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1 CONTEXT SCENARIO, OBJECTIVES AND STRUCTURE

1.1 RESEARCH PROIJECT

The present doctoral thesis has been carried out in the framework of two
different research projects:

1. Development of occupational exposure monitoring systems. In

collaboration with CETEMMSA Technological Center (part of the
EURECAT Technology Center of Catalonia).
In this project, the main objective was the development of a monitoring
device to control occupational exposure to cytostatic drugs in hospitals.
These devices could be personalized monitoring tools based on an
immunosensor printed on a flexible material incorporated over textile
fibers or paper, that would respond with an optic or electrochemical
signal after specific interaction with those cytostatics.

2. OligoCODEs project. Universal diagnostic platforms based on

oligonucleotide codified nanoparticles and DNA microarray sensor
devices. MINECO, Direccion General de Investigacion Cientifica y
Técnica, Subdireccion General de Proyectos de [+D. MAT2011-29335-
C03-01. MAT2012-38573-C02-01.
The fundamental of the OligoCODEs approach is the capability to
translate any type of biomolecular interaction into a PCR-less DNA
amplification process that is finally detected on a DNA-microarray
biosensor platform. With the proposed approach, nucleic acids, proteins,
peptides or small organic molecules biomarkers could be detected using
the same chip and sensor technology, independently from the different
chemical nature of the biomarker targets. The technology and tools
developed are based on the use of oligonucleotide codified biohybrid
nanoparticles, biofunctionalized magnetic particles and DNA microarrays
on electrochemical sensor transducers. As a proof-of-concept, the
project has focused on the detection of cancer and cardiovascular
biomarkers.

Specific tasks addressed in this thesis concern the development of multiplexed
assays for two problematic scenarios: the therapeutic drug monitoring (TDM) of
cytostatic drugs and cardiovascular disease (CDV) diagnosis.
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e The first one, focused on personalized medicine due to highly
recommended therapeutic drug monitoring of chemotherapeutic agents
was addressed by the production of specific bioreceptors for the drugs.
Most used cytostatics were selected including 5-fluorouracil; tegafur,
main 5-fluorouracil prodrug; and cyclophosphamide. We focused on the
production of polyclonal antibodies for specific detection of these drugs
and the development of an enzyme linked immunosorbent assay (ELISA)
for antibody validation.

e In the second scenario, CVDs diagnosis was addressed based on the
development of a biobarcode platform. First, stablishing protocols for
components preparation, and then applying stablished protocols for
detection of small molecules and proteins related to CVDs, to, finally,
combine them in a multiplexed assay.

Finally, preliminary studies addressed to develop a nanocarrier system for 5-
fluorouracil drug delivery were performed within the frame of a collaboration
with the Mitragotri’s group in University of California Santa Barbara (USA). The
investigation was made during a 4-month pre-doctoral stage in such institute
under the supervision of Dr. Samir Mitragotri and thanks to the FPI stage grant.
The goal of the research stage was to complete the scientific training by applying
the knowledge and technology generated to other fields of interest.

1.2 OBIJECTIVES AND SCIENTIFIC STRATEGY

The main objective of this thesis has been demonstrating the universality of the
biobarcode approach by showing that biomarkers of different chemical nature,
at distinct concentration ranges, can be analyzed with the same DNA-platform.
To accomplish this aim, the following secondary objectives were addressed:

1. Establishing a procedure for the preparation of biofunctional nanoparticles
on a reproducible manner. For this purpose, antibodies or antigens, and
specific oligonucleotide sequences for each biomarker target have been
covalently attached to the nanoparticles on a particular ratio.
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2. Performing studies addressed to achieve the release of the oligonucleotides
used as codes on the distinct biohybrid nanoparticles, in order to accomplish
the maximum efficiency.

3. Assessing the possibility to modulate the signal amplification by varying the
charge of oligonucleotides on the biofunctional nanoparticles.

4. Development and evaluation of the biobarcode assay for each of the
biomarker targets addressed, this will involve the use of immunoreagents
produced for proteins and small molecules. For this objective it will be crucial
to take into consideration the clinical requirements regarding performance
and detectability to be achieved.

5. Assessing the possibility to develop a multiplexed assay by combining the
distinct biofunctional nanoparticles produced and characterized with the
objective to determine simultaneously different biomarker targets on a single
run.

1.3 THESIS STRUCTURE

The structure of the present thesis, including the content of each chapter is
shown in figure 1. Chapters are organized according the logic evolution of a
bioanalytical technique development. Chapter 3 addressed the production of
antibodies for cytostatic drugs, nevertheless, as commented in section 1.1, in this
project we could not reach following stages of the bioanalytical technique
development, for this reason both chapter 4 and 5 only address the problematic
related to cardiovascular diseases.
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P S

3. Antibody production
‘and validation
Public. | and Il

e

Figure 1.1 The structure of this thesis related to the different chapters and the
parts included in each one. Dotted line corresponds to the work that could not
be undetaken.
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1.4 AUTHOR AND RESEARCH GROUP

The PhD student and author of this thesis, Marta Broto, had a Chemistry degree
from the University of Barcelona (2011). Then she did a MSc of Advanced
Chemistry specialized in Organic Chemistry (2013) with a scholarship awarded by
Centro de Investigacion Biomédica en Red en Bioingenieria, Biomateriales y
Nanomedicina (CIBER-BBN). In this stage, she started working as a master
student in the research group Nb4D (Nanobiotechnology for Diagnostic).
Afterwards, in 2014, she started her PhD studies, this time with a FPI scholarship.

Nb4D belongs to Spanish Research Council (CSIC) and it is homed in the Advanced
Chemistry Institute of Catalonia (IQAC). The group is also part of the Research
Center of web biomedical research in bioengineering, biomaterials and
nanomedicine (CIBER-BBN), an initiative of the Carlos Il Health Institute (ISCIII),
focused on improving excellence research in health and biomedicine. The
Nanobiotechnology for Diagnostics Group, headed by M2 Pilar Marco, is based
on the development of novel molecular diagnostic tools to provide alternatives
to the actual limitations existing in several fields but particularly in the clinical
and food safety areas.
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2 INTRODUCTION

In vitro diagnostics (IVDs) are tests that can detect diseases, conditions, or
infections. Some tests are used in laboratory or other health professional settings
and other tests are for consumers to use at home!. Although there are several
techniques used in IVDs, including chromatographic techniques and PCR
(polymerase chain reaction), those could be time consuming, require qualified
personnel and are expensive. Only some bioanalytical techniques have the
properties of being reliable, low-cost, sensitive, fast, portable, less invasive and
easy-to-use. Furthermore, they usually are suitable for the screening of many
samples. These techniques, use a recognition element of biological nature, and
can be separated in three major groups:

e Bioassayis a tool for the determination of a biological activity, or for the
guantification of a target analyte based on his activity, using recognition
elements such as bacteria, cells or tissues. This recognition event is
mainly determined by physical or indirect measurement methods.

e Biochemical assay is an assay where the biorecognition element is a
defined biomolecule such as an enzyme, an oligonucleotide, a protein
or an antibody which interacts with the target under stoichiometric
conditions.

e Biosensor is a self-contained device, consisting of a biological
recognition element in direct contact with a transduction element,
which converts the biological recognition event into a useable output
signal.

Lately, personalized medicine has become a striking feature in the diagnostic
field. It has generated the need for development of new technologies and
refinement of the existing ones, to improve the clinical outcome and the quality
of life of patients. Recent advances in genomics and proteomics studies have
been a driving force toward the development of fast, automatized, high-
throughput, multiplexed diagnostic techniques that will be essential for
personalized medicine.
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2.1 CURRENT BIOANALYTICAL MULTIPLEXED TECHNIQUES

A multiplex assay is a type of assay that simultaneously measures multiple
analytes in a single run/cycle of the assay. Analytical separation techniques like
high-performance liquid chromatography, capillary electrophoresis and liquid or
gas chromatography have been extensively used as multiplexed assays for TDM
and biomarker detection. Nevertheless, they lack of fast, economical and high-
throughput and require appropriate sample treatment. Bioanalytical techniques
combined with nanotechnology have widely spread in the recent years, and are
the perfect tool to address the problematic stated before of detection of multiple
analytes. It is though that they will be able to revolutionize personalized
medicine such as pregnancy tests and glucose tests did years ago.

Multiplexed techniques must cope with some challenges. First, target
compounds can be presented in a wide range of concentrations. For instance,
plasma protein concentrations range from mg/mL (serum albumins) down to few
pg/mL (interleukins), which differ in nine orders of magnitude. Second, detection
of compounds of different chemical nature (proteins, small drugs and miRNAs?)
are emerging as disease biomarkers claiming for multimodal platforms.

Many attempts have been done for multiplexed analysis by using
immunochemical techniques, easily and readily miniaturized by employing
nanostructured surface sensors or micro and nanoparticles. For example, several
strategies have been used for multiplexed protein detection such as surface
plasmon resonance (SPR), flow cytometry, ELISA (which has been multiplexed
with fluorescent detection labels), protein microarrays, lab-on-a-chip devices?
and lateral flow systems®. Alternatively, quantitative polymerase chain reaction
(qPCR) and DNA-microarray have been widely used for multiplexed DNA
detection®. A vital aspect for multiplexing is the capacity to discriminate between
different analytes. Various kinds of assay platforms have been introduced such
as spatial localization or multiple labels®. They will be deeply discussen in chapter
5. Each developed analytical technique shows different strengths and
weaknesses and they should be considered depending their specific needs.
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EE%T\ \ Microarray
strengths | | High-throughput, multiplex strengths

\ microsphere array-based

\ assays

Figure 2.1 Performance parameters for a detection platform. The gold standard technique is
actually a compromise between the multiplex level and platforms that are capable of high
throughput analysis.®

Anyway, there is still a lack of outstanding, robust and affordable analytical
platform that is set to become the gold standard for personalized medicine.
While immunoassays provide the throughput analysis of multiple samples at the
same time, microarrays provide the detection of multiple compounds (Figure
2.1). In this thesis, we propose the biobarcode as this gold standard technique.
This technique not only is suitable for multiplex and throughput detection but it
could also confer multimodality. Biobarcode has recently emerged as a new
bioanalytical technique with proven excellent capabilities such as analysis of
biomarkers of different chemical nature’®; analysis of different biomarkers® !*;

and also high sensitivity, reaching concentrations as low as zM*2. Biobarcode
characteristics will be presented in detail in section 4.2.2.

Nevertheless, incorporation of these technologies to routine clinics should face
the challenge of operational and quality control issues like immobilization
strategies, crossreactivity and availability of standardized reagents, robust
automation and operational costs. Furthermore, appropriate algorithms and
directives for data management should also be implemented*3.
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2.2 NEW APPROACHES FOR DISEASE DIAGNOSIS

In clinical laboratories, the need for multiplexed techniques, detection of
multiple compounds at the same time, arises from three fundamental
problematics: pathogenic disease identification, biomarker’s panel for disease
evaluation and therapeutic monitoring®*.

e First, rapid test to identify causative agents of a disease are crucial for
patient survival.

e Secondly, biomarker panels are emerging for diseases in which one only
biomarker is not enough for the correct stratification of the disease risk.

e Finally, therapeutic monitoring can be divided in two subgroups: drug
monitoring or response monitoring. The first is the evaluation of a drug
concentration of a biological sample, the second is the evaluation of a
biomarker concentration to evaluate the effect of the treatment, both
strategies combined could become the key for individualized disease
treatment and stage evaluation.

Thus, multiplexed techniques are useful for disease screening, disease
stratification and disease treatment. They are a profitable technology for
improving diagnostic efficiency, enhancing the diagnostic precision for specific
diseases and reducing diagnostic costs.

Even though disease biomarker’s panel and therapeutic monitoring have only
been addressed, these three problematics will be described below.

2.2.1 PATHOGENIC DISEASES

Pathogenic evaluation in an advanced stage is of importance since even trace
amounts of biological agents can produce serious results. Furthermore, there has
been a growing interest in pathogen identification due to the considerable
increased threat of infectious diseases for the public®®.

Classically, commonly used microbiological identification methods have been
time consuming and required expensive equipment, therefore there is a need for
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fast diagnostic methods. Furthermore, clinicians face infection diagnosis with a
‘rule out’ process. It is based on subsequent analysis for different pathogens,
each analysis being time consuming, while patient is treated with broad-
spectrum drugs. Nevertheless, multiplexed assays could benefit patient
treatment with the ‘rule in’ approach, in only one assay multiple pathogens could

/77T

l@

be screened®.

Rule out

=l

+ +

+ = Diagnosis

< = Diagnosis

Figure 2.2 Diagram showing ‘rule out’ and ‘rule in” approaches for pathogenic disease diagnostic.
Multiplexed assays based on ‘rule in” approach could boost pathogen identification®

Rulein

2.2.2 DISEASE BIOMARKER PANEL

Biomarkers are key players in building fundamental science, supporting early
diagnosis of diseases and following their progression, improving efficacy and
safety of treatments, optimizing patient selection and adapting dosing of drugs
and helping decide which therapy is most appropriate.

Despite the widespread use of some biomarkers, like PSA for prostate cancer
diagnosis, a lot of diseases have also been reported in which a sole biomarker is
not enough for an accurate diagnosis. Some examples are Alzheimer’s disease’®,
cardiovascular diseases'” *® or colorectal'® and breast?® cancer. As a result, the
traditional approach of evaluating a single biomarker has not been able to
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contribute substantially to the risk stratification of the individual patients.
Therefore, understanding the relationship between various biomarkers could
become a profitable approach to enhance risk assessment. Another reason for
inconvenient use of a single biomarker is that false positives and negatives would
be minimized when detecting a panel biomarker, reducing patient risk?..

2.2.3 THERAPEUTIC MONITORING

The pharmacokinetic monitoring of a drug is called therapeutic drug monitoring
(TDM). It has been stated that some drugs should be subjected to
pharmacokinetic monitoring when it presents a narrow therapeutic window, no
suitable parameter is available to evaluate the clinical efficacy, present a high
interindividual variability, and it’s applied in long-term-therapy schedules. The
last and striking requirement for TDM is the need of a reliable analytical method
for its quantification. In addition, there is a growth in popularity to tailor
treatment based on the specific pharmacokinetics of a patient which can be
affected by a number of factors including age, weight and diet.

Drug monitoring of a therapy is helpful in intensive care situations (i.e.,
aminoglycosides antibiotic, vancomycin, caffeine in neonatal apnea), but is
mostly known for chronic therapy such as immunosuppressant, anti-arrhythmic,
and many anti-epileptic drugs. In these cases, drug monitoring helps to evaluate
the onset response and adjust the dose?. Furthermore, TDM is an exceptional
tool to better understand why patients do not respond satisfactorily to a
particular dose.

Alternatively, there is a growing interest of drug discovery complemented by the
possibility to test response biomarkers, called therapeutic response monitoring
(TRM, Figure 2.3), which would also lead to an increased efficacy and reduced
side-effects?®. Biomarkers have the potential to expedite drug development,
increase patient safety, and optimize clinical response?*, thus, following of
patients remission and confirming treatment efficiency®>. Biomarkers used in
drug discovery are either disease-related or efficacy-related biomarkers. The
former is mechanistically linked to the disease, its progression and susceptibility,
while the latter aim to determine if a drug hits the desired target, and if this
binding leads to successful modulation of the pathway. Although this challenging
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area has been first focused on drug development and clinical trials, there still
remains a recent concern in the discovery of reliable response markers that could
be measured in biological samples without harsh sample treatment.
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Figure 2.3 Scheme representing the path of a therapeutic drug in the human body. Analysis of
the circulating drug concentration is performed in biofluids, which is referred to as therapeutic
drug monitoring. The interaction of the therapeutic drug with the targeted cells can lead to
morphological responses or to changes in the levels of biomarkers or metabolites, and TRM can
be applied.

The majority of the literature has focused on TDM, leaving TRM in a negligible
place. Therapeutic response monitoring techniques are still at an early stage of
development, but are very promising for improving in the years to come.
Opportunities, therefore, reside in the development of novel bioanalytical
techniques for both TDM and TRM?®. As McKeating et al. discussed in their
review an example that combined TDM of fungal infection and TRM of beta-
glucans, indicators of the disease could be used to provide accurate and
reproducible results to monitor a variety of disease states. In contrast, TRM in
cancer treatment is proposed to generate specific patterns that might permit the
generation of response algorithms that empirically eliminate the need for drug
determination. But, first, advances in this field require the identification of the
correlation between drug concentration, toxicity and response biomarkers?.
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3 ANTIBODY PRODUCTION AND VALIDATION

3.1 CHAPTER OBJECTIVE

This chapter (Figure 3.1) aimed to produce bioreceptors, antibodies, for
cytostatic drugs and validate them via development of an immunoassay. 5-
fluorouracil and cyclophosphamide were selected since both drugs are widely
used for the treatment of cancer and have been suggested that TDM could
improve clinical outcome and reduce toxicity. Although the final objective was
implementing this newly produced bioreceptors in a multiplexed platform, it was
not addressed due to difficulties found during validation of the antibodies.

3.1 Chapter objective

v

3.4.1 Publication | 3.2 Introduction

v

3.3 Results and discussion

A
4 v

3.3.1 Establishment of an 3.3.3 Establishment of an
immunochemical assay immunochemical assay
for 5-fluorouracil for cyclophosphamide

v

3.3.2 Establishment of an
3.4.2. Publication [l immunochemical assay
for tegafur

§

v

3.5 Chapter contributions

v

3.6 Materials and methods

Figure 3.1 Structure of chapter 3 related to the different sections
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3.2 INTRODUCTION

Cancer is the second cause of death worldwide and the global burden is expected
to grow to 21.7 million new cases and 13 million deaths by 2030%’. Cancer is
caused by an uncontrolled division of abnormal cells in a part of the body.
Possible cancer treatment include surgery, radiation, hormonal therapy,
chemotherapy, targeted therapy and immunotherapy and it is chosen depending
on the type, location, grade of the cancer and person’s health.

3.2.1 CHEMOTHERAPY

Chemotherapy is a popular treatment of cancer. Cytostatic drugs have been
designed to keep neoplastic cells from dividing. Cancer cells tend to divide more
rapidly than normal cells 