to prevent the non-specific adsorptions of
antibodies because, as seen in previous section, antibodies can directly adsorb
on the surface. Protein G has been found to bind BSA; however, we use
recombinant Protein G where the BSA binding domain is removed.'” Four
representative images of the protocol shown in Figure 4.9A are shown in
Figure 4.10A. The mean OPD values achieved are shown in the plot of
Figure 4.10B.
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Figure 4.10: A: Colour code OPD maps of a microarray of Protein G and successive steps:
Blocking with BSA, antibody binding, analyte measurement. B: OPD signals along the
complete protocol. ¢) Preliminary calibration curve of CRP detection (data with SD
correspond to the average of four replicates for each concentration).

Protein G average OPD value is 24.52 + 1.98 for 4 chips (i.e. 16
microarrays). This low SD indicates that the adsorption is quite uniform. In
addition, the CV is 8% which is a very low value that shows the high
reproducibility of the protocol at the initial steps. After the blocking step with
BSA, we observed that OPD was reduced to 18.6 + 2.46 (CV=13.2%) (see
Figure 4.10B). This suggests that a monolayer of BSA was created over the
surface. We made a rough estimation on how many BSA molecules can be
fitted in a surface of 1 cm? (dimensions of the gold nanohole chips). Accurate
net free surface was calculated after subtracting the area covered by Protein
G spotted arrays. We found that 0.01% (w/v) of BSA was enough to cover
the entire chip surface. So, in this case, we have added a significant excess
(1%). As seen in Chapter 3, the nanophotonic POC records differences
between two light beams crossing the sample and changes of the refractive
index (i.e. mass) directly affect these values. The formation of a monolayer
of BSA changes the surface reference (Figure 4.11), thus, reducing the
difference in OPD between the antibody and the surrounding area.
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Figure 4.11: Change in the surface reference due to the addition of a monolayer of BSA.

Antibody incubation resulted in an increase of the OPD signal around 30
units (49.6x4.6, CV=9.3%), which clearly illustrates a high binding
efficiency of antibodies to the immobilized Protein G. Finally, when
evaluating different concentrations of CRP, we observed a proportional
signal increase which is a promising result (Figure 4.11C).

SAM of Protein G
Alternatively, we tried to anchor Protein G with a covalent bond, aiming at

a more robust immobilization in terms of stability. Figure 4.12 shows four
microarrays obtained following this method. The average OPD values for
antibody immobilization is 22.9+3 (CV=13.1%). If we compare these results
with the ones obtained with the spotting of antibody for direct adsorption
using the same experimental conditions, a similar signal was obtained
(OPD~17.38). Based on this, we can infer that similar amounts of antibodies
are attached although with this strategy the antibody is oriented.

Incubation with CRP at different concentrations resulted in a not always
visible signal increase in the OPD and, when it was observed, it was not
consistent with a linear quantification (see Figure 4.12B, where different
CRP concentrations are evaluated).
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Figure 4.12: A: Representative colour code OPD maps of four microarrays obtained after
spotting of the antibody (250 pg/ml) over a layer of covalently bound Protein G. B: OPD
values of the antibody signal and the signal after incubation with four different CRP
concentrations: 0 (negative control), 100, 250 and 500 pg/mL.

As this strategy seemed to result in antibody arrays with significant yield,
additional conditions were studied in order to obtain more consistent read-out
results. Thus, two different concentrations of antibody (250 and 500 pg/mL)
and two different concentrations of CRP (250 and 500 pg/mL) were tested on
the same chip (Figure 4.13A). The average OPD value was twice as much
for antibody at 500 pg/mL than for 250 pg/mL (Figure 4.13B), which is
consistent with a linear increase on antibody concentration. However, when
incubating with CRP (250 pg/mL), we observed similar OPD increase
regardless of the antibody concentration. Moreover, in this example the
AOPD produced with 500 pg/mL of CRP was lower. Several attempts (i.e.
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more than 30 chips) to build a preliminary curve for CRP were done,
however, the target detection was erratic and with low reproducibility.

A B
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CRP (ug/mL) 250 ug/mL Ab | 500 pg/mL Ab
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o 40
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N \OPD =1 500 pig/mL CRP

Figure 4.13: A: Schematic representation of the design of a chip with four different antibody
microarrays: two with a concentration of 250 pg/mL and two of 500 pg/mL. After antibody
immobilization the arrays were incubated with CRP at 250 and 500 pg/mL of CRP. B: OPD
signals for antibody capture and CRP detection.

As a summary, using Protein G is an interesting option as antibodies
recognise better the analyte thanks to the orientation. Moreover, we have
compared the addition of antibodies in two different ways: spotted (over a
layer of Protein G) and incubated (over a Protein G-spotted array). The
results showed that despite both biofunctionalizations are robust (and resulted
in similar amount of antibody), the detectability was significantly better when
incubating the antibodies rather than spotting them. This may indicate that
the spotting process perhaps is damaging the antibodies and/or affecting its
recognition function.

4.3.3 Antibody binding through avidin/biotin interaction

The strong pair avidin/biotin was explored following four different
procedures which involved the formation of a layer of avidin-related proteins
(SA and/or NA) and the subsequent capture of biotinylated antibodies (see
Figure 4.14): (A) through adsorption of SA or NA (via direct spotting), (B)
through their binding to a SAM of HPDP-biotin, and through their binding to
a (C) whole-surface SAM of SH-PEG-biotin or to a (D) spotted SAM pattern.
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Figure 4.14: Schematic representation of the four strategies based on avidin/biotin. A:
Spotting of avidin molecules and incubation of the whole surface with biotinylated
antibodies. B: SAM layer of HPDP-biotin, followed by the formation of a whole surface of
avidin, then spotting of biotinylated antibodies to create the microarray. C: SH-PEG-biotin
layer where avidin is spotted followed by incubation of biotinylated antibodies. D: Spotting
of SH-PEG-Biotin, blocking of the remaining surface with BSA, avidin incubation and final
biotinylated antibodies incubation.

(A) Adsorption of SA or NA
The direct spotting of both SA and NA resulted in visible arrays as we can

see in Figure 4.15A. The OPD signals measured for 250 pg/mL of SA and
NA (see Figure 4.15B) were similar (18.7+£2.6 and 18.0+2.6, respectively).
However, similarly to what was observed with adsorption of antibodies, upon
incubation of the biotinylated antibodies for 30 min and after rinsing and
drying, the microarrays were undetectable (Figure 4.15A, right). This could
be the result of desorption of the avidin from the chip due to weak
interactions. Three different strategies based on adsorption have been tried:
adsorption of antibodies, protein G and both avidins. Only Protein G
adsorption has resulted in a stable physisorption, this may be due to the fact
that the amino acid sequence of the protein and the protein surface trigger
stronger intermolecular forces with the gold surface.

In view of that neither SA nor NA can stablish strong interactions to
prevent their desorption in the successive steps of the biofunctionalization
protocol, this option was discarded and those strategies based on the
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attachment of the avidin to a biotin layer previously formed over the gold
surface were attempted.

A & *$ Y R m% ooy

Biotinylated antibody
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Figure 4.15: A: Colour code OPD maps of four 8x8 microarrays obtained after spotting SA
at 250 pg/mL (arrays 1,2) and NA at 250 ug/mL (arrays 3, 4). Left images show the
microarrays after adsorption; right images show the microarrays after incubation with
biotinylated antibodies. B: OPD signals for adsorbed avidin microarrays.

(B) SAM of HPDP-biotin
A first attempt was based on the use of HPDP-biotin as thiolated-modified
compound. First, a layer of HPDP was formed covering the whole surface of
the chip. Then, a layer of avidin was added and, finally, the biotinylated
antibodies were directly spotted in order to achieve the microarray based
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pattern. Figure 4.16 compares the OPD change between the antibody
attachment and the final incubation with different concentrations of CRP.
Microarrays were very clear and easy to visualize, with more intense spots
and OPD values (29.245.13, CV=17.6%) higher than the ones obtained
following the previous strategies. However, the variability with this strategy
was slightly worse, with higher SD and CV close to or around 20%.

Addition of CRP showed non-significant detection (an example of one
chip incubated with CRP can be seen in Figure 4.16B) even at
concentrations relatively high (i.e. 500 pg/mL). Due to these results, the use
of HPDP-biotin was discarded.
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Figure 4.16: A: Example of 4 microarrays of biotinylated antibodies over a layer of HPDP-

biotin/SA. B: OPD values for the antibody after CRP incubation with four different
concentrations: 0 (negative control), 100, 250 and 500 pg/mL.
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(C) SAM of SH-PEG-biotin

SH-PEG-biotin is a molecule that contains three main parts: a sulfhydryl
group for attachment to gold surfaces, a biotin group to attach avidin and in
between a PEG linker which offers better water solubility, flexible linkage
structure and major biocompatibility. This molecule was selected because it
offers higher stability of binding and, in view of future evaluations of real
human samples (as human plasma), PEG can prevent non-specific
interactions. 17918

After constructing a full layer of SH-PEG-biotin, SA or NA were
deposited in a microarray format (see Figure 4.17A). This allows us to
incubate the biotinylated antibodies, thus, avoiding the spotting process
which, as seen before, may damage the bioreceptor. Then, biotinylated
antibodies were added, generating the following average OPD signals:
22.3+6.88 (CV= 30.92%) for SA and 20.5+4.14 (CV=20.21%) for NA,
respectively. Finally, when adding different concentrations of CRP, the
increase was not significant or very small even when using high
concentrations (see Figure 4.17B for representative results of incubating 500
pug/mL of CRP).

In addition, we observed that the morphology of the spots was
different from the one previously seen (Figure 4.17A). The spots were wider
and less defined, and a possible reason might be related to the flexibility of
the PEG linker that generated less compact SAMs. In any case, this
observation was not further in-depth studied as the target detection was not
conclusive as abovementioned (Figure 4.17B).
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biotin. Pictures of successive steps of antibody binding and analyte detection are also
included. B: OPD values of the antibody signal and the signal after incubation with 500
png/mL of CRP.

(D) Microarray of SH-PEG-biotin

In this case, instead of forming the SAM layer of the SH-PEG-biotin over
the whole gold surface, another approach was followed, based on its direct
spotting, in such a way, the avidin was incubated over the whole chip and
bound only on the biotinylated spots.

The sequential steps are summarized in Figure 4.18A. After SH-PEG-
biotin spotting, a blocking step with BSA for preventing adsorption over the
free remaining surface was done. The mean values for 4 different chips
showed that avidin addition increased the OPD signal from 16.5+4.60
(CV=27.8%) to 19.5+3.77 (CV=19.3%) and the antibody binding resulted in
12 OPD units more (32.2+4.42, CVV=13.7). Detection of CRP was attempted
several times and AOPD signals are represented in Figure 4.18B. In general
terms, the SD was higher for the mean value and compared to other protocols
tested, resulting in also higher CV%. Moreover, the CRP target detection was
not very reproducible as can be seen in a preliminary calibration curve
(Figure 4.18C) preventing a reliable quantification of this biomarker.
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Figure 4.18: A: Colour code OPD maps of a microarray of SH-PEG-biotin and successive
steps: Blocking with BSA, antibody binding, analyte measurement. B: OPD signals along the
protocol (BSA signal not included). C: Preliminary calibration curve with CRP (data with
SD corresponds to the mean of 4 replicates).

Table 4.5 summarizes all the different strategies tested, the main
advantages and disadvantages of each of them, and the detection of CRP
when it has been possible.
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Table 4.5: Summary of strategies tested for antibody immobilization on Au-NHA chips

Biofunctionalization Advantages Disadvantages Detection
R Possible denaturation of the
2 -g £ Antibody v' Direct - Easy Ab structure and activity .
27T - I . Not possible
= £ | adsorption v" No need of Ab modification Ab desorption upon
< 2 incubation with the analyte
5 ] v" Direct - Easy
eposition o v" No need of Ab modification
Protein G through v Ori 4 Ab Possible denaturation of Reproducible
g spotting and riente Protein G results
= ; v" Good reproducibilit
Q £ adsorption p y
‘é = (CV<20%)
A~ 8 v' Orientation of antibodies Non-consistent
Full layer of Protein v" Controlled distribution detection
G anchored via SAM v’ Easy to multiplex on the Poor
same microarray reproducibility
Antibody needs biotin
SA and NA v" Direct labels )
i . . . Not possible
_g adsorption v'  Easy Desorption upon incubation
) with analyte
2 ¥ P —
S~ -
ST HPDP-biotin SAM v" Good OPD signals (29.15) on-consistent
S £ detection
2 Non-consistent
< SH-PEG-biotin SAM v" Antifouling surface .
detection
Microarray of SH- . . High SD (difficult to o
v
PEG-biotin Antifouling surface standardize the protocol) Low sensitivity
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4.4 Conclusions

Selecting the most appropriate surface chemistry is paramount to attach a
bioreceptor in a controlled manner to guarantee its integrity, native
conformation and biological function. In this Chapter, first, preliminary
studies of surface biofunctionalization with bioreceptors were attempted with
glass, ultrathin gold layer and a first version of the gold nanoplasmonic chips.
All these surfaces were explored as they are compatible with the optical
principle of the POC (i.e. light transmission from the coupled LED light
source) and because the final version of the gold nanoplasmonic was not
ready.

Microarrays of antibodies covalently bound on glass surfaces coated with
epoxy and ester-NHS groups were visualized with very low OPD signals
(<15). Also, ultrathin gold chips showed similar values (<8). These OPD
signals were very low compared to the signal produced for the same
biomolecules but on the nanoplasmonic chips (= 15-40). These larger signals
are obtained thanks to the extraordinary transmission effect of the
nanoplasmonics chips which ends up in better assay sensitivity. Most of the
immobilizations tried on gold were successful, especially the ones involving
physical adsorption and the use of SAMs.

Once having the final version of the nanoplasmonic plate a more
comprehensive exploration was done for antibody immobilization and
analyte detection. Direct binding of antibodies was tested, as well as their
anchoring via orientation with Protein G and via the affinity tags
avidin/biotin. Strategies that required spotting of antibodies seemed to work
worse than the ones that required antibody incubation. Also, adsorption
strategies (antibodies or avidin) created unstable interactions which ended in
desorption upon incubation, except for Protein G. Finally, the optimal
methodology tested and the one that offered the more reproducible results in
terms of immobilization of antibodies and analyte detection was adsorption
of Protein G. This is a direct and label-free assay and it is very advantageous
because the analyte does not need any pre-treatment of tag-addition that can
affect its chemical or structural properties.
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Chapter 5

Evaluation of Protein
Biomarkers for Sepsis diagnosis

In this chapter we describe the application of the optimal immobilization
protocol selected in the previous Chapter to the detection and quantification
of three protein biomarkers related to sepsis: CRP, IL-6 and PCT. The assays
were first developed in buffer in both an individual and a multiplexed
configuration. Then, the effect of human plasma on the assay performance
was assessed and the detection in this biofluid was attempted, before using
the POC device for analysing real clinical samples.
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5. Evaluation of Protein Biomarkers for Sepsis

5.1 Introduction

Many efforts are being done in clinical research in order to stablish a
reliable panel of biomarkers for the detection of sepsis. Within the European
project, the clinical partner proposed the quantification of CRP, IL-6 and
PCT. We have tried to perform this analysis in an individual and in a
multiplexed manner with the novel POC biosensor. These three biomarkers
were chosen because of their demonstrated diagnostic value in sepsis, as they
are routinely analysed, and also because of their structural properties (i.e.
MW), which can have an important effect on the performance of the assays.
Thus, they cover high MW (CRP, with 120 kDa), relatively medium size (IL-
6, with 24 kDa) and relatively small size (PCT peptide, with 13 kDa). As
mentioned in the POC device description, the molecular weight (i.e. size and
therefore amount of mass immobilized or captured) has a direct effect on
refractive index changes. Therefore, this range of MW could be useful for
assessing the experimental sensitivity of the novel POC.

CRP is an acute phase protein produced by the hepatocytes after the
stimulation by IL-6, IL-f and IL-8 as a consequence of an infection (bacterial
or viral) or any other inflammation process (acute or chronic). CRP binds to
bacteria (opsonisation) promoting its aggregation and phagocytosis by
leukocytes (Figure 5.1).
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Figure 5.1: Schematic representation of the role of IL-6 and CRP in inflammatory processes.
Upon infection or inflammation interleukins like IL-6, 1L-8 and IL-1p go to the liver and
activate production of CRP that will travel through blood searching for pathogenic patterns
and opsonizing bacterium. Adapted from .

Secretion of CRP by hepatocytes starts within 4 to 6 h after detection of
the pathogen and peaks after 36-50 h. CRP concentrations in healthy subjects
iIs <5 pg/mL and can reach levels higher than 500 pg/mL during
inflammation. Despite the fact that CRP concentration can increase by other
non-infectious conditions, several studies have reported higher levels of this
biomarker in septic patients as compared to critically ill patients with non-
infectious SIRS. Table 5.1 summarises the cut-off values for CRP and the
status of the patient.

In the clinical setting, CRP detection is commonly done with ELISA, as
well as, immunophelometric and immunoturbidimetric assays.
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Table 5.1: Normal range level of CRP, IL-6 and PCT for healthy and non-healthy
individuals.**1¢" 1%

CRP (120 KDA) IL-6 (24KDA)  PCT (13 KDA)

TYPE OF PATIENT Concentration

HEALTHY SUBJECTS <5 pg/mL <5 pg/mL <0.1 ng/mL
NON-INFECTIOUS 5-40 pg/mL 40-80 pg/mL 0.1-0.25 ng/mL
(SIRS)

SEPSIS 40 - 200 pg/mL >120 pg/mL 10-100 ng/mL
SEVERE SEPSIS >200 pg/mL > 300 pg/mL > 1 pg/mL

IL-6 is produced by different types of cells including monocytes,
fibroblasts, endothelial cells, keratinocytes, T-lymphocytes and tumour cells.
Together with TNF-o and IL-1p, it mediates the initial response of the innate
immunity to injury or infection, enhancing the liver’s production of the acute
phase reactants, including CRP (see Figure 5.1). These three cytokines are
essentially responsible for the features of SIRS. However, like TNF-a and IL-
1B, IL-6 is not specific for sepsis and levels are also increased in other
inflammatory processes, such as arthritis and myocardial infarction.

IL-6 responds very rapidly to infection and is released into the
bloodstream during the first 4-6 h of infection. Blood levels subsequently
decrease over the next 24-48 h. IL-6 has been used as an ideal biomarker in
early diagnosis of neonatal sepsis or as a predictive marker of bacteremia in
febrile children.’*'% Table 5.1 summarizes which are the cut-off values
reported for each sort of patient.

On the other hand, PCT is the precursor of a hormone called calcitonin. It
is a protein of 116 amino acid sequence that is secreted by the cells of the
thyroid gland. When sepsis occurs the main producers of PCT are
macrophages and monocytes cells of different organs, especially liver.
Procalcitonin works as a chemokine, modulating the induction of anti-
inflammatory cytokines. In healthy people, PCT levels are undetectable
because it is processed as soon as is synthesised. The synthesis of PCT can be
identified after 2-3 h after the onset of an infection what makes PCT a useful
biomarker for early sepsis diagnosis. The maximum peak of this biomarker is
reached after 8 and 24 h after infection onset and the concentration fluctuates
in the range of 10-100 ng/mL. PCT is very stable and possesses a median
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half-life of = 24 h. It is important to note that PCT does not increase during a
viral infection. In addition, several studies have reported that higher PCT
levels could differentiate Gram-negative sepsis from Gram-positive and
fungal sepsis. %1%

High levels of CRP and PCT are nowadays related with sepsis infection,
however, they have some limitations as they can be also involved in others
non-inflammatory processes, for example, burns or traumas.**" 1016

5.2 Design, optimization and analytical evaluation of the

protein biomarkers in buffer

According to the results obtained in the Chapter 4, the strategy based on
Protein G adsorption was the one offering the best performance for (i)
capture of antibodies and (ii) target detection. This one was therefore selected
to develop all the assays for the protein biomarkers detection C-reactive
protein.

Taking the conditions described in the Chapter 4 for this strategy as a
starting point, some parameters of the surface biofunctionalization were
optimized in order to improve the performance of the assay. First, different
concentrations of Protein G (from 100 to 500 pg/mL) were tested. We found
that below 250 pug/mL the spots were hardly visualized, resulting in no OPD
signal was (see Figure 5.2A). Also, different incubation times (2, 3 and 24 h,
Figure 5.2B) were assayed and we observed that the amount adsorbed was
similar (i.e. similar OPD values). Thus, the incubation time of the spotted
Protein G was set at 2 h.

Several antibodies specific for CRP and commercially available were
tested in order to select the best one in terms of sensitivity. The analysis was
done over 8x8 microarrays. Preliminary assays were done with C7
monoclonal antibody, as it has been successfully used with other biosensor
label free platforms like Surface Plasmon Resonance (SPR).*®® The results
were compared with those obtained with another two monoclonal antibodies
(C183 and C196).
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Figure 5.2: A: Protein G adsorption at different concentrations (incubation for 3h). B:
Protein G at 500pug/mL incubation at different times. The data show the mean and SD of at
least 4 microarrays (3 chips).

Figure 5.3A shows the OPD signals for the 3 immobilization steps
(Protein G, BSA blocking and antibody binding) while Figure 5.3B shows
the AOPD achieved by the three antibodies after incubating them with 250
pg/mL of CRP. Similar AOPD signals were observed in the antibody
immobilization steps (AOPD=32 units). It is important to highlight that
between the three antibodies tested, C183 shows the largest binding
efficiency to CRP although it also shows the lowest antibody immobilization
signal. According to these results, further experiments were performed with
C183 (named as anti-CRP).
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Figure 5.3: A: OPD values obtained for the immobilization of three different anti-CRP
antibodies: C7, C183 and C196, and the detection of CRP (250 pg/mL). B: AOPD achieved
after incubation with [CRP]= 250 pg/mL. The results correspond to one sensor chip for each
antibody (4 microarrays).
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After this, different sensor chips (n= 30) were prepared to test the
reproducibility and to standardise the OPD signal for each step of the
immobilization procedure (Protein G, BSA and antibody (OPD, ). The same
OPD pattern was observed in all cases with very similar overall signals and
excellent reproducibility according to the SD obtained. Table 5.2 contains
the average values obtained intra and inter-chip variability.

Table 5.2: |Intrachip and interchip variability in the three-step Protein G based
biofunctionalization protocol for CRP

Interchip variability?2
CRP
Mean+SD %CV
Protein G 25.76 £2.9 11.5
BSA blocking 24.37 £3.5 14.3
Antibody capture 4396 £ 4.7 10.9
Intrachip variability?
Chip 1 Chip 2 Chip 3
Mean+SD %CV ~ MeantSD %CV MeanzSD %CV
Protein G 11.5+14 11.9 105+1.2 114 148+23 153
BSA blocking 87+13 14.6 80+12 146 179%25 139
Antibody capture 219+17 7.7 199+16 83 242+53 219

& Interchip variability observed with 30 chips biofunctionalized following the same protocol
®: Intrachip variability observed in 4 arrays prepared in a single chip. 3 different chips are shown as
representative examples.

Graphical representation of the averaged values achieved for 30 sensor
chips for each step of the biofunctionalization protocol is shown in Figure
5.4A. Protein G average OPD value is 25.7£2.96 (CV=11.50%), for BSA the
average is 24.4+35 (CV=14.36%) and for the antibody is 43.9+4.7
(CV=10.7%). After BSA blocking, the OPD is reduced, which suggests that
the layer of BSA is successfully created over the free remaining gold areas
(this is illustrated in Figure 4.11). We also included some representative
images of three different sensor chips and the arrays in each step of the
biofunctionalization protocol (Figure 5.4B). We can see that the intensity of
the spots increases when the antibody is captured by the spots of Protein G.
The colour bar is not related with the OPD value but with the intensity within
the picture.
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Figure 5.4: A: OPD mean values obtained for the three-step anti-CRP immobilization
protocol (n=30 chips). B: Representative colour code OPD maps of 2x3 microarrays through
the different immobilization steps in three different sensor chips.

The specificity of the CRP assay was assessed with different controls as
summarized in Figure 5.5. The addition of the target protein resulted in a
clear signal enhancement (AOPD= 8.83, in Figure 5.5(1)). However, no OPD
increase was observed if the array was incubated with a different protein (in
Figure 5.5(2)). Similarly, incubation of CRP over a non-specific antibody
resulted in negligible increase in the OPD (AOPD= -1.47) (see Figure
5.5(3)). Moreover, in the absence of any antibody (i.e. only spotted Protein G
arrays and BSA) the CRP did not bind (Figure 5.5(4)) corroborating the lack
of non-specific binding over the blocked surface. These different tests
confirmed that the signal corresponds exclusively to the specific recognition
of the protein for its specific antibody (in this case, CRP and anti-CRP, but
extendable to any other antigen-antibody pair).
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Figure 5.5: Specificity study for the CRP assay showing the variation in the OPD in 4
different arrays. Each experiment shows the OPD signal of each step of the assay
(immobilization and detection). (1) Positive control ([CRP] = 500 pg/mL) incubated on an
anti-CRP functionalized array; (2) Control protein ([IL-6] )= 200 pg/mL) incubated on an
anti-CRP functionalized array; (3) [CRP]=500 pg/mL incubated on array functionalized with
a non-specific antibody; (4) [CRP]= 500 pg/mL incubated on unmodified array (i.e. only
Protein G spots on a BSA blocked surface). White column represents the incubation of the
array with only PBS, (i.e. no antibody), prior to the addition of the CRP

Once the biofunctionalization protocol was shown to be reproducible and
specific for CRP, we proceeded to obtain a calibration curve. To do that,
different concentrations of CRP ranging between 0 to 500 pg/mL were
incubated for 30 min over 8x8 microarrays of anti-CRP antibodies. Figure
5.6A shows the results obtained for the AOPD of at least three different
replicates of each concentration. The calibration curve for CRP (Figure
5.6A) showed a linear concentration-dependent region before reaching a
saturation at 200 pg/mL. The coefficient of determination (R?) of the curve is
0.892 which is acceptable and a limit of detection (LoD) of 18 pug/mL was
estimated. The curve fitted to a one-site binding curve (Equation 5.1):

Bmax'X

y=%ax ©Db
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Where X is the concentration, y is the AOPD signal, K, is the equilibrium
binding constant and B,,,, IS the maximum number of binding sites. The
limit of detection (LoD) was calculated as three times the average of the
standard deviation of four blank samples.’®® Since CRP levels in blood
plasma of healthy individuals are commonly found below 10 pg/mL, and can
drastically increase to around 300 pg/mL in patients with severe infection,'*
our approach can comfortably allow the detection of this protein in any
infection and particularly in sepsis.

In order to establish the accuracy of the method, spiked samples within the
linear range of the curve (between 0 and approximately 100 pg/mL) were
tested. Figure 5.6B shows the correlation of the values. The slope of the
curve is 0.8592, which indicates a slight underestimation (i.e. slopes higher
than 1 implies a certain overestimation while below 1 is indicative of
underestimation).

A B
15 100
& 75
10- o
Q o
S £ 50-
< K
54 3
w 25
3
0 T T 0 T T r
0 200 400 600 0 25 50 75 100
CRP (ng/mL) Real [CRP]

Figure 5.6: A: CRP calibration curve in PBS buffer. B: Correlation plot of spiked samples.
Dashed line corresponds to a slope=1.

For a potential commercialization in the long-term, the nanoplasmonic
chips functionalized with the antibodies will need to be stored for long time
(i.e. 6, 12 or even 24 months) before being used. As a short-foreseen stability
study, we assessed the conditions that allowed the biofunctionalised chips to
remain intact for several days. This was done by preparing a set of sensor
chips and storing them in dry conditions at 4°C during different times up to
one week. Ideally the results achieved after a week of preparation should be
similar to the results achieved with a freshly prepared chip. Figure 5.7A
summarizes the OPD signals of antibody functionalized chips (OPD;, ) and
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those obtained after storage of the sensor chips for 24, 48, 72 h and seven
days. A slight decrease in the OPD was observed over time. Upon incubation
with CRP (500 pg/mL) we could observe recognition (i.e. increase in the
OPD) but the AOPD was gradually lower over time compared with freshly
prepared antibody coated sensor chips (Figure 5.7B). A possible explanation
for this is that the antibodies are losing recognition function upon storing as a
consequence of their partial denaturation in dry conditions.
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Figure 5.7: A: OPD signals measured of 5 different microarrays of antibodies stored at 5
different times: 0 (non-stored, fresh measurement), 24, 48, 72 h and 1 week. The last bar is
the OPD after incubation with 500 pg/mL CRP. B: AOPD calculated after incubating CRP at
500 pg/mL on the stored sensor chips.

Finally, as explained in Chapter 1, section 1.3, several technologies are
commercially available to perform the deposition of small volumes and
create microarrays of spots. Thus, to evaluate if the spot size or the spotting
technique had an effect on the final performance of the assay, we compared
these results with those obtained using a different spotter whose deposition
working principle is different. The dip-pen nanolithography-based spotter
Nano eNabler™, from Bioforce Nanosciences, routinely used in this Thesis,
renders spots with more or less the same diameter (=55 um) because it
employs a tip that has a width of 60 um. Conversely, sciFlexArrayer from
Scienion AG (Berlin, Germany), tested as comparative technique, employs
ink-jet printing to produce larger spots (around 100 um). Both types of spots
can be seen in Figure 5.8A. The effect of the deposition on the different steps
of the immobilization protocol (Protein G, BSA and antibody) was then
compared with both techniques.

We observed that, although the OPD signals obtained after Protein G
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spotting was slightly smaller when using the ink-jet printing (Figure 5.8B),
this difference was minimal in the last step of antibody immobilization, so,
overall no significant difference was found. The subsequent target incubation
and detection resulted also in similar OPDs for the concentrations tested (i.e.
CRP, 50 and 250 pg/mL) (Figure 5.8C). Overall, although the
immobilization signals were slightly different in the deposition itself, then the
subsequent steps until antibody capture resulted in similar amounts of
receptor, which eventually translated in similar target detection signals. Thus,
we can conclude that there is no apparent effect from the spot diameter that
could affect the detection principle of the POC biosensor.
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Figure 5.8: Summary of the main results for the effect of the deposition method and spot
diameter in the detection performance. A: Images of the spots produced with each spotter.
Top: left picture of the spots obtained with the SciFlexArrayer (Scienion) instrument; right
picture corresponds to the colour code OPD map obtained with the POC device. Bottom: left
picture of the spots obtained with the Nano eNAbler™ (Bioforce) instrument; right one
picture corresponds to the colour code OPD map obtained with the POC device. B: OPD
values obtained for each step of the immobilization protocol. C: Calibration curves obtained
with arrays prepared with both printers.
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5.21 Interleukin-6

For the detection of IL-6, we started from the same protocol conditions
(i.e. same Protein G spotting and BSA incubation) with the aim to further
pursue multiplexed analysis. We evaluated two different antibody
concentrations (250 and 500 pg/mL), as in the case of the CRP assay. The
first two columns in Figure 5.9A show the OPD values obtained after
incubation with both concentrations which resulted in 44.2+1.04
(CV=2.35%) and 38.1 = 2.73 (CV=7.16%) for 250 and 500 pg/mL,
respectively. The OPD signal for 500 pg/mL was lower than at 250 pg/mL,
which may suggest that a saturation of the Protein G sites has been reached.
After incubation with IL-6 at two different concentrations (40 and 200
pg/mL) we observed that AOPD was higher precisely for 250 pg/mL of
antibody (see Figure 5.9A,B), thus this concentration was selected for further
experiments.
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Figure 5.9: A: OPD signals for antibody immobilization at 250 and 500 pg/mL (left) and
upon incubation with IL-6 at 40 pg/mL and 200 pg/mL (right). B: AOPD achieved upon I1L-6
incubation.

The reproducibility of the antibody signal was assessed as in the case of
CRP assay, by repeating the biofunctionalization with a significant number of
sensor chips (n=10). See Table 5.3 for more details.
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Table 5.3: Interchip variability in the three-step Protein G based biofunctionalization
protocol for IL-6

Interchip variability2
IL-6
Mean+SD %CV
Protein G 27.4+598 21.8
BSA blocking 247 +34 13.8
Antibody capture 44.88 + 4.51 10.1

& Interchip variability observed with 10 chips biofunctionalized with the same protocol

b Intrachip variability observed in 4 arrays prepared in a single chip. 3 different chips are

shown as representative examples.

Figure 5.10A, B shows the average OPD value achieved in the three steps
of the immobilization protocol of the anti-IL-6. Protein G OPD averaged
value (27.445.98, CV=21.80%) was similar to the average in CRP sensor
chips but the SD found was higher. BSA values were also similar (24.7+3.38,
CV=13.8%), as well as the antibody binding (44.8+4.51, CVV=10.1%). With
exception of the Protein G adsorption step the whole protocol behave with a
CV lower than 20%: some pictures of microarrays at the different steps of the
protocol are showed as example (Figure 5.10B). The immobilization values
are overall very similar to those obtained with the CRP assay, which
confirms the reproducibility of the assay regardless of the monoclonal
antibody used.
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Figure 5.10: A: OPD mean values obtained for the three-step anti-IL-6 immobilization
protocol (n=10 chips). B: Representative colour code OPD maps of 3x3 microarrays through
the different immobilization steps in three different sensor chips.
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A calibration curve in buffer PBS was also generated by analysing several
IL-6 concentrations (Figure 5.11A). We did not observe a saturation of the
signal for this interval of concentrations. We believe that the main difference
among IL-6 and CRP assays, relies on their different MW or on the antibody
affinity. The affinity of the antibody might have an influence in this lower
level of detectability compared with CRP. According to the graphs it may be
possible that the anti-CRP shows higher affinity for its target than anti-1L-6.
However, it might be also possible that some restrictions of accessibility to
the antibody binding sites for a larger molecule like CRP occur, which might
be translated to a lower number of effective available receptors, resulting in a
premature saturation. However, this can be also associated to the much lower
MW of IL-6 (120 kDa for CRP versus 24 kDa for IL-6), since the working
principle of the POC is related to the refractive index changes on the surface,
which in turn is related to the mass.

Although the fitting was slightly better (R*= 0.9647) compared with the
one for the CRP curve, the LoD was 88 pg/mL, which is much higher. This
may also be related to the lower MW of this biomarker compared to CRP. In
this case, the assay is far from reaching the common clinical values found for
IL-6 in sepsis patients (>120 pg/mL) that are summarised in Table 5.1. The
sensitivity of the assay could be improved by adding an amplification step,
provided for instance by a second antibody in a sandwich-type assay or by
changing the approach for a competitive assay where the analyte
concentration is indirectly quantified by the signal generated by the antibody
in solution.

The accuracy of the assay was also assessed with spiked samples (Figure
5.11B). In this case the slope obtained in the correlation plot was 0.996 which
is almost equal to 1. Hence, the IL-6 curve shows an excellent accuracy.
Overall, these results are very promising because, although the sensitivity
achieved is not enough for sepsis diagnosis, they demonstrate the sensing
capacity of the POC for proteins with medium molecular weight (24 kDa).

112



10 500

400+

300+

AOPD

Calculated [IL-6]
N
8

-

(=3

o
1

o
o

0 100 200 300 400 500 100 200 300 400 500
IL-6 (ng/mL) Real [IL-6]

o

Figure 5.11: A: IL-6 calibration curve in PBS buffer. B: Correlation between calculated and
real concentration of 1L-6. Dashed line corresponds to a slope=1.

5.2.2 Procalcitonin

For the detection of PCT two different monoclonal antibodies: QNO5 and
03-1C2 were tested. These high-quality antibodies are employed in the
Kryptor Gold Analyzer, a well-stablished technology developed by Brahms-
ThermoFisher (partner in the RAIS project). Hence, they have proven their
good performance previously, in particular in a sandwich assay for PCT
detection. The OPD signals for the immobilization of these antibodies (at a
concentration of 250 pg/mL) was higher for 03-1C2 antibody (63.6+£7.54
(CV=11.8%)) compared with 48.1+3.5 (CV=7.3%) for QNO5. However, the
detection of PCT (250 pg/mL) was only observed with QNO5 antibody
(AOPD=8.65) (see Figure 5.12).
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Figure 5.12: OPD values obtained for the immobilization of two different anti-PCT
antibodies: QNO5 and 03-1C2, and the detection of PCT (250 pg/mL).

According to this preliminary results, QNO5 antibody was selected as
capture immobilized antibody. The reproducibility of the immobilization was
studied (Figure 5.13). In Figure 5.13A we have included the average values
of 6 sensor chips and pictures of some arrays are included in Figure 5.13B.
The pattern of lower OPD after incubation with BSA was observed again,
Protein G signal was 32.1+5.39 (CV= 16.7%) and BSA was 23.2+3.5
(CV=15.1%). Anti-PCT binding gives a high signal: 47.6+4.35 (CV=9.14%).
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Figure 5.13: A: OPD mean values obtained for the three-step anti-PCT immobilization
protocol (n=6 chips). B: Representative colour code OPD maps of 3x3 microarrays through
the different immaobilization steps in three different sensor chips.
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Although these initial results showed: (i) similar immobilization patterns
and efficiency for anti-PCT and (ii) promising detection of PCT, we observed
that when repeating target measurements with different PCT concentrations,
the AOPD values obtained for several PCT concentrations were not
reproducible and the results were not reliable. A high variability was
regularly found, being the AOPD ~ 0 even for high PCT concentrations
(Figure 5.14B,C, blue spots). As the quality of the antibody was not the
problem, a reasonable cause for this might be related with the low molecular
weight of PCT, which, as seen in previous section, has a significant effect on
the RI change. Low RI changes difficult the detection and shows the
sensitivity limits of the POC technology developed in this project. As
introduced in the description of the device (Chapter 3), the detection limit of
our current optical configuration using these nanostructures is around 5- 10
RIU,™* which is between one and two orders of magnitude higher compared
with other imaging label-free optical devices (which can be around 10°-10°°,
see Table 3.1). This inevitably has a remarkable effect on the sensitivity
achieved with the protein assays, with LODs in the pg/mL range.

In order to enhance the signal (by increasing the RI change on the
surface), a sandwich assay with the other antibody previously tested (03-1C2)
was explored. Sandwich assays consist of the addition of a second antibody
that recognizes another epitope of the analyte, already captured by the
primary antibody (Figure 5.14A). This way the signal can be amplified.
However, also in this case, the signal obtained for the second antibody was
also erratic, being sometimes not significant or not proportional to the
incubated concentration or even lower than the signal with only the PCT (see
Figure 5.14B,C, red spots).
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Figure 5.14: A: Scheme of the biofunctionalization protocol in a sandwich format. OPD
signals achieved when (B) low and (C) high PCT concentrations were incubated (blue spots)
and after addition of the second antibody (red spots).

As a final conclusion, it was not possible to quantify PCT in a reliable way
with the POC instrument. As future alternatives to achieve this, we propose
the use of larger tags such as nanoparticles which may be useful for
amplifying the signal but in detriment of adding extra steps to the
immunoassay. However this option would end up in a more complex POC
device and a labelled assay (which should be avoided for the sake of analysis
simplicity).

Finally, PCT is a very small protein which requires high sensitivity to be
detected and, at the moment, this POC biosensor is not yet able to reach that
sensitivity limits.

5.3 Multiplex measurement of CRP and IL-6

The results seen in Chapter 4 points out that immobilized antibodies work
better when they are incubated instead of spotting. This is a limitation to our
POC device as fitting several antibodies within a small surface for
multiplexing becomes a challenge. In an ideal scenario, antibodies should be
spotted while fully keeping their biorecognition capabilities; hence, tens of
antibodies for different biomarkers could be analysed on a single microarray
with the POC biosensor.
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With the aim of studying the multiplexed capabilities of the POC, we
divided the gold nanoplasmonic chips in four sections and in each of them,
we spotted 8x8 microarrays of protein G and we later incubated: two
microarrays with anti-CRP and the other two with anti-IL-6. The sections
were physically divided with a hydrophobic pen that created a hydrophobic
barrier among them, thus, permitting incubation of different solutions.

Both targets were incubated either individually or together in one solution
(see Figure 5.15A and 5.16A). Two different target concentrations were
evaluated individually (100 and 200 pg/mL). The results are summarized in
Figure 5.15B. When tested individually, only in the microarrays where the
protein was incubated with its specific antibody, an increase in the OPD was
observed, which confirms the specificity of both assays. The AOPD signals
achieved are: for CRP, 3.45 (200 pg/mL) and 5.49 (100 pg/mL), while for
IL-6 3.48 (200 pg/mL) and 2.24 (100 pg/mL). When analysed together as a
single solution containing both CRP and IL-6 at the same concentration (200
png/mL), we observed similar AOPDs (see Figure 5.16B), although slightly
higher for CRP compared with the same concentration in a solution only
containing this protein (9.7 units for incubation over anti-CRP and 2.69 units
for incubation over anti-1L-6). A possible reason for this behaviour could be
related to the overall higher concentration of reagents in the solution (i.e. 200
pug/mL of CRP plus 200 pg/mL of I1L-6 in 10 puL) which might have caused a
slight material accumulation and sedimentation at the dry film edges of the
10 uL incubation droplet, resulting in an altered OPD readout in those spots
close to the film boundary. These material accumulation and sedimentation
are found to affect the real OPD value as they increase the amount of mass
over the spots, thus, increasing the final AOPD. Most of the times these
marks can be seen with bare eye, however, sometimes it is not possible.
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Figure 5.15: A: Schematic representation of the single analyte multiplex test. B: OPD
signals obtained for the antibody immobilization (solid columns being blue: anti-CRP and
red: anti-IL-6 and after protein incubation (dashed columns being blue: CRP and red: IL-6).
Protein concentrations were 100 pg/mL (left) and 200 pg/mL (right).
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Figure 5.16: A: Schematic representation of the single vs mixed analyte multiplex test. B:
OPD signals obtained for the antibody immobilization (solid columns being blue: anti-CRP
and red: anti-IL-6) and after protein incubation (dashed columns being blue: anti-CRP, red:
anti-IL-6 and purple: CRP+IL-6). Protein concentrations were 200 pg/mL each one.
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These latest results show the capability of the POC device to evaluate two
biomarkers at the same time. Nevertheless, as 4 microarrays (8x8) can be
fitted on a single chip, the potential multiplexing capabilities of the POC
biosensor can reach up to 4 different biomarkers analysis. In addition, in
terms of specificity, the antibodies for CRP and IL-6 do not show any type of
cross-reactivity, confirming the specificity of the assay. The AOPD was
interpolated on the calibration curves and the recovery was calculated to
evaluate the accuracy with the equation:

Calculated concentration

Accuracy (%) = -100 (5.2)

Real concentration

Main results are summarised in Table 5.4.

Table 5.4: Accuracy experiments obtained in the multiplexed detection of CRP and I1-6*

Individual incubation Mix incubation
Test Accuracy (%) Test Accuracy (%)
CRP 100 72,95 CRP 200 18,355
CRP 200 17,265 (Ab) CRP 200 + IL-6 1955
IL-6 100 97,06 11-6 200 61,385
IL-6 200 81,735 (Ab) I1-6 200 + CRP 60,58

% data extracted from Figure 5.15B and 5.16B.

These results show a better accuracy for IL-6 detection (i.e. accuracy
between 60-90%) than for CRP, which showed more irregular recoveries.
CRP at 200 pg/mL (both times in both chips), showed a very small signal for
what was expected. This may be related with the proximity to the plateau
area in the calibration curve. Mixed incubation of CRP and IL-6 over anti-
CRP showed overestimation, probably due to the high protein concentration
on the sample. Nevertheless, these results correspond to a single experiment,
not an average, thus, increasing the number of tests might be necessary to
improve the reliability of the multiplexed analysis. Besides, increasing the
number of multiplexed tests to more concentrations should be tested.
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These proof-of-concept experiments, although with a limited degree of
multiplexing (i.e. eventually four biomarkers in a 4-array design like the one
shown in Figure 5.15A), exemplify the potential of the biofunctionalization
strategy and the POC biosensor for the simultaneous analysis of different
proteins in a single chip.

5.4 Design, optimization and analytical evaluation of

proteins in plasma

Clinical analysis done in blood samples are commonly performed in
plasma or serum. Plasma and serum are samples that are routinely collected
in hospitals and in an easy way (blood withdrawal). Plasma is the soluble
remaining fraction of the blood when cell fraction is removed by addition of
anticoagulants and centrifugation. Serum is part of the blood that is left over
after the red blood cells, the white blood cells, the blood platelets, and
clotting factors have been removed from the blood.

Plasma composition contains mostly water (90%) and proteins (i.e.
globulins, fibrinogens, albumins), glucose, clotting factors, electrolytes,
hormones, CO, and O, among other substances. However, the high
variability in the composition of blood plasma samples represents an
important barrier in laboratory analysis for the reliable detection and
quantification of clinical biomarkers. Interferences produced by other
compounds different than the target analyte produce what is called matrix
effect. This matrix effect is very critical in all analytical devices and, more
particularly, in devices that exploit optical changes. In our case, the POC
biosensor measures changes on the RI, which may be affected by the
interferences (mass change) produced by non-specific binding that affects
the optical measured properties.

Non-specific binding occurs when proteins or lipids present in plasma are
adsorbed to the surface of a solid sensing support. The interactions between
the proteins and the surface are mainly electrostatic or hydrophobic. In our
POC this non-specific adsorption may be critical as the addition of an extra
layer may change the total refractive index of the surface, and the thickness,
affecting the OPD evaluation. As a consequence, it is mandatory to evaluate
the effect of such fluids on the assay performance and reduce it as far as
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possible. The non-specific binding can be minimized or even removed either
by changing the solution conditions (when sample is diluted) or by modifying
the sensor surface. Changes in buffer solution can be done by increasing salt
concentration, adjusting pH to stabilise proteins; or adding surfactants like
sodium dodecyl sulphate (SDS) or polyethylene glycol sorbitan monolaurate
(Tween 20) to influence surface wetting. **"**® Another option is to cover the
remaining exposed part of the surface after ligand/bioreceptor immobilization
with a biologically inert protein. Commonly, protein blockers such as BSA,
casein, fish gelatin, PEG molecules or skim milk are used for this purpose
because they block the non-occupied sites on the surface and stabilize
biomolecules bound to the surface to reduce steric hindrance.

5.4.1 Effect of the plasma in the CRP assay

The antibody functionalized chips already contain a layer of BSA (1%)
covering the remaining free gold areas of the chip after Protein G deposition.
This layer was added to precisely prevent antibody adsorption during chip
preparation. Therefore, a first evaluation to check if BSA at 1% was efficient
enough as blocking agent for plasma or serum analysis was done. Two
microarrays were incubated with 100% commercial plasma (see Figure
5.17A, 1 and 2) and two microarrays with 100% commercial serum (see
Figure 5.17A, 3 and 4). Under incubation with both blood derivatives a
significant increase in the OPD values was observed (Figure 5.17B) together
with a visible deterioration of the microarrays, being significantly worse for
serum rather than for plasma. Overall, this initial evaluation suggests that 1%
BSA is not totally successful in preventing non-specific bindings. Further
conditions were pursued although only with plasma, given its less severe
effect.
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Figure 5.17: Colour code OPD maps of two microarrays pictures before and after incubation
with plasma 100% (Arrays 1 and 2) and serum 100% (Arrays 3 and 4). C: OPD value of each
microarray before and after incubation with plasma/serum.

Plasma was then diluted with PBS (from 100% to 0.1%) and incubated
over different arrays (Figure 5.18A). An increase in the OPD (i.e. adsorption
of mass) was observed in all the cases (Figure 5.18B). Although each diluted
plasma solution was tested only once, it was observed a general trend, when
the higher the plasma dilution, the lower the AOPD value. The minimum
dilution tested was 0.1% and it gave a AOPD of 2 units, which may be
negligible considering the typical SD obtained with this device. However,
this dilution is not useful from a practical point of view, as it implies a 1000-
fold dilution, worsening the detectability levels in a great extent.
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Figure 5.18: A: OPD signals achieved upon incubation of an antibody coated microarrays
with plasma at different dilutions. B: AOPD observed for every plasma dilution.

As a BSA layer is not effective enough in preventing non-specific
adsorption, the addition of other types of antifouling compounds instead of
BSA was tried. Then, the addition of skim milk was tested. This is commonly
used blocking agent in western blot and other immunoassays to block non-
specific binding of antibodies and to reduce background signal, *"* Figure
5.19A shows one microarray and the successive steps of blocking with skim
milk at 2%, antibody binding and plasma incubation (1, 10, 25 and 50%
diluted). As we can observe from the numerical values in Figure 5.19B skim
milk also binds to the Protein G spots at some extent as the OPD of the spots
increases. When we add BSA we normally observe a decrease in the OPD
signal and we attribute this to the albumin covering only the free remaining
areas. This can be understood as if the reference signal of the readout
mechanism is increased thus the difference between the spot and the
surrounding area is reduced. Although it seems that indeed skim milk
partially binds to protein G, this does not completely prevent the antibody
from interacting with Protein G, as the later step of antibody addition is
successful (but with a much lower extent, i.e. AOPD = 9.4 compared to
19.59 with BSA). Finally, upon addition of different dilutions of plasma: 1,
10, 25 and 50%, we observe an increase of 47, 45, 68 and 80 OPD units,
respectively. This shows that skim milk does not work as an effective
blocking agent.
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Figure 5.19: A: Colour code OPD maps of one microarray along the successive steps of the
protocol: Protein G, skim milk addition, antibody binding and incubation with different
dilutions of plasma. B: Plot that contains the OPD values achieved in 4 different microarrays
incubates first with skim milk at 2% and later with plasma diluted at different concentrations
(1, 10, 25 and 50%).

As the complete removal of the non-specific binding turned complicate,
we evaluated if the detection of CRP was possible in diluted plasma with the
initial BSA layer. In this case, the background signal from the diluted plasma
was considered as blank signal, and used as reference for the calculation of
the AOPD after target incubation (i.e. the background signal produced by
diluted plasma was subtracted to the signal produced by CRP incubated in
plasma at the same dilution). In order to standardize this calculation, this
value should be constant regardless of the sensor chip and plasma sample
employed, in such way that a constant value could be always subtracted. To
test this, we incubated several times the plasma diluted at 5, 10, 25 and 50%
with and without 50 pg/mL of CRP and we got the following average values
showed in Table 5.:
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Table 5.5: Summary of the OPD average values and SD obtained for diluted plasma with
and without CRP

Plasma Plasma + 50 pg/mL CRP AOPD
% Plasma Mean+SD  %CV Mean+SD %CV
5 6.20+t4.8 76.6 8.5%5 58.8 2.3
10 24.3+7.7  31.6 34.7244.2 12.1 10.4
25 32.25+6.4 198 37.4+7.2 19.3 5.4
50 34.7+7.6 219 37.65+6.5 17.3 2.95

Thus, the overall AOPD (i.e. Plasma with CRP without the average plasma
signal) are: 2.3, 10.4, 5.4 and 2.95. Figure 5.20 illustrates these values and
shows that the presence of CRP additionally increases more the OPD respect
to only the diluted plasma. As we can see there is a high variability in the
plasma measurements, as reflected by the high values of CV compared with
the ones obtained in PBS buffer. Besides, the signal difference between the
plasma incubation with and without CRP shows a large variation as
compared to the signal obtained in PBS buffer, 4.35 units of AOPD for 50
pg/mL CRP. Taking into account these parameters, we selected a plasma
dilution of 25% and 50% to generate the calibration curve of CRP as lower
CVs were obtained and the overall AOPD signals were closer to the one
achieved in PBS buffer.

Calibration curves with 25 and 50% diluted plasma were generated, by
removing the average background OPD signal produced in 10 sensor chips,
which are 19.80 and 22.18, respectively. These values are slightly lower than
the ones observed in Figure 5.20, however, it stills fits within the SD
observed. CRP at concentrations ranging from 0 to 400 ug/mL in plasma
diluted at 25% and 50% were analysed (Figure 5.21). The LoD achieved was
6 ng/mL and 8 pg/mL in plasma at 25% and 50%, respectively. Despite these
LoD values seem better than the LoD of CRP in PBS buffer (18 pg/mL) the
fitting is worse as can be also seen in the Figure 5.21. The R? are 0.8444 and
0.8261 for 25% and 50% plasma, respectively. Thus, these LoDs, although
apparently show better sensitivity than in PBS, cannot be fully trusted.
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Besides this, as the CRP curve in plasma is normalised by removing the
average background signal (as mentioned above), a strong variability is
introduced because the SD in the measurements is very high.

50

E3 Plasma % (no CRP)
JE= CRP (50 pg/mL)

S 10 25 S0

Plasma %

Figure 5.20: OPD signals achieved upon incubation with diluted plasma and 50 pg/mL of
CRP in the same diluted plasma.
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Figure 5. 21: Calibration curve of CRP in plasma diluted at 25 and 50% in PBS.
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As a summary, a rough determination of CRP concentration on diluted
plasma was achieved. The determination of the AOPD signal based on
subtracting an average background signal produced by non-specific
adsorption is not the ideal situation. However, due to proper anti-fouling
conditions were not found we proposed this strategy as a solution. In the
future, more surface blocking agents and additives on the diluting solution
may be tested to find a better and more reliable fitting.

5.4.2 Plasma effect in the IL-6 assay

An analogous set of experiments were performed with plasma and the IL-
6 assay (i.e. subtracting the OPD background signal of the diluted plasma to
the OPD signal obtained after target incubation). First a comparison between
the signal obtained for plasma and for plasma with IL-6 was done (see
Figure 5.22). The average AOPD signals for the incubation with 5, 10 and
25% diluted plasma with and without 125 pg/mL of IL-6 are shown in Table
5.6:

Table 5.6: Summary of the OPD average values and SD obtained for diluted plasma with
and without IL-6.

Pl + 125 L
Plasma asma hg/m AOPD
IL-6
%
Mean+SD %CV Mean+SD %CV
Plasma
5 8.14+4.50 55.3 10.6+3.41 32.0 2.46
10 11.7+5.25 44.8 12.6+6.70 53.3 0.83
25 23.3%£5.20 22.3 24.8+7.80 31.4 1.51

Thus, the overall AOPD (i.e. Plasma with IL-6 without the average plasma
signal) are: 2.46, 0.83 and 1.51. These are very low signals for that
concentration of IL-6, which in PBS buffer corresponds to AOPD=2.7. This
may be solved by using more diluted plasma, but this would sacrifice even
more the sensitivity, so we decided to work with 25%.
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Figure 5.22: AOPD signals obtained for diluted plasma with IL-6 at 0 and 125 pg/mL

Different concentrations of IL-6 were incubated but we did not observed a
consistent concentration-dependant signal, thus, making impossible a reliable
quantification. Also, in almost all cases the AOPD was smaller than the SDs.
In this case, this could be indicative that somehow the interaction of IL-6
with the antibody was more severely hindered than with the previous protein
(see Figure 5.23, green line).

The addition of Tween 20 to the dilution buffer was also considered as this
IS a common additive used to minimize non-specific adsorptions. High
concentrations of detergent are not advisable as they can break protein-
protein associations or even denature them. It is normally used between 0.05
and 0.5% in PBS or Tris-buffer. This reagent is commonly employed in
immunoassays like ELISAs and Western blots as it prevents non-specific
adsorption and removes unbound moieties, especially antibodies that can be
present in plasma. Upon addition of this reagent to the PBS used for diluting
the plasma, we observed that the AOPD was reduced in average 12 units in
absence of IL-6. This shows the ability of the PBST of preventing non-
specific adsorptions. However, as before, the IL-6 detection at several
concentrations resulted in no further increase in the OPD, which confirms the
difficulty of quantifying this protein under these conditions (see Figure 5.23,
red line).
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Figure 5. 23: IL-6 calibration curves in 25% diluted plasma in PBS (green curve) and PBST
(red curve).

As a summary, with the conditions tested we were not able to quantify IL-
6 in diluted plasma even when employing additives for preventing non-
specific binding. Some alternatives to achieve a proportional and significant
signal may be added, as trying other additives that prevent non-specific
adsorption or the use of labels to increase the read-out signal.

5.5 Validation with real samples

Despite the low sensitivity achieved in the CRP calibration curve in
plasma, we decided to attempt the analysis of real samples. For that, we
evaluated a set of plasma samples collected from patients at the Vall
d’Hebron Hospital (Barcelona, Spain) and stored in the Sepsis Biobank
located in the same hospital. We analysed three different types of samples
(see Table 5.7): healthy donors (4 samples), SIRS patients (4 samples) and
sepsis patients (12 samples). Analysis of the CRP levels of the samples was
done previously with CRP Latex Kit from Beckam Coulter (USA) at the
clinical microbiology and biochemistry Laboratory located in the Hospital.
To carry out the evaluation, each sample was diluted to 50% in PBS and then,

129



incubated for 30 min onto an anti-CRP microarrayed chips. Afterwards, the
sensor chips were rinsed, dried and measured at the Hospital with the POC
device. Each sample was incubated and analysed in duplicates using two
different microarrays to obtain an average value for each concentration. The
results are shown in Figure 5.24A and Figure 5.24B shows the calculated
concentrations based on the CRP calibration curve in plasma (Figure 5.21)
with a comparison between the values obtained at the hospital and the values
calculated by the POC.

Table 5.7: Summary of the employed patient samples.

’;Zg:;?: Biobank Code p[;{:lll.
BSTC123 0,3
Healthy BSTC124 0,3
BSTC30 0,4
BSTC40 0,2
BSIRS89 24,3
SIRS BSIRS22 31,7
BSIRS16 12,8
BSIRS13 14,3
BSEP51 117
BSEP68 19,2
BSEP106 95,4
BSEP195 306
BSEP387 469
. BSEP276 549
Sepsis
BSEP293 445
BSEP35 456
BSEP113 434
BSEP184 130
BSEP308 123,1
BSEP157 100
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Figure 5.24: A: OPD signals obtained after incubation with each plasma sample (diluted
50% in PBS). B: CRP concentrations determined with the POC (by removing the average
value of commercial plasma) and with the commercial kit available at the Vall d’Hebron
Hospital. C: CRP concentrations determined with the POC (by removing the average value
of healthy samples) and with the commercial kit available at the Vall d’Hebron Hospital
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As can be concluded from Figure 5.24A no significant differences were
observed between the three patients group, being not possible to discriminate
between the healthy ([CRP] < 0.4 ug/mL), the SIRS, ([CRP] = 12.8 — 31.7
pg/mL) and the Sepsis samples ([CRP] = 19.2 - 549 ug/mL). These results
can be due to several reasons. First, the signal of the healthy samples, which
can be considered as blank samples, shows a significantly higher signal
(AOPD around 40-50) compared with the one obtained with the control
plasma used in the optimization experiments (AOPD ~ 20), which is a pool of
different plasmas from donors. This reflects plasma variability from sample
to sample, which inevitably affects the accuracy of the developed assay. A
picture of some samples analysed is shown in Figure 5.25 to illustrate the
variability in samples which probably reflects the different composition and
affects the global refractive index of the sample.

Figure 5.25: Picture of some of the human plasma samples employed in the analysis.

In Figure 5.24B the concentrations calculated after removing the average
background signal from 50% diluted plasma measured in the laboratory are
shown. This resulted in a poor quantification as most of the calculated
concentrations are far from the value calculated with the commercial kit. We
explored another approach to calculate the concentration. Instead of using an
average background obtained with the standard commercial plasma, an
average signal (OPD=52.42) coming from the 4 healthy samples (considered
as a blank sample) was alternatively used. This ended in some values being
negatives due to all the OPD signals being higher than the background. These
values were not included in Figure 5.24C as they were not possible to
interpolate. In both cases, sepsis samples showed many discrepancies as most
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of them did not match the concentration determined with the commercial Kit.

These results confirm the necessity to improve the assay and to remove
any variability in the background coming from different plasma samples, in
order to ensure a more reliable analysis. As some of the samples from sepsis
patients show really high concentrations, a higher dilution of the plasma
could also be possible, without falling out of the working range, which in
turn would allow minimizing the plasma effect on the assay. These aspects
remain as potential experiments to be performed in the future in case the
calibration curve can be improved. Nevertheless, although this improvement
should be addressed, the limitation of the inherent sensitivity offered by the
POC biosensor should also be solved to fully exploit the potential of the
device for biosensing.

5.6 Conclusions

In this chapter we have attempted the development of direct label-free
assays with the novel POC biosensor device for the detection of three sepsis
biomarkers; CRP, IL-6 and PCT. Successful quantification of CRP and IL-6
in PBS buffer was done. The LoD achieved was 18 pug/mL for CRP and 88
pg/mL for IL-6. These results are promising especially for CRP because it
fits within the clinical range of sepsis diagnosis. Unfortunately, the sensitivity
achieved for IL-6 is far from clinical relevance. Besides this, some proof-of-
concept multiplexing test were done with 1L-6 and CRP. PCT detection was
not achieved as the response given by the protein binding had poor sensitivity
and non-consistent reproducibility. We believe that the sensitivity offered by
the POC biosensor has a main role in these results. The inherent optical
resolution of the optical device in this current configuration (5-10 RIU) has
a strong impact on the resultant LoD, and this requires further reconsideration
and optimization of the optical components. Besides, the differences in
molecular weight of the different protein biomarkers also have an impact
because the lower mass the lower refractive index change, thus, less signal
and sensitivity.

Also, protein quantification in plasma was studied. Only CRP was
possible to be quantified as IL-6 assay did not reach an acceptable sensitivity.
So far the detection has been done in diluted plasma and with low accuracy.
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The non-specific binding produced by the plasma is still a challenge. Despite
this, clinical validation of the technique was done with real patient samples.
Quantification of CRP in the samples provided was not successful as there
was very high variability on the plasma from patient to patient which ended
in very different non-specific bindings which was not compatible with the
way the calibration curve was established.

Overall, the results proved the feasibility of using the novel POC
biosensor to quantify protein biomarkers in a label-free and direct format.
These results are very promising but in order to achieve a more reliable
quantification there are still some parameters to improve such as a more anti-
fouling surfaces or adding additives to the PBS buffer diluting the plasma to
reduce the non-specific binding or to dilute more the plasma. The current
stage of the assays does not allow a reliable analysis of CRP levels in septic
patients but they open the door for future optimization of the POC device and
their prospective applications.
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Chapter 6

Evaluation of Bacteria
Biomarkers for Sepsis diagnosis

In this Chapter we summarize the results obtained for the detection and
quantification with the POC of the bacteria E. coli and P. aeruginosa, which
are two of the more prevalent bacteria found in sepsis patients. We detail the
detection protocol in buffered solutions, diluted plasma and finally real
patients samples. Multiplexed detection of both bacteria has been also
explored in buffered conditions and with real samples.
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6. Evaluation of Bacteria Biomarkers for Sepsis
diagnosis

6.1 Introduction

Detection of the etiological infectious agent is also an interesting approach
for the diagnosis of sepsis. Around 90% of infections are caused by bacteria
(being the rest caused by viruses, fungus or other parasites) and the most
commonly related to sepsis are P. aeruginosa and E. coli. Therefore, the
detection of both bacteria was attempted.

The effective testing of bacteria requires meeting a number of challenging
criteria. Time and sensitivity of analysis are the most important limitations
related to the usefulness of microbiological testing. Bacterial detection
methods have to be rapid and very sensitive since the presence of even a
single pathogenic organism in the body or food may be an infectious dose.
Extremely selective detection methodologies are required because low
numbers of pathogenic bacteria are often present in a complex biological
environment along with many other non-pathogenic organisms.*°

As stated in Chapter 1, antibodies are very selective to certain antigens.
This may be an advantage, for instance, to detect a common structural
antigen present in a larger number of bacteria species. However, this also
may be a disadvantage if a more deep taxonomical detection is sought
because cross-reactivity may arise. It is important to take into account that,
ideally, bacteria should be measured without any sample pre-treatment, thus,
by direct detection of the whole-cell. This may challenge the specific
detection as finding a specific epitope or antigen which is exclusive to single
specie is difficult.

6.2 Design, optimization and analytical evaluation of P.

aeruginosa

Initially, the analysis was focused in a gram-negative bacterium, P.
aeruginosa. The immobilization of the bioreceptors (antibodies) was also
based on the use of Protein G, previously spotted onto the sensor chip.
However, some conditions of the immobilization and the detection were
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modified with respect to the conditions for protein biomarkers. The same
Protein G concentration as in protein biomarker assays was used

A specific anti-P. aeruginosa polyclonal antibody (anti-Pae) was selected.
The specificity of the antibody was tested in a previous work® against E.
coli, showing negligible cross-reactivity, which made it an ideal option to
perform these experiments.

Figure 6.1 shows the three-step biofunctionalization for anti-Pae. As
example, three immobilizations steps of 10 microarrays and real pictures can
be seen in Figure 6.1B. The immobilization resulted in similar OPD
enhancements: 29.3+4.25 (CV=14.5%) for Protein G, then the addition of
BSA reduces the overall OPD to 13.0+3.15 (CV=24.2%) and finally addition
of the antibody increases up to 66.2+6.26 (CV=9.45%) (see Figure 6.1A).

A 8 P. aeruginosa
100 40 Protein G BSA Antibody
804 66.25
a 607
o
o 29.33
20+ 12.97
ol I
Protein G BSA Antibody

Figure 6.1: A: OPD mean values obtained for the three-step anti-Pae immobilization
protocol (n=3 chips). B: Representative colour code OPD maps of 2x3 microarrays through
the different immobilization steps in three different chips.

Two antibody concentrations were evaluated (250 and 500 pg/mL, see
Figure 6.2A). This signal is significantly higher than the previous
immobilization of antibodies against proteins. Better affinity of Protein G for
the antibody may be an explanation for this because the antibodies used in
this assay are polyclonal while previously used are monoclonal which may
introduce some differences.
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Figure 6.2: Antibody immobilization. OPD signals obtained for the immobilization of (A)
anti-Pae and B) OPD,,, measured after incubation of both antibody concentrations with two
different concentrations of bacteria. Low= 585 cells/mL; High= 5850 cells/mL. [E. coli]=
464 cells/mL.

The main goal of the immunoassay is evaluating the lowest possible
number of bacteria, ideally between 1 to 10 colony forming units (cfu). To
calculate the signal resulting from the binding of bacteria a different
approach was considered to overall improve the detectability and the SD.
Since bacteria are individual species (discreet entities) the volume of the
sample became more critical, especially when gradually decreasing the
bacteria concentration (i.e. a concentration of 1000 cfu/mL results in
detecting 10 cfu when the sample volume is as low as 10 pL and 500 cfu for
a volume of 0.5 mL). In this sense, determining the OPD signal enhancement
resultant from averaging an array with several spots (for instance 8x8) is a
limitation and can introduce a high variability since at lower concentrations
inevitably some spots are not going to have any bacteria captured (see Figure
6.3 for a representative image).
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Figure 6.3: Colour code OPD map of an 8x8 microarray where a low bacteria concentration
has 9t:)een incubated thus showing the variability of binding from spot-to-spot. From Dey et
al.!

Therefore, in this case we have considered as the detection signal the sum
of the AOPD of each spot individually (considering only the spots with a
positive AOPD, AOPD>(0). This was named: OPD,,4;, and is expressed with
the equation:

n
OPD,ora1 = Z AOPD,;
i

where AOPDl = 0PD samplei — OPD antibody i

Thus, after applying this calculation to the corresponding signal for the
bacteria detection in Figure 6.2B also showed higher signals when more
antibody was immobilized both for E.coli (data not shown) and for P.
aeruginosa. Two different concentrations of P. aeruginosa: 585 cfu/mL
(low) and 5850 cfu/mL (high), and 464 cfu/mL E. coli were tested for anti-
Pae. Nevertheless also a slight recognition of E.coli was observed (see
Figure 6.2B).

At 250 pug/mL antibody concentration, the cross-reactivity was very low
(.10 and 3.35% compared to the low and high P. aeruginosa
concentrations). This was significantly higher when 500 pug/mL of antibody
was present (i.e. 12 and 22.2%). Since bacteria concentrations as high as
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~6000 cells/mL will be hardly seen in an undiagnosed patient (i.e. such
concentration will probably have been detected much earlier due to other
physical symptoms) we considered this level of cross-reactivity for the high-
concentration of antibody would be acceptable and we therefore selected 500
pg/mL .

With these conditions, a calibration curve in PBS was generated after
analysing several bacteria concentrations in triplicates (Figure 6.4A). The
results fitted accurately to an allometric curve with R? = 0.9226). A wide
dynamic range was achieved, from 10° to 10° cells/mL. The incubation
volume employed was 10 pL, thus, our theoretical LoD is 100 cells/mL, as
the minimum concentration that can be used to have at least one single
bacterial cell. However, experimentally, the minimum concentration of P.
aeruginosa which resulted in a significant signal (average OPDyo, Value =
28) was 146 cells/mL (i.e. 1.5 cells in 10 pL, which can be rounded to 2 cells
for a 10 pL sample or 200 cells/mL).

Later, we tested the accuracy of the curve by measuring several blind
samples (Figure 6.4B) and we found that the slope was 0.9993. Based on this
value we can assure that the assay can provide high accuracy in the analysis
of sample.
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Figure 6.4: A: Calibration curve of P. aeruginosa in PBS buffer. B: Accuracy study of the
immunoassay. The plot shows the correlation between the real value of spiked blind samples
and the calculated concentration. Data shows the average of three replicates. Dotted line
corresponds to a perfect correlation (slope=1).
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6.3 E colidetection and quantification with the POC

An immunoassay for the detection of E. coli was also developed in our
research group for further demonstration of the multiplexing capabilities of
the device. Figure 6.5 shows the three-step biofunctionalization for E. coli
antibody (anti-Ec). Three representative pictures of an 8x8 microarray are
shown through all the steps. Similar OPD signals were achieved for Protein
G and BSA in P. aeruginosa. The results showed an anti-Ec OPD signal
immobilization of 75+8.5 units. This signal is also higher compared to the
ones achieved for protein antibodies. This supports the explanation of Protein
G having better affinity for polyclonal antibodies.
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Figure 6.5: A: Colour code OPD maps of an 8x8 microarray of the different immobilization
steps of anti-Ec specific for E. coli. B: The plot shows the OPD numerical values. From Dey
etal. %

After this, a calibration curve for E. coli in PBS buffer with a wide
dynamic range of several log orders (10 to 10°) was obtained with 10 pL
sample volume (Figure 6.6A). Also, accurate fitting was achieved
(R?=0.9226). As commented above, the volume of the sample is a key factor
for calculating the LoD of the assay. When measuring 150 pL of a sample
with a concentration of 8 cfu/mL (which correlates to 1 cfu) a significant
OPDyotar Signal could be observed as shown in Figure 6.6B. Besides this,
correlation of the curve was tested with spiked blind samples and the method
showed high accuracy (R?= 0.9841, see Figure 6.6C)

These results (similarly to what we observed with P. aeruginosa) are very
promising because they demonstrate that it is feasible to successfully detect
only one bacterial cell present in the employed detection volume.
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Figure 6.6: A: Calibration curve for E.coli bacteria detection in PBS buffer B: Plot
indicating the experimental LoD in terms of cells in a constant detection volume of 150 pL.
C: Correlation plot with spiked samples. From %

In addition, evaluation of the specificity of this assay was done as can be
seen in Figure 6.7. Cross-reactivity against B. cereus (a gram-positive
bacteria) was tested. For a similar concentration of bacteria (E. coli and B.
cereus), the signal (OPDwta) was much lower for B. cereus (OPDwt = 18.9)
compared to E. coli (OPDwa = 91.1) (blue and purple curves in Figure 6.7).
ELISA experiments confirmed this signal came from the slight cross-
reactivity of the antibody for this bacterium. As B. cereus is not a sepsis
causing primary bacterium, this slight signal should not be a major problem.
Moreover, an ELISA test against P. aeruginosa was also done (data not
included). Both antibodies (anti-Pae and anti-Ec) showed certain cross-
reactivity but the unspecific signal is significantly lower than the specific one
(20% of cross-reactivity).
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This showed a much lower cross-reactivity with these specific antibodies,
even at higher bacteria concentration. On the other hand, when a non-specific
antibody was immobilized (Figure 6.7, yellow sequence) or no antibody was
present (i.e. only Protein G) (Figure 6.7, green sequence), the OPDyy after
incubation with bacteria showed no increase, compatible with the absence of
bacteria binding. According to these results, we could conclude that the assay
is specific for E. coli and that the bacteria only bind to the sensor chip when
the anti- E. coli antibody is present.
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Figure 6.7: Specificity tests for E. coli assay. The graph shows the OPD values obtained in
the successive steps. Green sequence: no antibody immobilized, E. coli detection (463
cellssfmL in PBS); blue sequence: specific antibody immobilized, E. coli detection (463
cellssrmL in PBS); yellow sequence: non-specific control antibody immobilized, E. coli
detection (463 cells/mL in PBS); purple sequence: specific antibody immobilized, control
non-specific bacteria (B. cereus) detection (590 cells/mL in PBS). From '

6.3.1 Multiplexed measurements of P. aeruginosa and E.
coliin buffer

The detection of both bacteria was explored in PBS buffer, preparing anti-
Ec and anti-Pae microarrays in the same chip (four arrays, two with anti E.
coli antibodies and the two with anti P. aeruginosa antibodies (see Figures
6.8A and 6.9A for illustrative schemes). First, both bacteria were individually
incubated with the whole chip, in such way that they would be in contact
with specific and non-specific arrays (Figure 6.8A). In Figure 6.8B,C we
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can observe the OPDy, Obtained after incubating two different bacteria
concentrations (500 and 4000 cells/mL in PBS). Microarrays that were
incubated with their specific bacteria showed larger OPDyyy Signal than when
they were incubated with the non-specific bacteria.

This confirmed that the specificity test previously performed for the P.
aeruginosa assay (summarized in Figure 6.2B) was specific for the bacteria,
but also showing some cross-reactivity against E. coli. If we compare with
Figure 6.2B, again the cross-signal observed was higher for the lowest
bacteria concentration (27.81 and 13.78% for E. coli and P. aeruginosa at
500 cells/mL) compared to the values obtained for the largest concentration
(0.47 and 3.13 for E. coli and P. aeruginosa at 4000 cells/mL). This
reinforces the idea that the antibodies have certain avidity for the non-
specific bacteria, but this cross-reactivity becomes less critical when having
large concentrations of the specific ones.
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Figure 6.8: A: Array design for multiplexed E. coli and P. aeruginosa detection. Results
obtained for B: 500 cells/mL and C:) 4000 cells/mL. anti-Ec: anti E. coli antibody. Ec: E.
coli. anti-Pae: anti P. aeruginosa antibody. Pae: P. aeruginosa
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Then, the effect of incubating both bacteria at the same time on the same
solution was explored as this may be valuable for the proper identification of
the infectious agent when sepsis is produced by multiple bacteria. To address
this, a different design was done (see Figure 6.9A). Two microarrays with
each type of antibody (four in total) were created. In this case, a mixture of
both bacteria (called mix) or a solution with only one type of bacteria (which
is incubated over specific antibodies) were incubated. This was tested at two
different concentrations, 750 and 4000 cells/mL and the results can be seen in
Figure 6.9BC.

Similar OPDyy, values were achieved for the bacteria being incubated
mixed and individually. The concentration of 750 cells/mL resulted in very
similar OPDyty Signals when incubated both individually and mixed. Also,
larger concentrations (i.e. 4000 cells/mL) showed similar results for P.
aeruginosa. The mixed incubation over anti-Pae gave slightly higher signal
compared to single incubation but the SD of that assay was very high.
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Figure 6.9: A: Array design for multiplexed E. coli and P. aeruginosa bacteria biosensing.
Incubation of both bacteria alone and mixed in PBS buffer. Results obtained for (B) 750
cells/mL and (C) 4000 cells/mL. anti-Ec: anti E. coli antibody. Ec: E. coli. anti-Pae: anti P.
aeruginosa antibody. Pae: P. aeruginosa. Mix: both bacteria.
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6.4 Analysis of P. aeruginosa and E. coliin blood plasma

The effect of plasma in the assay features was also evaluated. Although
undiluted plasma should be the preferred option in any clinical point-of-care
diagnosis, also in this case, a significant enhancement of the OPDyy Was
observed with whole plasma (such as with protein biomarkers), which was
indicative of non-specific binding of the substances present in the fluid,
therefore hindering the specific signal coming from bacteria detection. Thus,
a dilution step was employed to minimize this effect. Plasma diluted at 25%
and 50% showed less background signal than whole plasma.

We tested E. coli under these conditions and we found that the bacterium
was still recognized by the immobilized antibodies as can be seen in Figure
6.10A. Dilution at 25% showed better detectability than 50% diluted plasma.
Moreover, the detectability was later improved by the addition of the
surfactant Tween 20 at 0.1% in PBS (i.e. PBST). Figure 6.10B shows that
the detection signal for a given bacteria concentration in plasma diluted in
PBST is higher than the one diluted in only PBS.

These conditions were transferred to the P. aeruginosa assay. A
calibration curve was generated with this plasma dilution as it is shown in
Figure 6.11A (R*= 0.9182). Upon incubation with 25% diluted plasma we
observed that the average background OPDyq Signal obtained is 254+97.3.

As discussed before, the incubation volume (10 uL) limits the theoretical
LoD. So, to detect 1 bacterial cell in this volume (1 cell in 10 pL, which is
100 cells/mL), implies a plasma concentration of 400 cells/mL (i.e a 1/4
dilution is necessary to have a 25% diluted plasma compatible with the
assay). In our case, the minimum concentration measured experimentally in
diluted plasma was 146 cells/mL (i.e. 1.46 cells in 10 pL), which resulted in
a significant OPDyy increase of 300.5+21.2. This represents an experimental
LoD of 584 cells/mL in 100% plasma.

As in the previous assays several blind samples were analysed to evaluate
the accuracy (Figure 6.11B). The calculated concentration was found by
removing the average background signal from the OPDyy Signal obtained
before interpolating from the calibration curve. As seen in Figure 6.11B, the
correlation plot shows a good fitting (i.e. a slope of 0.9401) as well as the one
obtained in pure buffer.
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Figure 6.10: A: Effect of plasma dilution on the non-specific binding and E. coli detection.
B: Effect of the buffer (PBS and PBST) used for diluting the plasma on the non-specific
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Figure 6.11: A: Calibration curve of P. aeruginosa in diluted plasma 25% in PBST.
Background signal produced by 25% diluted plasma has been subtracted. B: Correlation plot
of real and calculated concentrations of blind spiked bacteria samples. Dotted line
corresponds to a perfect correlation (slope=1).

E. coli assay in plasma also showed good results. The calibration curve
obtained in plasma (i.e. 25% diluted plasma in PBST) is shown in Figure
6.12. As with P. aeruginosa, a good fitting was achieved (R*= 0.9881) and a
wide dynamic range was found. Moreover, a LoD of 1 bacterial cell in
diluted plasma (with PBST) corresponding to 4 bacteria cells (400 cells/mL)
in undiluted plasma (100% plasma) was achieved.’®® However, in this case,
the average background OPDyy, signal obtained was 365.6+£93.3. This
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slightly higher than the background value observed in the P. aeruginosa
chips but still acceptable as the SD is around 100.
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Figure 6.12: Calibration curve in plasma diluted at 25% in PBST (with background
produced by plasma 25% subtracted).

As a summary, both bacteria have been detected with high sensitivity and
achieving very good LoDs both in PBS buffer and diluted plasma. Bacteria
are microorganisms with a size of around 1-2 pum. Upon binding to the anti-
Pae or anti-Ec, the RI change produced is higher, thus, leading to larger OPD
signals changes which lead to better sensitivity.

6.5 Validation with Clinical Plasma samples

As all these assays were successful, corroboration and validation with real
samples coming from the Sepsis Biobank located at Vall D’Hebron Hospital
(Barcelona, Spain) was done. Plasma samples collected from healthy donors
and patients admitted in the hospital for SIRS and sepsis category were
measured.

In the case of P. aeruginosa detection, two sets of samples were provided
by the Vall D’Hebron Hospital from the Blood and Tissues Biobank: 4 from
healthy patients and 4 from septic patients whose blood culture was positive
to P. aeruginosa (see Table 6.1). The bacteria were identified by cell culture,
however, the exact concentration of bacteria (cells/mL) was not known.
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Table 6.1: List of the patient samples provided
by Vall D’hebron for testing P. aeruginosa.

Healthy Sepsis
BSTC123 BSEP286
% BSTC124 BSEP407
(cic BSTC30 BSEP686
BSTC40 BSEP767

All the samples were diluted (1:3) with PBST to obtain 25% plasma and
incubated for 30 min on chips with anti-Pae microarrays. The samples were
analysed twice. In order to move closer the device to the clinical settings, the
device was placed in the hospital where the samples were stored to perform
the analysis. The OPDy Signals measured for each sample were plotted
(Figure 6.13A) and we observed that there is a clear difference between
healthy and sepsis samples, being the latter ones significantly higher than the
former. Then, each value was interpolated from the curve in 25% plasma to
infer the real bacteria concentration (see Figure 6.13B to see final
concentration in plasma 100%). As it is not possible to remove the average
background because it may vary from sample to sample, we did the
interpolation in the curve (Figure 6.11A) with the background signal from
the diluted plasma included.
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Figure 6.13: Clinical evaluation of real patient samples. A: OPD,y, Values measured for the
eight samples (four for healthy individuals and four for sepsis patients positive to P.
aeruginosa). B: Calculated concentrations from healthy and sepsis patients at the clinical
setting. The concentration refers to undiluted 100% plasma.
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These results confirm the assay can be used to discriminate healthy and
sepsis samples. Nevertheless, Figure 6.12B shows that two of the samples
(BSEP286 and BSEP767) contain bacteria above the LoD of the assay (600
cells/mL), thus, only those two can be considered properly discriminated.
Despite this, the OPDyq Signal from healthy samples is very low compared
to the signals achieved in sepsis samples.

Besides this, we cannot be sure about the accuracy of the analyses, as the
real exact concentration was not quantified by any other conventional
method. In addition, as seen in the case of CRP quantification in real
samples, there might be some variability due to the different characteristics of
the plasma from different individuals. As it was seen in Figure 5.25 there is
high variability in the plasma features among the samples which reflects the
differences in the plasma composition and also affects optical properties such
as the refractive index which has a big impact in the OPD calculation. We
must acknowledge that sample variability from patient-to patient is a factor
unresolved which inevitably may affect the accurate quantification.

Similar results were seen with clinical samples containing E. coli. Vall
D’Hebron selected three sets of samples (Table 6.2): healthy, SIRS and
septic patients (E. coli positive). In this case, the samples provided had been
characterized (i.e. bacteria identification) using two different methods: Blood
culture and IRIDICA ID test. The IRIDICA platform detects the bacteria
present in whole blood. To do so, it first makes a lysis of the clinial sample
which is followed by a DNA extraction. These DNA samples were used to
carry out a specific PCR (16 wells per sample) to amplify different amplicons
in a 96-well plate. Afterwards, this plate was analyzed by means of Mass
Spectometry by calcultating the mass of the specific amplicons. By
comparing with a data base, there was a correlation of the molecular weight
calculated from the amplicons of the sample with the deduced sequences
amplified (attaining the nucleotide composition). Depending on the
combination of the amplicons amplified and through specific algorithms,
IRIDICA provided an ID for each samples. According to the products
identified, which could discriminate to the species levels, it could be possible
to get a single ID or a multiple ID.
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Table 6.2 List of the patient samples provided by Vall D’hebron for testing E. coli.

Pathogen Identification

Biobank Code Blood culture IRIDICA ID
Healthy BSTC1234
BSTC124
BSTC43
SIRS BSIRS89
BSRS35
BSIRS40
BSIRS78
Sepsis  BSEP51 BC negative E. coli
BSEP68 E. coli E. coli/Corynebacterium
striatum
BSEP106 E. coli E. coli
BSEP195 BC negative E. coli/Klebsiella pneumoniae
BSEP276 BC negative Not performed
BSEP48 E. coli E. coli
BSEP61 E. coli E. coli
BSEP342 BC neg E. coli
BSEP250 E. coli E. coli

As before, all the samples were diluted (1:3) with PBST to obtain 25%
plasma and incubated for 30 min on chips with anti-Ec microarrays. The
samples were analysed twice and the results were plotted (Figure 6.14A).
This time, all the samples that contained bacteria (i.e. septic samples) showed
concentration values above the LoD of the assay (black columns).

The OPDyoa signals measured for each sample were plotted (Figure
6.13A) and we observed that there is a clear difference between healthy and
sepsis samples, being the latter ones significantly higher than the former. The
four samples belonging to SIRS patients also showed levels below the LoD.
These results, for E. coli and P. aeruginosa show the great potential of the
POC biosensor for determining the presence of bacteria in blood samples.
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Figure 6.14: Clinical evaluation of real patient samples. A: OPDyy, Values measured for the
samples (three for healthy individuals, four for SIRS patients and nine for sepsis patients
positive to E.coli). From **°. B: Comparison of the concentrations measured by the POC
biosensor and by the IRIDICA ID test.

Moreover, an approximate concentration can be estimated with the
IRIDICA ID technique. A comparison between the values measured with the
POC biosensor and IRIDICA is included in Figure 6.14B. We can observe
that the values are similar.

Nevertheless, it is important to mention that despite achieving values
below the LoD in healthy and SIRS samples for both E.coli and P.
aeruginosa, the values are still high, as no bacteria is supposed to be present
in those samples (i.e. 0 cell/mL). As well as, according to the clinical partner
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in the project, the concentrations measured are very high.

It is worth to mention that we have worked with aliquoted frozen bacteria
to build the curves and the patient samples were also stored frozen at -80°C.
It might be possible that after thawing, some bacteria suffered certain lysis.
According to the commercial source, the immunogen used to produce the
antibodies consisted of a mixture of intact and lysed (denatured) bacteria.
Therefore, it is likely that the antibody is able to detect both viable bacteria
(which can grow in the appropriate media, such as in blood culture) and
nonviable bacteria (dead, lysed, etc., which remain undetected in blood
culture).

Finally, in order to mimic a simple multiplexed experiment, chips arrayed
with both anti P. aeruginosa and anti E. coli antibodies were prepared and
the previous samples (together with real plasma sample form patients with E.
coli infections) were analysed. Moreover, a sample with both bacteria and
Streptococcus constellatus (BSEP406) was also selected. The sample names
are summarised in Table 6.3.

Table 6.3: Summary of the patient samples provided by Vall D hebron Hospital
E.coli + P.aeruginosa

E. coli P. '
coli L T + S. constellatus
o BSEP68 BSEP286
g BSEP106 BSEP407
E BSEP406
= BSEP134 BSEP686
&8 BSEP274 BSEP767

Figure 6.15A summarises the chips prepared and as can be seen each
sample was incubated with both antibodies. Sample containing both bacteria
(BSEP406) was incubated twice as depicted in Figure 6.15B. The results
achieved are summarised in Figure 6.15C. All the measurements resulted in
signals and concentrations above the LoD which again confirms that the
method can discriminate samples containing bacteria from bacteria-free
samples. However, the microarrays that were incubated against the non-
specific bacteria also showed values above the LoD. Thus, the assay resulted
unspecific as we were not able to discriminate if the signal is produced by
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one or the other bacteria. The sample BSEP406 showed presence of both
bacteria. However, as discussed above, it is not possible to quantify the
contribution to the signal from E.coli or P. aeruginosa. Moreover, the
presence of a third bacterium (S. constellatus) might also have an effect on
the signal as these bacteria have not been individually tested against both E.
coli and P. aeruginosa antibodies.

A B

a Pae sample

BSEP 406 sample

Ec sample B

0000

.J

)0
Incubated “
solution '83.

Ec sample/ Pae sample

E. coli samples P. aeruginosa samples

Cells/mL in 100% Plasma

3‘5“’?6;63"wgse"ﬁgse"ﬂgsi"ﬂgsﬁ" ““éseve“ése‘“‘ise?‘““

B P. aeruginosa Sample
mm F coli

Figure 6.15: A: Scheme of the incubation of the samples containing E. coli or P. aeruginosa.
B: Scheme of the incubation of BSEP406 sample, which contains both bacteria. C:
Calculated concentrations from sepsis samples containing E. coli or P. aeruginosa. The
concentration refers to undiluted 100% plasma. Horizontal dotted line at 600 cells/mL
indicates de LoD in plasma 100%. Patterned columns correspond to non-specific signal
produced by the non-specific bacteria over the antibody.

As a summary, the assay above described can discriminate healthy
from sepsis samples; however, it is not able to identify the bacteria that
produce the infection (at least it cannot differentiate E. coli or P. aeruginosa
with the antibodies used so far). Finding more specific receptors may easily
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solve this problem in the future. Besides this, the non-specific binding effect
may also play a key role on preventing proper identification. Despite a
quantitative test is the best option a qualitative result might also be useful, as
conventional bacterial culture exemplifies.

Multiplexed measurements in plasma showed uneven outputs when patient
samples were analysed. These results reinforce the fact that a more in depth
study should be done to assess the reasons behind the loss of specificity
whenusing diluted plasma. In addition, this study has been conducted with
only two types of bacteria and in the future, ideally, this must be done with
more bacteria, so cross-reactivity among antibodies must be reviewed in all
cases to determine the specificity capability of the assay. Other options to
improve the specificity of the assay may be changing the bioreceptor by
others available such as aptamers or targeting other biomarkers.
Nevertheless, it is mandatory to solve the issue of the non-specific binding
produced by plasma as it introduces a lot of variability. This effect varies
significantly from sample to sample and increases the RI significantly which
ends in higher OPD which do not correspond with the real value.

Taking into account all these factors, it can be concluded that the assay
can discriminate healthy from sepsis patients. Although further efforts must
be done towards establishing a more accurate analysis conditions and better
predicting the effect of plasma variability before implementing such POC
device in out-of-the-lab environments, in such a way more reliable results can
be obtained to ensure accurate infection diagnosis.

6.6 Conclusions

We have shown a method to directly detect and quantify whole bacteria
under label-free conditions. Pseudomonas aeruginosa and Escherichia coli
were tested, both in buffer solutions and diluted plasma. The LoDs achieved
were 200 cells/mL in PBS buffer and 600 cells/mL in 25% diluted plasma for
P. aeruginosa, and 8 cells/mL in buffer and 400 cells/mL in 25% diluted
plasma for E. coli. Besides, we applied both immunoassays (P. aeruginosa
and E. coli) at the same time on the same chip to study the multiplexing
capabilities of the method. Finally, the assays were validated with real
clinical samples showing good results as both were able to discriminate

156



between healthy and sepsis (i.e. presence of bacteria) samples. Nevertheless,
upon multiplexed measurement of clinical samples the assay showed cross-
reactivity which difficulted the bacterial identification. We believe that this
cross-reactivity is produced mainly due to the antibodie may not be highly
specific but also because the signals may be hindered by the unresolved non-
specific binding produced by plasma. Therefore, we can conclude that the
assay can be used as a qualitative method.

Overall, our approach offers an assay which takes place in only 30 min
and in label-free conditions, with good LoD (1 cell and 2 cells for E. coli and
P. aeruginosa, respectively). This improves previous results found in the
literature™®2°%%%* \where bacteria quantification with biosensors commonly
take longer times or need labelling or long sample pre-treatments. We have
tested this method with plasma samples but we believe that despite
quantification in blood still needs improvement this technology can be
currently applied to less complex samples such as waters, urine or saliva.
Conventional methods to detect and identify bacteria typically have long
processing times, which lack sensitivity and specificity, requiring specialized
equipment and trained users, which, in overall, is a costly procedure that is
not available in all countries.

Finally, this test is fast (30 min incubation + 1 min readout) so when the
POC will be ready to be used in hospitals the physicians will easily and
rapidly find if their patient has or not a blood infection thus enabling the early
start of the antibiotic therapy.
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General Conclusions and Future Perspectives

The work described in this Doctoral Thesis demonstrates the potential of a
recently developed nanophotonic microarray point-of-care biosensor for its
use as a clinical diagnosis tool. The combination of the novel LIM
technology in a POC format together with nanoplasmonic structures and
microarray distribution of bioreceptors creates a unique combination that can
be used to study a wide number of biomarkers which allows multiplex
detection and quantification. To successfully achieve this system, a
multidisciplinary study was needed in the fields of microarray fabrication,
surface chemistry and biochemistry combined with an in depth study of the
novel optical platform and the custom designed nanoplasmonic sensing
structures.

Its multiplex capability was assessed taking sepsis as a representative
complex disease process, whose diagnosis remains challenging and requires
tracking of different biomarkers. Direct detection assays for protein
biomarkers (with different molecular weight) and bacteria were studied to
assess the performance of such device for biosensing in terms of sensitivity
and specificity in an individual and multiplexed format. Moreover, the
analysis of clinical samples has further demonstrated the limits of the
proposed technology and also the methodology for their implementation in
the biomedical and clinical field.

The main general conclusions that can be drawn from the work done
during this thesis are the following:

e The novel LIM technology had been previously demonstrated as
potentially useful for inorganic layers thickness measurement and
monitoring of current changes. Some preliminary studies shown its
capability for the detection of protein mono- and bilayer. We have
gone forward to fully characterize its potential and explored its
application as a microarrays reader for biosensing purposes. The use
of custom-designed nanoplasmonic structures offers a significant
improvement in the sensitivity of the device (a 10-fold
approximately). Several solutions with different refractive indexes
showed that the final measured signal is significantly affected by the
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RI of the measuring media. Dry conditions (i.e. air as measuring
medium) allowed better sensitivity, thus, drying after incubation of
target analyte was chosen.

As the working surface must allow transmission of the coupled LED
light, several biofunctionalization strategies were developed for
different transmitting working surfaces: glass, thin gold layers and
custom-designed nanoplasmonic chips. Different biofunctionalization
strategies were tested showing higher signals when using the gold
NHA nanoplasmonic chips. Adsorption of Protein G, surface blocking
with BSA and addition of antibodies was the strategy found optimal
in terms of sensitivity and analyte detection. Thus, it was selected for
the development of all the assays. This immobilization protocol is
direct, simple and easy. Besides, it introduces orientation in
antibodies and allows detecting the analyte in label-free conditions.

The selected biofunctionalization strategy was applied to the detection
of CRP (120 kDa), IL-6 (24 kDa) and PCT (13 kDa), which are
relevant biomarkers for sepsis diagnosis. The detection of the proteins
was done directly and in label-free conditions. Standardization of the
immobilization protocol showed very good reproducibility (i.e. the
antibody immobilization step was CV<10% for the three proteins)..
The limit of detection in buffer conditions was 18 pg/mL for CRP,
which fits within the clinical relevant range for sepsis. Conversely,
the LoD of IL-6 was 88 pg/mL, which is not adequate for sepsis
determination. PCT showed not reproducible detection neither in
direct nor sandwich assay. These results demonstrate the large effect
that the MW of the analyte has on the sensitivity of the device. This
also illustrates that the sensitivity of 5-10* RIU of the novel POC
biosensor limits its performance with small analytes.

The multiplexed capabilities of the POC with the chosen
immobilization protocol were explored in a proof-of-concept test.
This demonstrated the ability of the POC device for performing 2-
analyte tests to quantify protein biomarkers in a label-free and direct
format. Besides, this assay design allows to extend to 4 different
targets (as four 8x8 microarrays fit on a 1cm? nanoplasmonic chip).
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The POC biosensor was employed for evaluating real sepsis samples,
thus, protein detection in plasma was explored before. Despite
blocking the surface with BSA, evaluation in plasma was very
challenging due to the strong interference from non-specific binding.
Successful detection in diluted plasma was achieved with CRP but not
with IL-6 although the reliability is low due to unresolved non-
specific binding of the fluid. The validation with real clinical samples
showed that there is high plasma variability from sample to sample
which also makes difficult to quantify CRP in plasma. These results
currently hinder the application of the POC device for the
quantification of CRP levels.

We have also applied the selected immunoassay to the detection and
quantification of two common bacteria causing in sepsis infections: E.
coli and P. aeruginosa. As bacteria cells are large (0.5-2 pm)
compared to proteins, a remarkable better sensitivity was achieved.
The LoDs measured were 200 and 600 cells/mL for P. aeruginosa in
buffer and in 25% diluted plasma, whereas for E. coli the LoD was 8
cells/mL in buffer and 400 cells/mL in 25% diluted plasma. These
values can be simplified to detection of 1 cell and 2 cells for E. coli
and P. aeruginosa, respectively. This improves significantly previous
results found in the literature. Moreover, this methodology has been
clinically validated obtaining a reliable discrimination of septic
samples and samples coming from healthy individuals. We have also
tested the feasibility of multiplex detection. However, quantification
was complex due to some cross-reactivity was found on the
antibodies.

The protocol followed in these assays show that the time required to
analyse one sample is 30 min of incubation plus 1 min of measuring. This
reduces significantly the time currently needed in hospitals to assess if a
blood sample contains or not bacteria (which is commonly done by blood
culture or PCR) or to evaluate the concentration of a particular protein
clinical biomarker. The implementation of this POC may drastically improve
sepsis diagnosis and later monitoring of the effectivity of the antibiotic
treatment in hospital and other clinical scenarios.
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Future perspectives to improve these immunoassays are to find other
antibody immobilization protocols to allow fitting more antibodies on the
nanoplasmonic chips. This is desirable for scalability purposes (i.e.
measuring hundreds of biomarkers simultaneously). Also, more robust and
controlled biofunctionalization strategies should be re-evaluated in order to
achieve a better sensitivity. It would be advisable to avoid adsorption as
immobilization method because it commonly introduces variability.

From a technical-optical point of view, the novel POC biosensor may also
improve its sensitivity by, for instance, achieving novel algorithms that
enhance the measured signal. This may be also applied to the custom-made
nanoplasmonic working surface as they are a key point on the measuring
procedure. Novel nanostructures with better transmission and signal
enhancement should be designed, fabricated and implemented.

Nowadays there are more than 170 possible biomarkers for sepsis. Many
efforts are being done in clinical research in order to stablish a reliable panel
of biomarkers for the detection of Sepsis. In our experiments, the sensor chip
surface is 1 cm? and the separation between spots is 250 um. Therefore, we
can place 1.600 spots on one single sensor chip. In the future we foresee that
the POC device could have the potential to be applied to other diseases by
switching bioreceptors to other specific biomarkers. Also it will be possible
to examine other human fluids such as urine or even used it in other fields
such as environmental monitoring. In conclusion, this thesis shows the
enormous potential of such developed novel nanophotonic POC device for
future clinical applications just by specifically designing customized
microarrays of bioreceptors for specific disease biomarkers.
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Abbreviations and Acronyms

AOPD
Ab
AFM
anti-Ec
anti-Pae
Au-
NHA
BSA
BSEPS
BSIRS
BSTC

CCD
CMOS
CRP
CcVv
DUVL
Ec
EDC
ELISA
FOV
HEPES
HPDP
ICU
IL-6
LFM
LIM
LoD
MHDA
MW
NA
NHS
o.n.
OPD

Change in Optical Path Difference

Antibody

Atomic Force Microscopy

antibody agaisnt E. coli

antibody agaisnt P. aeruginosa

Gold Periodically-ordered sub-wavelength nanohole arrays

Bovine Serum Albumin

Sepsis Sample

SIRS samples

Sample from Banc de Sang i Teixits de Catalufia (Blood and Tissue
Bank)

charge-coupled camera

complementary metal-oxide—semiconductor
C-reactive protein

Coefficient of Variance

Deep Ultra-Violet lithography

E. coli
1-ethyl-3(3-dimethylaminopropyl)carbodiimide hydrochloride
Enzyme-Linked Immunosorbent Assay
field-of-view
4-(hydroxyethyl)-1-piperazineethanesulfonic acid
EZ-Link™ HPDP-Biotin

Intensive Care Units

Interleukin 6

lens-free microscopes

large-FOV interferometric microscope

Limit of detection

16-mercaptohexadecanoic acid

Molecular Weight

NeutrAvidin

N-hydroxysulfosuccinimide

overnight

Optical Path Difference
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Pae
PBS
PBST
PCR
PCT
POC
ProtG
RI
RT
SA
SAM
SD
SIRS
SP

P. aeruginosa

Phosphate Buffered Saline

Phosphate Buffered Saline with Tween 20
Polymerase Chain Reaction

Procalcitonin

point-of-care or nanophonotonic point-of-care biosensor
Protein G

Refractive Index

Room Temperature

strptavidin

Self-assembled monolayer

standard deviation

Systemic inflammatory response syndrome
Savart Plates
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