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Objectives of the PhD thesis

This thesis argues innovative methods for cancer diagnosis, analysing
electrochemical methods based on stochastic sensors for the identification and analysis of
breast cancer type-specific biomarker qualities. The advantages of stochastic sensors were
numerous, having a high sensitivity and selectivity, a good correlatio between the results
obstained, covering as many linear concentration ranges with detection limits, resulting in a

good quality of the sample examined.
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INTRODUCTION

Breast cancer has an increased incidence in both males and females. One in nine women
develops a breast tumour in her lifetime. In breast cancer, cure is possible when diagnosis is
early, in the early stages. Prioritisation and early diagnosis is the key to success in the treatment
and success in the treatment and management of breast cancer.

Innovative methods of breast cancer diagnosis have become very important for early
and rapid diagnosis of tumours. Screening of patients using classical tests cannot give the
necessary information for early diagnosis because of low sensitivity and the limit of
determination which is often hight than the concentrations of tumour markers in a stage 0 or 1
cancer; also such methods are set for certain biomarkers. Mammograms can provide
information, but not at an early stage.

Genetic testing may be indicated if the individual has had a family history (an
inheritance of genes or a transmission of mutated genes), suggesting a genetic cause of tumour
specific to a particular organ or tissue.

DNA sequencing of the tumour is sometimes performed to determine whether cancer
cells present in people who have already been diagnosed with a tumour may have undergone
genetic changes. DNA sequencing is a method of determining the nucleopeptide sequence of a
DNA molecule, allowing the structure of the gene to be determined as well as the type of
mutation that has produced a genetic disease. DNA sequencing can be used to determine the
individual DNA sequences of genes, groups of genes, whole chromosomes or even genomes.
Sequencing determines the order of nucleotides present in DNA and RNA molecules isolated
from animals, plants, bacteria or any other life form. The results of genetic testing can indicate:
CHEK?2 (specific to breast cancers, and colorectal cancer) and BRCAL/2 (specific to breast,
ovarian, prostate, pancreastic cancers, as well as melanoma).

Some genetic chages can lead to an unexpected or exaggerated response to prescribed
medication, and recognition of variants leads to a personalised treatment approach from
individual to individual. Given these risks, there is a need for new screening tools and tests
capable of bringing the screening test as close as possible to diagnosis at an early stage of breast
cancer by: finding specific breast cancer biomarkers (e.g. amino acids) by simultaneously
determining 3-8 biomarkers.

Therefore, in this thesis we proposed a new class of sensors — stochastic sensors, for

the identification and analysis of breast cancer specific biomarker qualities. D-serine and D-
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leucine were identified only in blood samples from patients diagnosed with breast cancer,
bening an indication that they can be used as specific biomarkers for this type of cancer. Also,
the constructed stochastic sensors could be used for the enantioanalysis of serine, leucine and
the simultaneous determination of several of several biomarkers such as: carcinoembryonic
antigen (CEA), Human Epidermal Growth Factor Receptor 2 ( HER-2), Human Epidermal
Growth Factor Receptor 1 ( HER-1), Heregulin-Alpha, 8-hydroxyguanosine (80HdG),
carbohydrate antigen 15-3 ( CA15-3).
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CHAPTER I

BIOMARKERS USED IN BREAST CANCER DIAGNOSIS

1.1. Classification of biomarkers used in breast cancer diagnosis and their

effects on the individual

Biomarkers are compounds with different chemical structures and sizes [1,2]. In
oncology there are a multitude of applications for biomarkers such as> making differential
diagnosis, risk assenssment, determining malignancy or benignity of a formation, screening,
response to treatment, monitoring progression and recurrence, as well as determining prognosis
[3,4]. Biomarkers have prpven over time to be an effective “tool”, indicating the stage of breast
cancer, which is presented as a very important factor in determining future prognosis. In the
use of biomarkers, we most commonly encounter nucleic acids, carbohydrates, small
metabolites, proteins, cytokines and circulating tumor cells, which control physiological and

pharmacological processes [5].

Every day, internal and external influences such as inflammatory reactions, metabolic
processes, environmental toxins and radication cause thousands of random damages to the
genetic material (DNA) of every cell in the human body. When the cell cannot be “repaired”,
DNA damage, mutations and the development of cancer could be the consequence of early
diagnosis. For the diagnosis and planning of an ideal biomarker should follow certain
specifications, high sensitivities are detectable by simple methods in biological samples (
tissue, blood, urine, sputum, faeces) [6,7]. The implementation of biomarker testing should be
done in a targeted way, collecting data from clinical history, paraclinical history and following

the currentrly existing guidelines [8-12]

Normally, a cell is at risk of transforming into a cancer cell when the cellular p 53 tumor
suppressor protein is activated. The p53 protein is targeted using various printer methods which
we find high performance liquid chromatography (HPLC), ELISA assay. On a large scale, to
date, different methods have been investigated for the determination of CA15-3 carbohydrate

antigen, the most commonly used being ELISA.

The HER-2 oncogene located on chromosome 17 encodes the synthesis of a

transmembrane protein, part of the tyrosine kinase receptor family. The receptors have
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homogeneous and functional structures with epidermal growth factor receptors. HER-1 and
HER-2/neu are frequently associated with breast tumours. Growth factors that bind to the HER-
2 receptor stimulate cell growth and division. CA15-3 is a transmembrane glycoprotein whose
synthesis is encoded by the MUCL1 gene [35]. The use of the determination of this major marker
is to monitor treatment and disease progression in breast tumour, such as: early detection of
tumour recurrence in patients previously treated for stage 11 and 111 breast cardinoma without
clinical signs of disease activity; increased CA15-2 levels in a patient diagnosed with breast
tumour indicate a high probability of metastasis; decreased serum CA15-3 levels are an
indicator of therapeutic response while increased levels persist and are associated with
progressive disease and inadequate response to therapy. When determining the combination of

CA15-3 and CEA the sensitivity of detecting tumour recurrence may increase.

Carcinoembryonic antigen (CEA) is one of the oncofetal antigens produced during life
as well as during fetal development, after birth production is suppressed and reaches a very
low value in adulthood (in individual smokers below 5 ng mL™ ,in non-smokers below 3 mL-
1y [46].

1.1.1. Molecular biomarker for the diagnosis, therapy and prognosis of breast cancer

In tumor diagnosis, biomarkers are not particularly usedul for early detection of breast
cancer, but help in determination, treatment monitoring, prognosis and post-treatment follow-
up [64-65]. Determination of receptor levels for the hormone called progesterone as well as
estrogen is used for early diagnosis of patients with invasive breast cancer to determine
eligibility for hormonal treatment. HER-2 is mandatory for assessing the efficacy of anti-HER-

2 therapy (transtuzumab, pertuzumab, ado-transtuzumab emtansin or lapatinib) [66,67].
1.1.2. Immunohistochemical biomarkers

Molecular biomarkers used in therapeutic prognosis in breast cancer are represented by
the detection of hormone receptors. Using Human Epidermal Growth Factor Receptor 2 ( HER-
2), carcinoembryonic anticen (CEA), carbohydrate antigen (CA15-3), as well as BRCAL and
BRCA2 genes and other biomarkers all have the ability to positively influence therapeutic

management [71-72].

A different genetic test, called tumor DNA sequencing, is sometimes performed to

determine whether cancer cells present in people who have already been diagnosed with a
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tumor have undergone genetic changes that may provide a clue in treatment by reducing risk
[75].

Sanger sequencing is a DNA sequencing method based on the selective incorporation
of di-deoxynucleotides by the DNA polymerase enzyme during in vitro DNA replication. The
DNA sequencing method allows the determination of the nucleotide sequencing of a DNA
molecule. It allows the structure of the gene to be determined, as well as the type of mutation

that produced a genetic disease.
1.1.3. Biomarkeri implicati in diagnosticare si terapie

The involvement of biomarkers has detected molecules considered and validated with
specificity in the diagnosis of positive breast cancers, as well as the genetic predisposition to

develop cancer with this location or irradiation to nearby organs.

Screening for tumor markers are not sensitive or specific enough. Accurate diagnosis in a
symptomatic person with cancer has been detected by differentiation from other conditions
with similar symptoms. The excess information provided by marker values should be used with
caution because there are situations that may decrease or increase marker levels independently
of tumour progression or involution. For disease recurrence, we encounter and use tumor

markers, along with monitoring treatment response for relapse detection.

1.2. Standard classical methods for determining breast cancer

biomarkers

The 4 major components in the treatment of breast cancer remains surgery being a
curative method, while hormone therapy, radiotherapy as well as perioperative and adjuvant
chemotherapy, which can improve the impact of resectable breast cancer through extensive
lymph node dissection.

Randomized trials have not demonstrated that the use of high-dose hematopoietic stem
cell- supported therapy improves survival [87-88]. Approximately 16 months with
conventional treatment is the median survival: aromatase inhibitors for estrogen receptor-
positive tumors and combination chemotherapy for estrogen receptor-positive tumors and

chemotherapy for receptor-negative tumors [89].
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26% Lungs and bronchi
15% Breast

9% Colon and rectum

Female gender
271,520

7% Pancreas

6% Ovary

4% Non-Hondgkin’s lymph node
3% Leukaemia

3% Uterine body

2% Liver and intrahepatic bile duct
2% Brain/Nervous system

23% All other systems

Figura 1.2. Incidence of mammary gland cancer in females compared to the incidence
of other cancers?.

1.2.1. Standardisations of tumour biomarkers for breast cancer

Breast fibroadenoma is a benign tumour that develops due to the proliferation of
connective tissue, which becomes fibrous. This tumour can occur mainly in young women
under the age of 30, but can also occur less frequently in women during menopause.

Consequently, tumour markers alone are not a diagnostic criterion for a particular type
of cancer, but for certain cancers they provide additional information for an early and accurate
prognostic purpose [100].

1.2.2. Standardisations of tumour biomarkers for breast cancer

Tumor markers have been commonly thought of as proteins or other substances
produced by both normal and cancer cells, but are produced in greater quantities by cancer cells
[101].

They are present in urine, blood, faeces, tumour-specific or other tissues or body fluids
from individuals who are suffering from a tumour DNA and tumor gene expression patterns.

Breast tumour staging includes: description of the primary tumour, size and location
(ductal/lobular), multicentricity or multifocality, detailing and investigating the type of lymph

node invasion (how many nodes are invaded and how many have been investigated, type of

2
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tumour invasion with or without lymphatic node capsule involvement), description of the
presence of invasion of blood vessels and lymphatic vessels.

The evaluation includes a complete history, with emphasis on aspects related to the
primary tumour, its evolution and menopausal status.

Complete clinical examination, assessment of performance status, haematological, and
biochemical evaluation (complete blood count, alkaline phosphatase, liver and kidney function
tests) are mandatory. There are two ways of staging: the first is clinical staging, which is based
on the outcome of the clinical examination and the information obtained from imaginig
investigations, and the second staging is pathological staging, which is based on the
information obtained from surgery is pathological staging, which is based on the information
obtained from surgery and pathological examination of the operative specimen (tumour and
lymph nodes) [107, 108].

1.2.3. Incidence and epidemiology of breast cancer

Breastcancer is a malignant proliferation in the epithelial cells that that make up the
ducts or lobules of the breast. The frequency of breast cancer is the most common condition
found in females. This condition will be characterized by a highly variable course from patient

to patient.

The local evolution may last several years, the tumour may be less than 1 cm in
diameter, and this interval is very valuable early diagnosis, because the diagnosis of the tumour

in the early period, grants maxim chances of cure [112].

1.2.4. Real-time sequencing of a single molecule

Sequencing is used in molecular biology to study genomes and the proteins they encore.
The information obtained from sequencing helps researchers discover changes in genes,
associations with diaseases or phenotypes, and identify targets for new drugs.

DNA is a molecule that provides information about genetic inheritance. DNA
sequencing is therefore used in evolutionary biology to study the relatedness of different
organisms and how they evolved.

Single-molecule sequencing uses zero-mode waveguide ( ZMW) technology [117].
DNA polymerase has a single enyme that binds to the base zero-mode waveguide, having a
single molecule as template. ZMW is a structure that allows the observation of single
nucleotide incorporated at a time into the DNA polymerase enzyme. Each of the four bases is

attached to a fluorescent waveguide.
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Behind nanopore sequencing in theory lies the following: an electric current that can be
observed when the nanopore is immersed in a liquid and an electronic potential is applied to it,
due to the movement of ions through the nanopore. The amount of current is influenced by the
size and shape of the nanopore. When nucleotides pass through the anopore there is a change
in the magnitude of the current flowing through that nanopore.

Next-generation sequencing refers to genome sequencing, genome resequencing,
transcript sequencing (RNA-Seq), DNA-protein interaction (ChIP sequencing), and epigenome
characterization [126]. Resequencing is necessary because the genome of a single individual is
not representative of the entire species.

1.2.5. Risk factors leading to tumour development

Risk factors can be divided into personal factors (endogenous) genetic factors
and environmental and lifestyle factors (exogenous). The diagnosis of breast cancer is
confirmed only by biopsy of the node detected on palpation or evidenced mammographically
[131-133].

High risk level of factors are: history of breast cancer, genetic predisposition (BRCA1
and BRCA2 genes are autosomal dominant genes and are involved in most cases of familial

cancer), precursor lesions of breast cancer [134-136].

1.2.6. Etiopathological, clinic-evolutionary and therapeutic implications breast
cancer

A healthy diet can help prevent this obesity, and the recommendation are: a diet limited
in fat intake, increasing consumption of fruits, vegetables, grains, minimizing sugar and salt
intake, and most importantly exercising daily for 30 minutes a day can reduce the of diseases

such as colon cancer, breast cancer, diabetes and cardiovascular disease [ 165].

1.3. Tumour markers in breast cancer diagnosis

In breast cancer diagnosis and prognosis, a variety of serum biomarkers representing
antigenic determinants such as CEA, CA15-3, Ki67 antigen have been used [179]. Protein
levels of these antigens in rerum represent characteristics that indicate risk of tumor
development [180,181].

1.3.1. The role of breast cancer in the tumor suppressor protein p53

The tumor suppressor protein in p53 is the most common mutant gene in human cancer.
Mutations located in the pl17 chromosome are the most common changes, even in human

malignancies. In Cancer cells with a mutant p 53, this protein cannout control cell

15



Innovative methods for diagnosing breast cancer

proliferantion for a longer period of time, leading to inefficient DNA repair and genetically
unstable cells [185].

1.3.2. Progression and influence of carbohydrate antigen (CA15-3) in breast cancer
diagnosis

Carbohydrate antigen is a solid phase enzyme-linked immunosorbent assay

(ELISA) based on the sandwich principle for the detection, recurrence verification and

diagnosis of tumor marker. CA15-3 is a protein produced by a variety of cells, particularly

breast cancer cells.
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CHAPTER Il

STOCHASTIC SENSORS USED IN BIOMEDICAL
ANALYSIS

2.1. The sensor, the key element in human analysis

In approaching stochastic sensors we have found they have many advantages over
classical electrochemical sensors in that they are sensitive and selective, having to determine a
simultaneous capacity for the compounds of interest, the analysis being carried out in very
small quantities of samples analysed, giving high coverage of broad linear concentration ranges
with very low detection limits of reliable sample quality analysis.

2.1.1. Smart sensors and mechatronic systems in cell biology

The most commonly used electrochemical sensors in biomedical analysis are
amperometric sensors, stochastic sensors and multi-mode sensors [210]. These are based on
the observational principle and on changes in current or potential due to interactions occurring
at the interface of the sensor with the test sample. Techniques using these sensors are generally
classified according to the observing parameter: current (amperometric) potential
(potentiometric) or impedance (impedimetric) [211].

2.1.2. Biomedical applications and theoretical considerations

Stochastic analysis is based on the observation of an individual binding event between
a single molecule and a receptor. Transmembrane proteins with engineered pores are a
promising element in the design of sensors used in stochastic analysis, which in their simple
manifestation produce a binary fluent (on/off) response in the transmembrane electric current.

The frequency with the fluctuations occur reveals the concentration of the analyte, and
its identity can be inferred from the magnitude or duration of the fluctuations. The frequency
of the analyte binding event increases with increasing concentration.

Stochastic detection is a single-molecule detection technique allowing the identification
of analytes. The use of these nanopores in the design of stochastic sensors provides an
interesting insight into the detection and quantification of single-molecule molecular lithogens
Individual interactions between analyte molecules and channel receptor sites can be observed
as patterns of current flowing through the channel. Stochastic detection is highly sensitive, the

response provided is fast and reversible (allowing real-time analysis of analytes). In addition
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to quantitative detection and analyte identification, concurrent detection of multiple analytes is
also possible. Stochastic sensors have the highest selectivity [213].
2.2. Apparatus, electrochemical detection and stochastic microsensor design

In stochastic microsensor design, material selection is essential to achieve the desired
performance. Stochastic microsensors are based on the working principle of ion channels
existing in the human body [214]. The evolution of sensors is related to the two factors: the
evolution of material science and pore or channel engineering as well surface analysis
techniques. Stochastic microsensors have a membrane that has two basic components: the
matric-material on which the electrochemically active substance is immobilized and the
electrochemically active substance that exhibits micro or nanochannels. Molecules with such
channels include cyclodextrins, maltodextrins, inulins, antibiotics, crown ethers, biological
molecules - which have such channels in their structure, but also molecules that form molecular
aggregates and micro/nanochannels, such as porphyrins and phthalocynines. Another
classification of substances would be according to origin: biological (e.g. proteins, haemolysin)
and synthetic (e.g. cyclodextrins, porphyrins). Directed synthesis of pores of a certain size also
facilitates a controlled stochastic sensor response [217].

2.2.1. Electrochimical detection using stochastic sensors

Stochastic sensors are new tools for the rapid detection of tumour markers by an
electrochemical method [218,219]. They are integrated into electrochemical cells together with
a reference electrode (Ag/AgCl) and a Pt wire (auxiliary electrode) to perform measurements
(Figure 2.1).

Figure 2.1. Using the stochastic sensor to

screen a blood sample.

2.2.2. Stochastic sensor design
Sensor design is as simple and cost-effective as possible, often using carbon-based

materials. A quantity of powdered powder (based on graphite, diamond, nanographene,
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graphene, etc.) is mixed with oil on paraffin to obtain a homogeneous paste. A modifier
solution (which has the pores required for stochastic analysis) is added to this paste. The
modified paste is placed in a tube with an inner diameter of the ctive surface of 300 um. A
silver wire is inserted into the paste and used to connect the sensor to the external electrical
circuit (Figure 2.2). Between measurements, the sensors are rinsed with dionized water to avoid

contaminating the samples with each other [221].

=———=> Silver wire

=————=) Plastic tube

== Modified paste

Figure 2.2. — Construction of the stochastic sensor

2.2.3. Stochastic sensor mechanism

The response of stochastic microsensors is based on the channel conductivity when a
constant potential is applied. Molecular recognition of the analyte of interest occurs in two
steps: initially in step one, the molecular recognition step, the biomarker of interest is extracted
from solution at the membrane/solution interface bloking the channel, the current intensity 0
for a certain period of time, called the analyte signature (toff), and in step two the binding step,
which takes place when the biomarker interacts with the channel wall. The response of these
stochastic sensors is not influences by matrix composition.

Other advantages over classical methods of analysis are: large working range-allowing
determination of biomarkers at different stages of cancer, very low limit of biomarker

determination from different biological samples [229-233].
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CHAPTER Il

D-SERINE AND D-LEUCINE - KEY FACTORS IN BREAST CANCER
DIAGNOSIS. ENANTIOANALYSIS OF SERINE AND LEUCINE USING
STOCHASTIC SENSORS

3.1. INTRODUCTION

Protonomics and metabolomics play a very important role in cancer research as a
valuable source of new biomarkers. Serine levels have been shown to play an important role in
breast cancer diagnosis.

Given the importance of biomarkers for rapid and early determination and diagnosis of
vreast cancer, we proposed serine enantioanalysis as a key factor for early diagnosis of breast
cancer.Therefore, a stochastic enantioselective sensor designed by physical immobilisation of
ZN(I1)-5(4-carboxyphenyl)-10,15,20-tris(4-phenoxyphenyl)-porphyrin in a nanographene
paste was used for enantioselective analysis of serine in whole blood samples from healthy
volunteers and confirmed breast cancer patients.

The novelty lies in the use of Zn(ll)-5(4-carboxyphenyl)-10,15,20-tris(4-
phenoxyphenyl) porphyrin as a modifier in the design of an electrochemical sensor, and its use
for the enantioanalysis of an amico acid. Its role in the stochastic sensor is to provide the
necessary channel for the stochastic response of the sensor.

The main advantages of stochastic sensors when used for biomedical analysis are: no
sample preparation is required; matrix complexity does not influence analysus results; multi-
analytical analysis is possible.

When the enantiomer signature (torf value) is used, as well as a quantitative analysis
using the tonic value measured between two signatures (torf values) (Scheme 3.1.) The principle
of current development is based on channel conductivity; in the first stage, the enantiomer
enters the channel, blocking it as the current intensity decreases to zero (the enantiomer
signature given by the toff value characterizes this stage); inside the channel binding and redox
processes take place and equilibrium is reached (the tonic value used for quantitative analysis

of enantiomers characterizes this stage).
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Scheme 3.1. Current development for stochastic sensors.

The advantages of stochastic sensors over classical electrochemical sensors are: the
enantiomer signature does not depend on the matrix composition, but only on the enantiomer
size and geometry. The fullerence’ N-methyl-fullerene-pyrrolidine derivative was selected
because of its ability to provide the necessary channcels for stochastic sensing. Fe.Os was
added to the graphite paste to improve its conductivity, which facilitated at the selected
potential (125mV) signatures and values for ton of the order second magnitude, and therefore
the reading was made with high realibility.

The noveltry is given by the use of N-methyl-fulleron-pyrrolidine as a modifier of
graphite/Fe>O3 and nanographene pastes, for the design of enantioselective stochastic sensors

and their use for enantioanalysis of leucine in whole blood samples.

3.2. EXPERIMENTAL PART

3.2.1. Materials and reagents

L-serine, D-serine, paraffin oil, nanographene (particle size less than 3nm, 99.6%
carbon content, Zn (l11)-5(4-carboxyphenyl)-10,15,20-tris(4-phenoxypheyl) porphyrin and
phosphate buffer were purchased and L- and D-leucine, graphite, Fe2Oz graphene nano-pulse,
N-methyl-fullerene-pyrrolidine, paraffin oil. Deionized water was used to prepare all solutions.
Solutions of L-serine and D-serine (had concentrations ranging from 0,1 mol L to 1fmol L?)
were obtained by serial dilution method; all solutions were treated with phosphate buffer (pH
7.50) and solutions of L- and D-leucine were prepared using phosphate buffer pH 7.40. The

concentration range used for both enantiomers was between 1x10% si 1x102 mol L.
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3.2.2. Apparatus and reagents

An Autilab/PGSTAT 12 potentiostat/galvanostat was used for all measurements.
Ag/AgCI serving as the reference electrode in the electrochemical cell, while the auxiliary
electrode was a Pt wire. The working electrode in the cell was the newly designed

enantioselective stochastic sensors.

3.2.3. Design of the enantioselective stochastic sensors

100 pL of 102 mol L mixture of Zn (11)-5(4-carboxyphenyl)-10,15,20-tris(4-
phenoxyphenyl)-porphyrin were added to 100 mg of nanographene powder. To this mixture 30
ML of paraffin oil was added to form a modified nanographene paste. The modified paste was
analysed using atomic force microscopy (Figure 3.1.). The paste was placed in a special printed
tube with a diameter of 300 um. A silver wire was inserted into the paste and used as an
electrical contact. The sensor surface was renewed by polishing with aluminium foil.

Atomic force microscopy experiments were performed using an Agilent Technologies
5500 scanning probe microscope. Images of the modified carbon/diamod layers were acquired
in tapping mode (AFM mode AAC) using a silicon cantilever (point probe plus force
modulation) with tipp radius < 10 nm (length 227 um, constant force 1.8 N/m resonance
frequency 69 kHz; nanosensors) at scanning speeds from 0.5 to 1 line/s. Images were recorded
at 512 x 512 pixel resolution. The imaging and analysis software used was PicoVieq 1.6
(Agilent Technologues, Chandler AZ), with additional image processing (surface profile
extraction, filtering, line correction, analytical studies, and 2D and 3D prameters) using Pico

Image software.

Figure 3.1. AFM 3D image (10X10 mm scan area) of the

active surface of the enantioselective stochastic sensor.

For L- and D-leucine, enantioselective stochastic sensor design was performed as
follows: 100 mg of graphite/graphene nanopowders were physically mixed with 20 mg of N-
methyl-fullerene-pyrrolidine. To the graphite powder mixture, 10 mg of Fe>Oz was added. To

each of the powders 30 ul of paraffin oil was added to form a homogeneous paste. Each of the
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pastes was placed in a non-conductive 3D plastic tube printed in our lab using a 3D printer.
The inner diameter of each tube was 25 pm and the length was 1 cm. An Ag wire was used to
connect the paste with the external circuit.

The morohology of the designed pastes was investigated using scanning electron
microscopy (SEM) (Inspect S, FEI Company, The Netherlands). In order to obtain a good
resolution of the microscopic images, the pastes were analysed using the LFD (low vac-uum)
detector at a high voltage (HV) of 30 kV and magnification of 1600X.

The active surface morphology of the stochastic sensors is shown in Figure 3.2.

(b)

Figura 3.2. SEM images for (a) graphite paste based enantioselective stochastic

sensor and (b) nanographene paste based enantioselective stochastic sensor.

3.2.4. Stochastic method

Each series of solutions, respectively L- and D-serine and L- and D-leucine, was
analyzed using the proposed stochastic enantioselective sensor at a constant potential of
125mV vs Ag/AgCI, using chronoamperometry as an electrochemical technique. Different
signatures (torr values) obtained for each enantiomer were obstained, proving that the sensor is
enantioselective. Calibrations were obtained for each enantiomer using the linear regression
method. The form of the calibration equation is used, which is: 1/ton=a+bXConCenantiomer. The
ton Value was read between the tofr values. The principle of current development is based on
channel conductivity: at the entrance to the channel, the enantiomer is blocked and theredore a
current decays to zero. The time taken to enter the channel is a associated with the signature of
the enantiomer ( the tosf value) and is part of the qualitative analysis. After entering the channel,

redox binding processes take place; the sample ( Figures 3.3 and 3.4).
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Figure 3.4. Example plots obtained for the detection of whole blood sample using (a)
enantioselective stochastic sensor based on graphite paste and (b) enantioselective stochastic
sensor based on nanographene paste.

The determination of L- and D-serine si L- si D-leucine concentration was performed
using the calibration equation method by entering the ton value into the corresponding equation.

Enzyme-linked immunosorbent assay (ELISA) is a standard method used for the
determination of serine enantiomers.

3.2.5. Blood samples

Whole blood samples from healthy volunteers as well as from patients as well as from
confirmed breast cancer patients were obstained from the University Hospital Bucharest
(Ethics Committee approval no 11/2013; informed consent was obtained from all subjects).

Whole blood samples were analyzed without any pretreatment.

3.3. RESULTS AND DISCUSSIONS

3.3.1. Response characteristics of enantioselective stochastic sensors
3.3.1.1. L- and D-serine
All response characteristics were determined by 25°C using chronoamperometry at 125

mV potential temperature versus Ag/AgCl.
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First, the signatures (torr values) of L- and D-serine were analyzed and determined. The

signature for L-serine was 1.8 s, while the signature for D-serine was 1.0 s.

Table 3.1. Enantioanalyze serine in whole blood obtained from confirmed breast cancer

patients using stochastic enantioselective sensor and a standard ELISA protocol.

umol L1, L-serine umol L, D-serine
Sample i
number | Screening method ELISA Sgreening ELISA
method
1 1.45+0.02 1.42+0.12 3.13+ 0.04 3.02+0.12
2 8.77+0.03 8.70+0.14 3.75+£ 0.02 3.70+0.11
3 204.13+0.02 203.97+0.14 8.98+ 0.03 8.90+0.11
4 25.72+0.03 25.17+0.15 6.41 £0.01 5.97+0.15
5 2.86x0.01 2.85+0.12 1.44+0.02 1.39+0.19
6 5.35+0.02 5.40+0.13 5.63+ 0.01 5.60+0.10
7 27.45%0.03 27.40+0.17 3.56 +0.02 3.56+0.13
8 26.56+0.02 26.50+0.12 2.35+0.01 2.34+0.12
9 6.93+0.01 6.92+0.12 1.11 +0.02 1.30+0.10
10 10.46+0.03 10.40+0.15 4.32 +0.02 4.30+0.12
11 9.36+0.02 9.36+0.16 8.53+ 0.04 8.49+0.10
12 22.75+0.01 22.15+0.12 9.06+ 0.03 9.07+0.15
13 3.11+0.02 3.11+0,13 4.04 +0.01 3.95+0.1
14 9.8340.05 9.80+0.13 9.98 +0.02 9.90+0.17
15 6.12+0.03 6.10+0.20 5.06 +0.02 5.00+0.17
t-test 2.22 2.19

The calibration equation recorded for L-serine was: 1/ton = 0.03 + 3.82 X 10° Ci serina

with a correlation coefficient r of 0.9999. The linear concentration range was between 1 x 10

126i 1 x 103 mol L ,with a limit of determination 1 x 10"*2 mol L.

The range is able to cover L-serine concentrations in healthy indiciduals and breast

cancer patients.

The calibration equation recorded for D-serine was: 1/ton = 0.03 + 4.71 X 10 Cp-serina,

with a correlation coefficient r of 0.9995. The linear concentration range was between 1 x 10

“mol L. The range is able to cover the concentration od D-serine in breast cancer patients.
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3.3.1.2. L- and D-leucine

Stochastic mode was used to determine the response characteristics of

Innovative methods for diagnosing breast cancer

enantioselective stochastic sensors. The response characteristics are shown in Table 3.2.

Table 3.2. Response characteristics for enantioselective stochastic sensors used for leucine

enantioselectivity analysis.

Stochastic sensor

. Limit of Linear
Equation of
based on N- ) Signature ) . Sensitivity, |determinatiol concentration
Leucine calibration?, -
methyl-fullero- tore(S) , stglL n, range,
pyrrolidine & ag L™ gL*
1/ton = 0.04 +
1x10%Y -1 x
L 0.6 8.17 x 108¥°C | 8.17 x 10% 10.00 105
_ r=0.9993
Graphite/Fe;0;
1/ton = 0.01 +
1x10% -1 x
D 0.8 1.42 x 10BC | 1.42 x 10% 100.00 10°
r=0.9994
1/ton = 0.02 +
1x10% -1 x
L 2.2 3.44 x 1012C | 3.44 x 10% 100.00 104
r=0.9995
Nanographene
1/ton = 0.02 +
1x10%8 -1 x
D 0.9 1.35x 10™C | 1.35x 10% 1.00 109
r=0.9996

1<C>=mol L?; <ton> =s.

The signatures of the two enantiomers are different when the same stochastic sensor

was used, which proves that the sensors are enantioselective and can be used for

simultaneous testing of the two enantiomers. The linear concentration ranges are broad,

allowing enantioanalysis of leucine in whole blood samples despite the health status of the

individuals.

Very low limits of determination (ag L) were recorded; for the determination of L-

leucine, the lowest limit of determination was recorded whrn using the graphite/Fe>O3 —

based stochastic enantioselective sensor, while for the determination of D-leucine, the lowest

limit of determination was recorded for the nanographene-based stocastic enantioselective

sensor. L-leucine was determined with the highest sensitivity when the graphite/ Fe>Oz-based

sensor was used, while D-leucine was determined with the highest sensitivity when the

nanographene-based sensor was used.

27




Innovative methods for diagnosing breast cancer

3.3.2. Selectivity of the proposed sensors used for the determination of serine and
leucine

3.3.2.1. L- and D-serine

The selectivity of stochastic sensors is given by the values recorded for the signatures
of possible interferences; a difference of at least 2 s between the signatures of possible
interferences and the signatures of serine enantiomers confirms the selectivity of the stochastic
sensor. The following amino acids were tested as possible interferences: L- and D-glutamine,
L- and D-trytophan, L- and D-aspartic acid and L- and D-leucine.

The values recorded for their signatures were: L-glutamine 0.3 s, D-glutamine 0.7 s; L-
tryptophan 3.7 s; D-tryptophan 3.3 s; L-aspartic acid 2.1 s; D-aspartic acid 2.5s; leucine 1.5 s,
D-leucine 2.8 s. These values showed that the proposed sensor is not only enantioselective but

also selective towards these amino acids.

3.3.2.2. L- and D-leucine
The selectivity of the stocastic sensors is given by the difference between the signals
(tor Values) recorded for leucine enantiomers and those obtained for CA15-3, CEA, HER-2,

p53, Ki67, maspin and CA19-9 — the common biomarkers used for breast cancer diagnosis.

Table 3.3. Selectivity of stochastic sensors.

Stochastic sensor
based on CAl5- ) ) CAl9- L- D-
CEA | HER2 | Maspin | Ki67 pS3 ] )
N-methyl-fullero- 3 9 leucine | leucine
pyrolidine &
Signature (5)
Graphite/Fe,0O3 11 15 2.2 1.9 3.0 24 | 35 0.6 0.8
Nanographene 0.2 0.6 3.0 2.5 3.2 2.8 1.7 2.2 0.9

The results presented in Table 3.3, proved that none of the other biomarkers interfere
in leucine enantioanalysis, despite the matrix used for the stochastic sensor design. Ten
enantioselective stochastic sensors of each of the two types designed for leucine
enantioanalysis were constructed. Response characteristics were measured daily for one
month. There was no significant change in sensitivity, with a variation of less than 0.15%,

demonstrating the reproducibity of the design of each stocastic sensor type. After one month
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of measurements, the variation in sensitivities recorded again was less than 1.2%, proving
that the sensors are stable for at least one month.

3.3.3. Enantioanalysis of serine in whole blood samples used for the determination
of L- and D-serine

Serine enantiomers were identified in whole blood sample screening plots using the
stochastic enantioselective sensor according to their signatures. Whole blood samples from
confirmed breast cancer patients as well as healthy colunteers were screened using the proposed
sensor. The results are presented in Tables 3.1 and 3.2

Table 3.4. Whole blood serine assay obtained from healthy volunteers using a stochastic
enantioselective sensor and a standard ELISA protocol

Sample umol L, L-serine
number Screening method ELISA
1 209.15+ 0.03 209.20+0.17
2 293.63+ 0.03 291.93+0.17
3 315.40 0.02 314.87+0.13
4 123.41+0.03 123.50+0.15
5 178.65+0.04 178.79+0.20
t-test 2.67

A very good correlation between serine enantiomer concentrations was obtained by the
screening method (based on the use of the stochastic enantioselective sensing method) and
ELISA (standard method for the analysis of serine enantiomers).

A paired Student’s t-test was performed at the 99.00% confidence level (theoretical t-value:
4.032). The calculated t-values for each of the sensors and for each sample type were less than
4.032; these results showed that there was no statically significant difference between the
results obtained using the proposed stochastic sensor and ELISA (Tables 3.1 and 3.4).
Consequently, the proposed screening method is validated for serine enantioanalysis in whole
blood samples. The absence of D-serine in whole blood samples from healthy volunteers may
indicate that D-serine is a biomarker capable of being used for early diagnosis of breast cancer.
In addition, serine enantioanalysis may be a key factor in the early diagnosis of breast cancer.
The main advantages of using the proposed method for serine enatioanalysis were that it can
ensure low cost of quantitative and qualitative analysis of L- and D-serine; both enantiomers

can be analysed simultaneously, and breast cancer can be identified at a very early stage. No
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enzymes were used in the sensor design, which makes the sensor stable over time and has
significant reliability advantages.

3.3.4. Enantioanalysis of leucine in whole blood samples used for the determination
of L- and D-leucine

Whole blood samples were used as collected from patients, without any processing.
Measurements were performed according to the description of the stochastic method above.

After the plots were obtained (Figure 3.3 and 3.4), the L- and D-leucine signatures were
identified and afther the ton values between the two torf values were read. To validate the sensors,
known mixtures of enantiomers (in different proportions) were introduced into whole blood
samples and enantiomer recovery was performed (Table 3.5).

Determinations of leucine enantiomer were performed before and after the addition of
mixture to calculate the recovery of the known amount added. Table 3.5. L- and D-leucine
recovery assays in whole blood samples (N=10).

Table 3.5. shows that high recoveries of enantiomers were obtained in wholr blood
despite the ratios of L- to D-leucine in whole blood. This proved the high accuracy and
reliability of the measurements.

Recovery, %

L:D 1:99 1:50 1:25 1:1 25:1 50:1 99:1
Enantio
L D L D L D L D L D L D D

mer
Graphite

/Fe203 199.10+0./96.98+ 97.95+(99.18+0/99.00+0(98.75+0(98.82( 98.99 (99.15+0{99.10+99.99+097.98+98.16+/99.90+
based 05 0.02 | 0.04 .02 .02 .03 #0.02+0.01f .01 | 003 | .01 | 0.02 | 0.03 | 0.02
sensor
Nanograp

hene ]99.32+0./96.50+|98.00+|99.53+0(99.18+0|99.65+0(98.09 99.99 [99.13+0/99.76+99.12+0(97.00+97.43+|99.66+
based 02 0.03 | 0.02 .03 .03 .02 [+0.04+0.03| .02 | 0.02 | .03 | 0.04 | 0.02 | 0.03
sensor

Real whole blood samples collected from confirmed breast cancer patients and healthy
volunteers were analyzed using stochastic enantioselective sensors. The results obtained are

shown in Table 3.6.
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Table 3.6. Enantioanalysis of leucine in whole blood samples (N=10).

PSample L-leucine, D-leucine,

No. State of health og mL- ng mL
Stochastic sensor based on N- ) ]
methyl-fullero-pyrrolidine & Graphite/FeoOs | Nanographene |Graphite/Fe,Os| Nanographene

1 8.62+0.02 8.08+0.01 3.52+0.02 3.30+0.03
2 0.48+0.01 0.49+0.03 5.00+0.03 4.75+0.02
3 8.25+0.01 8.71+0.03 0.20+0.01 0.18+0.02
4 15.48+0.02 16.02+0.03 1.87+0.02 1.6940.03
5 Confirmed with breast 6.11+0.01 5.50+0.03 1.00£0.02 1.00£0.03
6 cancer 1.24+0.03 0.98+0.02 2.00+0.01 2.17+0.02
7 3.47+0.01 2.93+0.02 2.60+0.03 2.58+0.01
8 0.08+0.01 0.07+0.02 33.10+0.02 35.01+0.01
9 2.91+0.01 2.26+0.03 5.23+0.03 5.00+0.01
10 8.30+0.03 8.12+0.01 1.17+0.03 1.18+0.01
1 18.21+0.01 18.34+0.02 -* -*
2 20.58+0.02 20.84+0.01 -* -*
3 5.48+0.01 5.12+0.03 -* -*
4 32.25+0.02 32.40+£0.01 -* -*
5 7.12+0.01 7.15+0.03 - -*
6 Healthy volunteers 27.16+0.02 27.19+0.01 -* -
7 52.01+0.03 51.15+0.02 -* -
8 4.89+0.01 4.68+0.03 -* -
9 51.97+0.03 52.53+0.01 -* -
10 43.47+0.01 43.50%0.02 - -*
t-test 2.96 3.01

* D-leucine was not found.

A paired Student t-test was conducted at a confidence level of 99.90%. The calcu-lated t-

values for each enantiomer of leucine were less than 3.10, indicating that there is no

statistically significant difference between the results obtained using the proposed

enantioselective stochastic sensors (Table 4), and that enantioselective stochastic sensors can

be relied upon for the molecular identification and quantification of L- and D-leucine in

whole blood samples. Further, the D-leucine was only found in the samples collected from

confirmed patients with breast cancer, and not in the whole blood from healthy volunteers.
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3.4. CONCLUSIONS

A stochastic enantioselective sensor was designed and used for screening blood
samples for L- nd D-serine. Zn(ll)-5(4-carboxyphenyl)-10,15,20-tris (4-phenoxyphenyl)
porphyrin was used to modify a nanographene paste, which was introduced into a non-
conductive plastic tube to obtain the enantioselective stochastic sensor. The sensor had high
sensitivity for both enantiomers and also low determination limits.

Validation of the senro showed that there was a good correlation between the results
obtained by proposed detection method and ELISA demonstrating the suitability of the
proposed method for serine enantioanalysis in whole blood samples.

In addition this method demonstrated that D-serine can be a biomarker for early
diagnosis of breast cancer.

As for leucine, the proposed enatioselective stochastic sensors were found to have
outstanding characteristics in biomedical analysis. Their use for screening whole blood samples
may bring the screening test very close to the diagnostic test, as D-leucine was found only in

confirmed breast cancer patients, and not in healthy volunteers.
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CHAPTER IV

STOCK MICROSENSORS BASED ON CARBON
NANOPULBER FOR ULTRASENSIBLE DETERMINATION
OF CA15-3, CEA AND HER-2 IN WHOLE BLOOD

4.1. INTRODUCTION

CA15-3, CEA and HER-2 play the role of biomarkers that has a prognostic and can
facilitate personalized treatment for breast cancer. HER-2 positive breast cancers are
considered to be more aggressive that HER-2 negative breast cancers. Numerous methods have
been proposed for assaying CA15-3, CEA and HER-2 (Table 4.1). Therefore, this paper
proposes two new stochastic microsensors based on carbon nanopowder (nC) modified with
gold nanoparticles (AuNp) and two porphyrins -5,10,15,20-tetraphenyl-21H, 23H-porphyrin
(TPP) and 5,10,15,20-tetrakis (pentrafluophenyl chloride)-21H, 23H-iron (I1l) porphyrin
[Fe(TPFPP)CI] — for the simultaneous assay od CEA, CA15-3 and HER-2, as a screening test
based on their simultaneous analysis will provide more information about the peronal diagnosis
and treatment of brest cancer. The novelty of the work, in addition to the new design used for
the proposed stochastic microsensors for CEA, CA15-3 and HER-2 assay, is the use of a single

instrument for simultaneous assay of the three biomarkers.

The current development mechanism for stochastic sensors is based on channel
conductivity: the molecule enters the channel and the current decreases to zero until the entire
molecule is inside the channel — the time taken to enter the channel depends on the size, volume,
conformation, unfolding capacity (if protein) and velocity determined by the applied potential,
and is known as the molecule signature, noted as the tosf value on the charts. Meanwhile, redox
processes take place in the channel, in a time of equilibrium called the ton one the charts, the
tone value is read between two tosf values, and this depends on the concentration of the molecule

in the biological fluid in which the molecule is determined.
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4.2. EXPERIMENTAL PART
4.2.1. Materials and methods

All chemicals were of analytical quality. Deionised water was used to prepare the
solutions used in the experiments. All CA15-3, CEA and HER-2 solutions were prepared in
phosphate buffer solution (PBS, pH=7.40). The electrochemical cell was composed of there
electrodes: the reference electrode (Ag/AgCl), the counter electrode (Pt) and the working
electrode (stochastic microsensor). A chronoamperometric method was used to measure the ton

and torf values at a constant potential (125 mV vs Ag/AgCl).

For microsensor design: 100 mg of carbon nanopowder was mixed with 10 uL gold
nanoparticle suspension and paraffin oil was added until a paste was obtained. The paste was
divided into two equal parts and 50 pL of one of the following porphyrins were added to each:
5,10,15,20-tetraphenyl-21H, 23H-porphyrin  (TPP/AuNp) or 5,10,15,20 - tetrakis
(pentafluorphenyl chloride) — 21H, 23H-iron (111) porphyrin (Fe(TPFPP)CI/AuNp). Silver wire
served as the contact between the paste and the external circuit. A chronoamperometric method
was used for ton and torr measurements at constant potential (125 mV vs Ag/AgCl). The value
of the applied potential (125 mV vs Ag/AgCl) was determined esperimentally; potentials
between 0.05 and 250 mV were applied; the best form of the stochastic signal was obtained
when a potential of 125 mV bs Ag/AgCl was applied. Based on the tos value, the analyte was
identified in the charts recorded with the stochastic microsensors, and then the to, value was
further cytometrically determined and used to determine the concentration of each biomarker
(Figure 4.1). Thje unknown concentrations of Cal5-3, CEA and HER-2 in whole blood
samples were determined from the calibration equations (1/ton= a + bxCbhiomarker) recorded

with each of the sensors for each of the biomarkers.
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Figure 4.1. Recognition of CA15-3, CEA and HER-2 patterns in whole blood samples using a
stochastic microsensor based on (a) Fe(TPFPP)CI/AuNp and (b) TPP/AuNp. Whole blood
samples were obtained from University Hospital Bucharest (with ethics committee approval
no. 11/2013). The electrochemical cell was loaded with biological sample and after recording
the plot and identifying CA15-3, CEA and HER-2 signatures, the unknown biomarker
concentrations in whole blood samples were determined using the stochastic method described

above.
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4.3. RESULTS AND DISCUSSIONS

4.3.1. Stochastic sensor response characteristics

The response characteristics of the proposed microsensors are shown in Table 4.1. All

response characteristics were determined at 25 °C, when a protential of 125 mV versus

Ag/AgCl was applied. First, different signatures (toff values) for Ca 15-3, CEA and HER-2 were

recorded for each of the stochastic microsensors, proving that the three biomarkers can be

determined simultaneously in whole blood samples.

Table 4.1. Response characteristics of stochastic sensors used for CA15-3, CEA and

HER-2 testing.

Stochastic ) Linear ) ) )
) Signature ) Calibration equations; o
microsensor concentration ) o Sensitivity LOQ
torr (S) correlation coefficient, r*
based on nC range
CA15-3*
1.00x107- 1/ton=0.03 +5.80x10%xC
4.7 5.80x10° 1.00x107
1.00x10° r=0.9998
CEA**
Fe(TPFPP)CI/A
1.28x10°- 1/ton=0.04 + 6.16x10%C
uNp 0.6 6.16x10 1.28x10°
2.00x10* r=0.9993
HER 2**
3.90x10°- 1/tor= 0.02 + 1.43x10°%C
2.6 1.43x10° 3.90x10°
3.90x10° r=0.9999
CA15-3*
1.00x107'- 1/tor= 0.04 +2.32x10° xC
6.8 2.32x10° 1.00x10”7
1.00x10° r=0.9994
CEA**
1/ton=0.03 + 1.90x10*xC
TPPIAUND | 1 g 1.00x107- 1.00 - 1.90x10° | 1.00x107
r=0.9997
HER 2**
3.50x10°%- 1/ton=0.03 + 3.53x10*xC
1.3 3.53x10* 3.50x10°%
3.90x10° r=0.9986

*<C>= U mLY; <ton>=s; <Sensitivity> = s1 UTmL; **<C>= ug mL"; <ton>=s; <Sensitivity>= s ug'mL; LOQ

- limit of quantification

All linear concentration ranges are wide, making it possible to determine these

biomarkers at any stage of breast cancer.
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Sensitivity is also very high. Higher sensitivities were recorded for CEA and HER-2
testing when the TPP/AuNp based sensor was used. In comparison with the most recent sensors
used for CA15-3, CEA and HER-2 testing (Table 4.1), it can be concluded that the TPP/AuNp-
based sensor showed th lowest limit of determination (order of magnitude fg mL-1) and for
HER-2 testing, the Fe(TPFPP)CIl/AuNp-based sensor showed the lowest limit of determination.
For Ca 15-3 testing, although the limits of determination are higher than previously reported
[288-290], the proposed sensors can be used for CA15-3 testing without the need for any
sample processing the linear concentration range covers breast cancer patients at any stage of
disease.

The advantages of the proposed sensors over those presented in Table 4.1 are also the
following: they can perfor simultaneous detection of all three biomarkers; no sampling is
required prior to measurement; realiable qualitative analysis of each biomarker is immediately
followed by analysis of that biomarker.

4.3.2. Stability and reproducibility measurements

Ten stochastic sensors for each of the two types were designed [TPP/AuNp and
Fe(TPFPP)CI/AuNp] and measurements were performed daily for one month.

The measurement for each sensor type showed no significant change in sensitivity, with
the variation in sensitivity for each type being less than 0.12%; this proved the reproducibility
of the design of each stochastic sensor type. After 30 days of measurements, the variation in
sensitivities recorded for the TPP/AuNp based stochastic sensor was less than 0.11%, while for
the Fe(TPFPP)CI/AuNp based stochastic sensor it was less than 0.08%; this proved that the
sensors are stable for at least one month when daily measurements are performed.

4.3.3. Selectivity of stochastic microsensors

The selectivity of stochastic microsensors is given by the difference between the
signatures (tof values) recorded for Cal5-3, CEA and HER-2 and those obtained for other
biomarkers/substances in biological samples. Possible interfering species selected were p53,
Ki67, mapsin, CA19-9, ascorbic acid, dopamine and uric acid.

The results presented in Table 4.2 demonstrated that none of the putative interfering

species interfered with the simultaneous analysis of CA15-3, CEA and HER-2.
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Table 4.2. Selectivity of stochastic micro-sensors.

Stochastic Signature (s)

microsensor based | CA15- ) ) CA19- Ascorbic ) Uric
CEA | HER2 | Maspin | Ki67 p53 ) Dopamine )
onnC 3 9 acid acid
Fe(TPFPP)CI/AuNp | 4.7 0.6 2.6 2.0 1.3 3.0 35 0.2 1.7 3.2
TPP/AuNp 6.8 1.9 1.3 2.3 3.2 2.5 0.8 0.4 15 0.2
4.3.4. Simultaneous ultrasensitive determination of CA15-3, CEA and HER-2 in
whole blood

Ten whole blood samples from patients confirmed with breast cancer were examined

using the two stochastic microsensors. Shortly after reading the tof values, the corresponding

ton Values were read. The ton values were used to determine the concentrations of CA15-3, CEA

and HER-2 whole blood samples according to the stochastic method described above. The

results obtained from the screening of wholr blood samples are shown in table 4.2 and Figure

4.2.
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Figure 4.2. Quantitative determination of (a) CA15-3, (b) CEA and (c) HER-2 in whole
blood samples using stochastic: Fe(TPFPP)CI/AuNp and TPP/AuNp based microsensors and
standard ELISA.

Very good correlations were obtained between the results obtained using the two stochastic
microsensors. A t-test at 99.00% confidence level (tabulated theoretical t-value: 4.032) was
also performed for each biomarker. All calculated t-values were than the tabulated value,
proving that there is no statistically significant difference between the results obtained using
the two stochastic microsensors and ELISA (the standard test, the method used for testing

these biomarkers in whole blood samples) (Table 4.2 and Figure 4.2). Consequently, the
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proposed stochastic microsensors can be reliably used for the simulated ultrasensitive
determination of CA15-3, CEA and HER-2 in whole blood samples.

4.4, CONCLUSIONS

The proposed stochastic microsensors were used for simultaneous testing of CA15-3,
CEA and HER-2 in whole blood samples. Their linear working concentration ranges cover
breast cancer patients at any stage of the disease, and determinations are performed with high
sensitivity. The screening test based on the use of the two microsensors as performed with high
sensitivity. The screening test based on the use of the two microsensors as screening tools can
be used for early detection of breast cancer, for determining the need for personalized

treatment, and for determining the effectiveness of breast cancer treatment.
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CHAPTER V

ULTRASENSIBLE TESTING OF HER-1, HER-2 AND
HEREGULIN-a IN WHOLE BLOOD

5.1. INTRODUCTION

HER-1, HER-2 and heregulin-a have served as prognostic biomarkers, but can also be
used to facilitate personalized treatment. Apart frim standard methods based on the use of
ELISA (enzyme-linked immunoscorbent assay) for testing HER-1, HER-2 and heregulin-a,
different methods of analysis have been proposed. Due to the importance of simultaneous
testing of HER-1, HER-2 and heregulin-a in biological samples, there is a real need to develop
rapid and ultrasensitive screening methods for their determination in a sigle run
(simultaneously) in real samples. Therefore, in this work, we proposed two stochastic
microsensors based on physically immobilized oleamide in spherioid copper-decorated
nanographene paste for simultaneous HER-1, HER-2 and heregulin-a testing in whole blood
samples.

The novelty of the work is the simultaneous assay of HER-1, HER-2 and heregulin-o
and the use of oleamides as modifiers of spheroidal copper-decorated nanographene pastes.
The Oleamides selected for ultrasensitive HER-1, HER-2 and heregulin-a dosing were: HER-
1, HER-2 and heregulin-a: N-(pyridine-3-yl-methyl) oleamide (O1) and N-(2-mercapto-1H-
benzo[d]imidazole-5-yl) oleamide (O2) (Figure 5.1).

(b)
Figure 5.1. The structures of (a) N-(pyridine-3-yl-methyl) oleamide (O1), and (b) N-

(2-mercapto-1H-benzo[d]imidazole-5-yl) oleamide (O2).
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5.2. EXPERIMENTAL PART

5.2.1. Materials and reagents

All chemicals were of analytical quality. Deionising water was used to prepare the
solutions used in the experiments. All HER-1, HER-2 and heregulin-a solutions were prepared
in phosphate buffer solution (PBS, pH=7.40). When not in use, solutions were krept at -20°C.

5.2.2. Apparatus and methods

All electrochemical measurements of HER-1, HER-2 and heregulin-a solutions and
whole blood samples were performed by connecting to a computer running GPES software.

The electrochemical cell was composed of three electrodes: the reference electrode
(Ag/AgCI), the counter electrode (Pt) and the working electrode (stochastic microsensor). All
measurements were performed at -25°C. A chronoamperometric method was used to measure
the ton and tors Values at a constant potential (125 mV vs. Ag/AgCl).

5.2.3. Design of the stochastic microsensors

100 mg of nanographene powder was physically mixed with 10 mg of spheroidal
copper. Nanographene, compared to graphene oxide, provides a better suflace area for the
channels formed by the modifier (oleamide); in addition, there is an increase in surface area
which influences the sensitivity of the sensor. The amester was divided into two equal parts
and 50 pL of O1, respectively 02(103mol L) solution was added to each part. Each modified
paste was placed in a non-conductive plastic tube printed using a 3D printer in our lab, with an

inner diameter of 50 um and a length of 5 mm (Scheme 5.1).

«—— Ag wire

Modified
nanographene paste

Scheme 5.1. The design of the stochastic microsensor
5.2.4. Recommended procedures: stochastic method
All measurements were carried out at 25°C. A chronoamperometric method at constant
potential (125 mV vs Ag/AgCl) was used for ton and tofr measurements. Based on the tos value,

the analyte was identified in the charts recorded with the stochastic microsensors, and then the
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ton Value was read and used for the concentration determination (Figure 5.2). The unknown
concetration of HER-1, HER-2 and heregulin-a in whole blood samples were determined from

the calibration equation 1/ton = a+bXCpiomarker recorded with each sensor for each biomarker.
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Figure 5.2. Pattern recognition of HER1, HER2, and heregulin-a in whole blood
samples, using stochastic microsensors based on nanographene decorated with spheroidal Cu
and a) N-(pyridine-3-yl-methyl) oleamide (O1), and (b) N-(2-mercapto-1H-
benzo[d]imidazole-5-yl) oleamide (O2).
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5.2.5. Samples

Whole blood samples were obtained from Bucharest University Hospital (ethics
committee approval no. 11/2013). These samples were obtained from patients confirmed with
breast cancer. The electrochemical cell was loaded with the biological sample and, after
charting and identifying HER-1, HER-2 and heregulin-a signatures, the unknown biomarker

concentration in whole samples were determined using the stochastic method described above.

5.3. RESULTS AND DISCUSSIONS

5.3.1. Morphological characterization and structure of pastes used for stochastic
microsensor design

Figure 5.3.reveals the morphology of the analysed samokes and elemental analysis by
EDX technique. From the qualitative analysis of the spheroidal copper-modified
nanographene, spherical particles embedded in the organic matrix can be observed (Figure 5.3
(@)). The addition of oleamide O1 and O2 (Figure 5.3(b) and (c)) facilitated the presence of the
necessary channels/pores in the stochastic analysis mehod for stochastic signal development.
Semiquantitative EDX analysis showed that the relevant elemental is C (98.6% by weight),
followed by O (0.64% by weight), Cu (0.43% by weight) and S(0.33% by weight).

C

0.70 1.40 2.10 2.80 3.50 4.20 keV

. .
-
100 ym’ o % s

A 0.70 1.40 2.10 2.80 3.50 420  keV
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Figure 5.3. SEM images and EDX spectra of (a) the paste containing nanographene
and spheroidal Cu; (b) the paste containing nanographene and spheroidal Cu modified with

01; (c) the paste containing nanographene and spheroidal Cu modified with O2.

5.3.2. Response characteristics of the stochastic microsensors

A potential of 125mV was applied and the biomarkers go one by one into the oleamide
pore. As they enter the pore, the pore blocks it and the current drops to 0 A. The time spent in
this step is called the biomarker signature and is given by the tofr value. In the next step, the
biomarker undergoes binding processes as well as redoc processes — the time spent for these

processes is known as the tofr—and used for quantitative measurements.
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Table 5.1. Response characteristics of the stochastic microsensors when used for the
determination of HER1, HER2 and heregulin-a.

Microsenzor

stochastic pe

Domeniu linear

bard d Semnatura q ‘ Ecuatie de calibrare; Sensibilitate LOQ
aza de e concentratie
; toff (S) (g mLY ’ coeficient de corelatie, r* (spgmLY)  (pg mLY)
nanograrene, gmL
Cu sferoidal si
HER 1
L 3.90x103- 1/ton= 0.03 +7.99xC 209 039
' 3.90x10°® r=0.9998 ' '
HER 2
01 3.90x1072- 1/ton=0.01 + 1.55x10%xC
4.2 1.55%10? 3.90
3.90x10710 r=0.9993
Heregulin-a
2.56x10712- 1/ton=0.15 + 3.01x10%xC
2.3 3.01x10° 2.56
6.40x10 r=0.9998
HER 1
L 3.90x107*- 1/ton=0.05 + 9.97xC 0.7 290
o ' 3.90x10°8 r=0.9998 '
HER 2
3.90x1012- 1/ton=0.01 + 1.10x10%xC
3.4 1.10x10? 3.90
3.90x10710 r=0.9999
Heregulin-a
5.12x10753- 1/ton=0.01 + 4.30x10*xC
2.3 4.30%x10* 0.51
1.28x101! r=0.9999

*<C>= pg mL?; <ten>=s; LOQ - limit of quantification.

First of all, different signatures (tofr values) were recorded for the HER1. HER2, and

heregulin-a for each of the stochastic microsenors proving that the three biomarkers can be

determined simultaneously in whole blood samples.
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Comparable sensitivities (as magnitude order) were recorded for both microsensors
when used for the assay of HER-1, and HER-2. A higher magnitude order (10%) was recorded
for the sensitivity of the microsensor based on 02, when heregulin-a was analysed.

A wider working concentration range was recorded for the assay of HER-1, when the
microsensor based on O1 was used. For the assay of HER-2, the same working concentration
range was recorded for both sensors, while for the assay of heregulin-a, a wider linear
concentration range was obtained for the microsensor based on O2.

The lowest limit of quantification for HER-1 was obtained when the microsensor based
on O1 was used, while the lowest limit of quantification for heregulin-a was obtained using
the microsensor based on O2. The same value was obtained using both microsensors, when
used for the assay of HER-2. Accordingly, the stochastic microsensor of choice is the one based
on O2.

The reliability of the design as well as the stability in time of the proposed microsensors
were evaluated. Ten of each type of microsensors were designed and used for 1 month for the
assay of HER-1, HER-2, and heregulin-a. In this period of time, the sensitivities for HER-1,
HER-2, and heregulin-o were recorded. For each type of microsensor, the measurements
performed during one day showed that the RSD% values for the variation of the sensitivities
recorded for 10 microsensors were 0.12% for HER-1, 0.09% for HER-2, and 0.07% for
heregulin-o despite the type of microsensor, proving a highly reliable (reproducible) design of
the proposed stochastic microsensors. When used for 1 month, the sensitivities variations were
0.21% for the assay of HER-1, 0.25% for the assay of HER-2, and 0.18% for the assay of
heregulin-a despite the type of microsensor, proving the stability of the microsensors in time.

5.3.3. Stability and reproducibility measurements

Ten sensors of each of the two types (based on O1 and O2) were designed and daily
measurements were taken for one month. Measurements for each sensor type showed no
significant change in sensitivity, with the variation for each type being less than 0.30%; this
proved the reproducibility of the design of each stochastic sensor type. After 30 days of
measurements, the variation in sensities recorded for the O1-based stochastic sensor was less
than 0.10%, while for the O2-based stochastic sensor it was less than 0.15%; this proved that
the sensors are stable for at least one month when daily measurements are performed.

5.3.4. Selectivity

The selectivity of the stochastic microsensors is given by the difference between the

signatures (tofr values) recorded for HER1, HER2, and heregulin-o and those obtained for other
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biomarkers/substances from the biological samples. The possible interfering species selected
were: p53, CEA, maspin, and CA19-9.

Table 5.2. Selectivity of the stochastic microsensors used for the determination of HER1,
HER2, and heregulin-a.

Stochasti
C  microsensor Maspin, CEA, CA19-9, p53,
based on Signatur Signatur Signatur Signatur
nanographene, e e e e
spheroidal Cu (s) (s) (s) (s)
and

01 0.5 1.7 2.9 3.3

02 0.7 1.9 3.7 4.2

The results shown in Table 2 proved that maspin, CEA, CA19-9, and p53 did not
interfere in the determination of HER1, HER2, and heregulin-a.

5.3.5. Ultrasensitive simultaneous determination of HER-1, HER-2 and heregulin-«
in whole blood
Eleven whole blood samples from patients confirmed with breast cancer were screened using
the two stochastic microsensors. Pattern recognition was done first — based on the identification
of the tosf value (signature) specific to HER1, HERZ2, and heregulin-a in the diagrams obtained
using the proposed stochastic microsensors (Figure 5.2). Just after reading the tofr values, in
between two torr values, the corresponding ton values were read. The ton values were used to
determine the concentrations of HER1, HER2, and heregulin-a in the whole blood samples,
accordingly with the stochastic method described above. The results obtained after the

screening of whole blood samples are shown in Table 5.3.
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Table 5.3. Rezultatele obtinute pentru testul ultrasensibil al HER-1, HER-2 si

heregulin-a in sangele integral, utilizand microsenzori stocastici (N=10).

Sample pgmL?, HER 1 pg mL*, HER 2 pg mL*, Heregulin-o
No.
Stocastic microsensors based on nanographene, spheroidal Cu and
01 02 01 02 01 02
1 1.93+0.02 1.9740.03 193.75+0.04 192.04+0.03 1.36+0.02 1.15+0.03
2 5.87+0.03 6.12+0.02 169.79+0.03 169.97+0.05 2.48+0.03 2.44+0.02
3 3.48+0.03 3.50+0.03 256.24+0.05 251.08+0.04 3.76+0.03 3.25+0.02
4 0.92+0.03 0.99+0.01 224.65+0.03 227.09+0.05 0.97+0.04 1.01+0.01
5 3.49+0.01 3.23+0.03 528.13+0.05 531.25+0.05 1.49+0.01 1.92+0.02
6 5.87+0.03 5.30+0.03 256.20+0.03 258.43+0.04 0.93+0.01 0.89+0.02
7 1.90+0.02 1.98+0.01 357.16+0.04 359.81+0.05 0.63+0.02 0.60+0.03
8 1.89+0.02 1.92+0.02 222.65+0.05 229.81+0.05 1.55+0.02 1.34+0.01
9 5.87+0.03 5.90+0.04 195.01+0.04 197.78+0.03 2.48+0.01 2.46+0.02
10 3.47+0.04 3.19+0.02 192.51+0.03 194.30+0.05 1.59+0.02 1.92+0.01
11 0.89+0.01 0.92+0.02 221.14+0.05 221.03+0.03 1.50+0.02 1.58+0.01
t-test 2.57 2.17

Very good correlations between the results obtained using the two stochastic

microsensors were obtained. Paired t-test was also performed at 99.00% confidence level

(tabulated theoretical t-value: 4.032) for each biomarker. All calculated t-values were less than

the tabulated value, proving that there is no statistically significant difference between the

results obtained using the two stochastic microsensors (Table 5.3). Accordingly, the proposed

stochastic microsensors can be reliably used for the ultrasensitive simulataneous determination

of HER1, HER2, and heregulin-o in whole blood samples.
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5.4, CONCLUSIONS

Two stochastic microsensors based on spheroidal copper-detcorated nanographene
modified with N-(pyridine-3-yl-methyl) oleamide and N-(2-mercapto-1H-benzo[d]imidazol-
5-yl) oleamide were successfully used for the ultrasensitive determination of HER-1, HER-2

and heregulin-a in whole blood samples.

The main feature of the sensors is their use as new tools in screening tests of whole

blood and tissue samples for breast cancer.
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CHAPTER VI

ULTRASENSITIVE TESTING OF 8-HYDROXY-2’-
DEOXYGUANOSINE IN WHOLE BLOOD USING CARBON
NANOTUBE-BASED STOCHASTIC MICROSENSORS

6.1. INTRODUCTION

8-Hydroxy-2'-deoxyguanosine (8-OHdG) is used to estimate DNA damage in humans
after exposure to cancer-causing agents such as tobacco smoke, asbestos fibres, heavy metals
and polycyclic aromatic hydrocarbons. 8-OHdG is a critical biomarker for carcinogenesis [327]
and a discriminatory biomarker for early detection of breast cancer [328,329]. Levels of 8-
OHdG indicare the stage and tyoe of breast cancer and can be expressed as pmol mg* ADN
(0.25 for normal breast, 0.98 for benign tumours and 2.44 for malignant tumours [329]) or as
pg mL* (90,8 for normal breast, 302 for benign tumours and 552 for malignant tumours, also
810 for stage 1, 510 for stage Il, 380 for stage 11l and 190 for stage IV [328]. So far, high-
performance liquid chromatograpy [330, 331] as well as enzyme-linked immunosorbent assay
[330] and optical [332] and electrochemical [333] sensors have been proposed for the

determination of 8-OHdG in biological samples.

Two stochastic microsensors based on single-walled (SWCNT) and multi-walled
(MWCNT) carbon nanotube pastes modified with a-cyclodextrin (a-CD) have been proposed
for the determination of 8-Hidroxy-2'-deoxyguanine in whole blood. The principle of 8-OHdG
determination in whole blood is based on current conductivity: in the qualitative analysis step,
the biomarker entering the channel, blocks it, and the current decreases to zero value until the
whole biomarker molecule enters the channel(biomarker signature is defined as the tos value);
the quantification step takes place inside the channel —when binding processes with the channel
pre-tunnel as well as redox processes take place — the ton is the measured value (between 2 tos
values) in the charts, and its value is related to the concentration of 8-OHdG in the biological

samples.
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The selection of SWCNT and MWCNT as matrices was made because they are very stable
structures that can keep the channels in stable shape. a-CD was used as a modifier because its

shape can provide the necessary channels for stochastic detection.

6.2. EXPERIMENTAL PART

6.2.1. Materials, methods and reagents

SWCNT, MWCNT, a-CD, and the components required for the preparation of the
buffer solution (pH=7.5). The serial dilution method was used to obtain solutions of 8-OHdG
with concentrations between 1x10™° si 1x102 g mL™ required for the determination of the
response characteristics of stochastic sensors.

6.2.2. Stochastic microsensor design

100mg of each of the SWCNT and MWCNT were mixed with paraffin oil to form
homogeneous pastes. To each of the pastes were added 100uL of a 1x103mol L solution of
a-CD to form the modified pastes. Each of the pastes was placed in a 3D tube printed in our
laboratory using the 3D printer, having an internal diameter of the active side of the
microsensor of 25u. The electrical contact with the external circuit was established using a Ag
wire. When not in use, the stochastic microsensors were placed in a dry box.

6.2.3. Apparatus

The electrochemical cell comprised the stochastic microsensor (as working sensor), a
Ag/AgCI reference electrode, and a Pt wire as auxiliary electrode. All measurements were
performed at 125mV vs Ag/AgCl, and at 25°C.

The morphology of the studied pastes based on alpha-CD MWCNT and alpha-CD
SWCNT were investigated using scanning electron microscopy (SEM) (Inspect S, FEI
Company, The Netherlands). In order to obtain a good resolution of the microscopy images,
the pastes were analyzed using the LFD detector (low vacuum), at a high voltage (HV) of 30
kV, and magnification of 1600X.

6.2.4. Stochastics method

A chronoamperometric method at constant potential (125 mV vs Ag/AgCl) was used
for ton si toff measurements. Based on the tofr value, 8-OHAG was identified in the charts
recorded with the stochastic microsensors and subsequently its ton value was read and used for
the determination of 8-OHdG concentrations in whole blood samples were determined from
the calibration equation 1/ton = a + bXCs.oHde recorded with each of the 8-OHdG sensors.

Parameters a and b in the calibration equations were determined by linear regression method.
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Figure 6.1. Examples of diagrams obtained for the screening of whole blood samples
using the stochastic microsensors based on a) SWCNT, and b) MWCNT

6.2.5. Try
Whole blood samples were obtained from Bucharest University Hospital (ethics committee
approval no.11/2013). The electrochemical cell was loaded with the biological sample and,
after recording the chart and identifying the 8-OHdG signatures, the unknown 8-OHdG
concentrations, the unknown 8-OHdG concentrations in the whole blood samples were

determined using the stochastic method described above.

6.3. RESULTS AND DISCUSSIONS

6.3.1. Morphology of the active surface of the stochastic microsensors
Figure 6.2. reports SEM images of a-CD MWCNT (a) and a-CD SWCNT (b).

Agglomerations of particles and channels in asymmetric formations can be observed.
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(a) (b)
Figure 6.2. SEM images for a- CD MWCNT (a) si a-CD SWCNT (b)

Caracteristicile de raspuns ale senzorilor sunt prezentate in Tabelul 6.1.

Table 6.1. Response characteristics of the stochastic microsensors based on CNT and o-CD

Stochastic _ o o
) _ Equation of calibration . o Limit of
microsensor | Signature Linear conc. | sensitivity, o
* range 11 determination
based on a- toff, S R gmL? sTg mL g mLt
CD and
SWCNT 1.2 1/ton=0.03+2.64x10*C
1x10712-1x10° | 2.64x10* 1x10712
r=0.9999
MWCNT 0.7 1/tn=0.07+7.38x10'C
1x10712-1x108 | 7.38x107 1x10712
r=0.9998

<C>=gmL? <te,>=s

The wider linear concentration range (1x102-1x10° mg L™) was recorded when the
microsensor based on SWCNT was used, while the highest sensitivity (7.38x107 s* g* mL)
was recorded when the microsensor based on MWCNT was used. The type of carbon nanotube
(SWCNT/MWCNT) was not influencing the limit of determination of 8-OHdG (1x10? mg L-
1. Comparing with the electrochemical sensor proposed by Thanghatthanarungruang et al. [7]
that report a linear concentration range 1x10-5x10°mol L, and a limit of determination of
3.06x107 mol L, the proposed sensors from this article shown wider linear concentration
ranges, and lower limits of determination.

The reliability of the design as well as the stability in time of the stochastic microsensors
were evaluated. Ten of each type of microsensors were designed and used for 1 month for the
assay of 8-OHdG. In this period of time, the sensitivities for 8-OHdG were recorded. For each
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type of microsensor, the measurements performed during one day showed that the RSD%
values for the variation of the sensitivities recorded for 10 microsensors were 0.10% for the
microsensor based on SWCNT, and 0.05% for the microsensor based on MWCNT, proving
that the design of the stochastic microsensors is reliable. When used for 1 month, the
sensitivities variations were 0.15% when the microsensor based on SWCNT was used and
0.08% when the microsensor based on MWCNT was used, proving the stability of the
microsensors in time.

6.3.2. Ultrasensitive determination of 8-OHdG in whole blood

Ten whole blood samples from patients confirmed with breast cancer were screened
using the two stochastic microsensors. Pattern recognition was done first — based on the
identification of the tofr Value (signature) specific to 8-OHdG in the diagrams obtained using
the proposed stochastic microsensors (Figure 1). Just after reading the torr values, in between
two toff values, the corresponding ton values were read. The ton values were used to determine
the concentrations of 8-OHdG in the whole blood samples, accordingly with the stochastic
method described above. The results obtained after the screening of whole blood samples are
shown in Table 2.

Table 6.2. Determination of 8-hydroxy-2'-deoxyguanosine in whole blood samples

8-hydroxy-2'-deoxyguanosine, pg mL*
Sample Stochastic microsensor based on
No a-CD and ELISA

SWCNT MWCNT

1 198.02+0.02 201.00+0.03 200.03+0.14

2 150.08+0.01 155.30+0.03 151.47+0.12

3 488.18+0.02 487.43+0.01 485.95+0.11

4 184.24+0.01 184.15+0.02 184.00+0.13

5 185.95+0.03 186.00+0.01 184.32+0.12

6 366.12+0.01 363.99+0.03 364.02+0.15

7 287.46+0.02 288.03+0.01 287.95+0.21

8 576.18+0.02 576.54+0.02 576.02+0.30

9 213.65+0.01 213.15+0.04 211.98+0.18

10 174.86%0.02 174.27+0.03 175.02+0.23

t-test 2.21 2.19 -
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Very good correlations between the results obtained using the two stochastic
microsensors and ELISA were obtained. Paired t-test was performed at 99.00% confidence
level (tabulated theoretical t-value: 4.032) for each microsensor. All calculated t-values were
less than the tabulated value, proving that there is no statistically significant difference between
the results obtained using the two stochastic microsensors (Table 6.2). Accordingly, the
proposed stochastic microsensors can be reliably used for the ultrasensitive determination of
8-OHdG in whole blood samples.

6.4. CONCLUSIONS

The stochastic microsensors based on a-CD/CNT single or multi walled proved to be
able to determine the concentration of 8-OHdG in a wide linear concentration range, covering
from healthy to patients found on the last stage of breast cancer. The highest sensitivity was
recorded for the stochastic sensor based on MWCNT. The feature of the proposed stochastic
microsensors is their utilization as screening tools for early diagnosis of breast cancer as well
as for determination of the stage of breast cancer. The main advantages are: there are cost-
effective tests, no pretreatment of the sample is needed before measurements; the results can

be obtained within minutes.
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CHAPTER VII

DETERMINATION OF D-SERINE FROM WHOLE
BLOOD SAMPLES USING A ZINC (11)-5-(4-
CARBOXYPHENYL)-10,15,20-TRIS (4-PHENOXYPHENYL)
PORPHYRIN-BASED ELECTROCHEMICAL SENSOR

7.1. INTRODUCTION

In determining the concentration of D-serine in human biological samples, including
blood, serum or urine, most researchers rely on HPLC (high-pressure liquid chromatography)
[346] and LC-MC (liquid chromatography-mass spectrometry) techniques [347-349].

Some of the properties of porphyrin can be attributed to nanostructured materials based
on porphyrin derivatives, namely metallo-derivatives, which havr some of the optimal
characteristics in electrochemical applications, being used as modifiers.

These metalderivatives include a porphyrin core which has an additional electron
conjugation in its structure, and the introduction of a metal ion, results in enhanced electron
movement capacity. Of the metal ions, those with the highest electrocatalytic behavior are
copper, nickel, iron [366] and cobalt.

Sensors that have been designed using carbon and gold pastes [367] have proven to be
important in the detection of clinical [368] and pharmaceutical analytes due to their
demonstrated realibility in providing useful analytical information; sensor enhancement with

suitable material has amplified the sensor response [368,369-374].

@ fi\zﬂ
O, OO
oA Figure 7.1. The chemical structure of 5-(4-
[; carboxyphenyl)- 10,15,20-tris(4-phenoxyphenyl)-
@ porphyrin
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The utilization of electrochemical sensors for biomedical analysis [353-361] has many
advantages: the method is fast and reliable, and the sample does not need any pretreatment
[362-364].

The possible mechanism of electrochemical oxidation of D-serine is illustrated in
Figure 7.2, with the detection of D-serine via the stoichiometric product of hydrogen peroxide
during the D-serine oxidation process. The proposed method was differential pulse

voltammetry (DPV). The sensor was validated using whole blood samples.

(|)

. S + NH;+H,0,
H,0
OH

HO OH HO H
NH,
Figure 7.2. The possible mechanism of the electrochemical oxidation of D-serine on

the surface of the modified nanographene paste.

7.2. EXPERIMENTAL PART

7.2.1. Materials and reagents

L- and D-serine, D-tryptophan, D-arginine, D-aspartic acid, Zn(Il)-5(4-
carboxyphenyl)-10,15,20- tris(4-phenoxyphenyl) porphyrin and nanographene. D-Serine
solutions were prepared freshly each day in phosphate buffer solution (PBS, pH=7.5).

7.2.2 Apparatus

All experimental measurements were performed using an AUTOLAB/PGSTAT 302
(Metrohm, Utrecht, The Netherlands), connected to a computer for data acquisition. The
electrochemical cell consists of three electrodes: a reference electrode (Ag/AgCl, 0.1 mol/L
KCI), a working electrode (the proposed electrochemical sensor) and a counter electrode
(platinum wire).

7.2.3. Design of the electrochemical sensor

Nanographene powder was mixed with paraffin oil to obtain a homogeneous paste,
which was subsequently modified with Zn(l1)-5(4-carboxyphenyl)-10,15,20-tris(4-
phenoxyphenyl) porphyrin. A plastic tip was filled with modified nanographene paste. The

electrical contact was an Ag wire. The sensor surface was washed with modified nanographene
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paste. The electrical contact was an Ag wire. The sensor surface was washed with deionized
water and polished with paper before each use.

7.2.4. Recommended procedure

DPV measurements were performed at 25°C for each standard solution (10310
Bmol/L). Peak height intensities were measured and calibration egantions were found using
the linear regression method. Unknown concentrations were calculated from the statistically
determined calibration equation.

The working parameters were as follows: the scan rate was 10 mV s | intervalul de
potential range from -0.5 to -0.1V and the modulation amplitude 25 mV.

7.2.5. Samples

Whole blood samples were obtained from the University Emergency Hospital
Bucharest (ethics committee approval no. 75/2015) from 3 different patients diagnosed with

breast cancer. These samples were used for direct D-serine assay without any pretreatment.

7.2.6. Selectivity studies

The electrochemical sensor selectivity study was performed against: D-trp, D-Glu, D-
Srg, L-Ser and D-aspartic acid. To determine the selectivity of the proposed electrochemical
sensor, the amperometric selectivity coefficients were determined by the mixed solutions
method to determine of there is interference. Solutions were prepared according to the mixed
solutions method prior to measurements, taking into account the ratio of 1:10 (mol/mol)
between D-serum and interferant. The mehod was used for a good understanding of the
electrode use under efficient conditions and is thus a recommended procedure for determining

amperometric selectivity coefficients.

7.3. RESULTS AND DISCUSSIONS

7.3.1. Characteristic response of the proposed electrochemical sensor
DPV was used to determine the response characteristics of the electrochemical sensor.
The voltammograms used to calibrate the proposed sensor were shown in Figure 7.3.
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Figure 7.3. Differential pulse voltammogram obtained for D-serine at different
concentrations. The working parameters were as following: scan rate was 10 mV s, potential
range from -0.5 to - 0.1 V, and modulation amplitude 25 mV.

The half-wave potential was recorded at -0,248 mV for 1x10® mol/L D-serine. Figure 7.4.
shows the calibration curve. The response characteristics obtained were: the linear
concentration range was 1x1022 mol/L x 1x10° mol /L, and the limit of determination was

5x103 mol/L.The equation of calibration was:

1)
1=3.02% 1071+ 0.52 X Cp_gerine
where | is the current in A, Cp-serine IS the concentration of D-serine in mol/L. The
correlation coefficient, r is 0.9949. The results showed a good value of the sensitivity (0.52
A/mol/L) and a low limit of detection (0.5 pmol/L) for D-serine. The linear concentration range

is wide.

=
=

10 10x | (A)

[T = T ¥ - R R ¥ B = (R N B =  H ¥ <)
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Figure 7.4. Calibration graph obtained for D-serine using the modified nanographene

paste based sensor.

The half-wave potential was recorded at -0.248 mV for 1x10-8 mol/L D-serine. Figure 7.4
shows the calibration curve. The response characteristics obtained were: the linear
concentration range was 1x10-12 mol/L x 1x10-9 mol/L and the limit of determination was
5x10-13 mol/L.

Compared with the stochastic sensor proposed earlier for the assay of D-serine [373],
the proposed electrochemical sensor exhibited better sensitivity; also the determination of D-

serine with this electrochemical sensor can be performed faster.

7.3.2. Selectivity of the electrochemical sensor

The amperometric selectivity coefficients were determined using the following
equation [374]:

()

. am) = (25 1) -
where Kij amp) IS the amperometric selectivity coefficient,,
Al= Al- Al
where Al is the total intensity of the current, Aly is the intensity of the current recorded
for blank solution, Ali= Ali-Alp, where Aliis the intensity of the current registered for main ion,
ciand c; are the concentrations of the main ion and the interfering ions.

Mixed solution method was used for the determination of potential interferences in the
assay of D-ser. The values obtained for the coefficients are shown in Table 7.1.
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Table 7.1. Amperometric selectivity coefficients

Interferent amp
Parameters Analyte Kool
(10°M)
scan rate D-Trp 1.05x10*
10 mv st
D-Glu 2.09x10°®
potential
range b- D-Arg 1.45x10°
-05+0.1V Serine
(10*M)
. L-Ser 1.14x10°®
modulation
amplitude
D-As
25 mv O 7.37x10*
Acid

Amperometric coefficients were determined using the same potential that was used for the
determination of D-serine using the proposed sensor. The results show that there is no
interference of D-Trp and D-Asp acid and low interference of D-Glu, D-Arg and L-ser in the
determination of D-serine.

7.3.3. Determination of D-serine in whole blood samples

DPV was used for the determination of D-serine in three whole blood samples. The
electrochemical cell containing the three electrodes was immersed in the cell which was filled
With blood samples. The results of the measurements are shown in Table 7.2. An example of
the voltammogram obstainned for the wholr blood sample is shown in Figure 7.5. which is an
inset enlargement for better understanding. To perform the recorvery test, the following
mechanism was adopted: D-serine were added. The recovered amounts were compared with
those that were inserted into the biological samples. A classical method was used to determine
D-serine from the biological sample. The results obtained using DPV correlated well with the
result obtained by HPLC, but in general, better results were obtained using electrochemistry
(Table 7.2.).
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Figure 7.5. Example of voltammogram obtained for the assay of D-serine in whole blood
sample. The working parameters were as following: scan rate was 10 mV s, potential range
-0.5+ 0.1V, and modulation amplitude 25 mV.

Table 7.2. Determination of D-serine in whole blood samples using the proposed
electrochemical sensor (scan rate was 10 mV s, potential range -0.5 + 0.1 V, and modulation
amplitude 25 mV) and HPLC data

umol L, D-serine
Sample No.
DPV Electroanalysis* HPLC [11]
1 2.57+0.12 2.50+1.14
2 2.86+0.13 2.70£1.20
3 3.80+0.12 3.20+1.40

* Using the proposed electrochemical sensor

7.4. CONCLUSIONS

An electrochemical sensor based on physical immobilization of Zn(l1)-5(4-
carboxyphenyl)-10,15,20-tris(4 phenoxyphenyl)porphyrine has been proposed for the analysis
of D-Serine in whole blood samples. The electrochemical sensor showed high selectivity, as
well as low limits of detection and determination, and high sensitivity. The sensor was

validated using whole blood samples.
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GENERAL CONCLUSIONS AND FUTURE PERSPECTIVES

GENERAL CONCLUSIONS

Over the years there has been an evolution in the progression of biomedical,
pharmaceutical, chemical and physical analysis methods with the aim of developing some
innovatine, state-of-the art methods to improve cancer detection and screening prevention.

Tumor markers (CA15-3, CEA, HER-1, HER-2, heregulin-a, 8-OHdG) studied in the
PhD thesis have an important role in the early detection and diagnosis of certain diseases by
preventing, curing or halting their progression.

The aim of the PhD thesis was to develop methods for the determination of compounds
of Biomedical interest based on stochastic sensor design. The experimental part included the
development, construction and validation of stochastic sensors based on functional materials
(copper, zinc, graphene, diamond), modified with certain electroactive materials (carbo
nanopowder, pentafluorophenyl chloride, porphyrin). In the analysis and validation of
stochastic methods were used biological samples (blood) obtained in collaboration with the
University Hospital of Bucharest.

The determination of D-serine and D-leucine has been a key factor in the development
and use of enantioselective stochastic for screening of biological samples (blood-whole blood
samples).

Enantioselective analysis of whole blood samples obtained from both confirmed breast
cancer patients and healthy volunteers detected only the presence of the D-serine enantiomer
in cancer patients, not in healthy volunteers.

The values obtained using the sensor showed a good correlation between the results
obtained by the stochastic method and ELISA. This method demonstrated that D-serine can be
a biomarker for early diagnosis of breast cancer.

Biomarker testing was determined simultaneously using three stochastic nC-based
microsensors modified with gold nanoparticules and two porphyrins (tetraphenyl, tetrakis) in
simultaneous assay of CEA, CA15-3 and HER-2, as a screening test based on their
simultaneous analysis will provide more information about personalized breast cancer
diagnosis and treatment.

For the ultrasensitive determination of the three biomarkers, HER-1, HER-2 and

heregulin-a, two stochastic microsensors based on spheroidal copper-decorated nanographene
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and modified with  N-(pyridine-3-yl-methyl) oleamide and N-(2-mercapto-1H-
benzo[d]imidazole-5-yl) oleamide were successfully used in whole blood samples. A key
feature of these sensors is their use as new tools in screening tests of blood samples and tumor
tissue. A wide concentration range was obtained by analysing HER-1 using the O:-based
microsensor, for the analysis of HER-2, an identical working concentration range was obtained
for both sensors, while a wider concentration range was obtained for the O». based microsensor
when analysind heregulin-a.

Determination of 8-OHdG concentration in a linear range encompassing both healthy
individuals and late-stage breast cancer volunteers has been demonstrated using single- and
multi-walled a-CD/CNT-based microsensor showed lower sensitivity. The MWCNT-based
stochastic sensor showed the highest sensitivity recorded for the determination of 8-OHdG,
whereas the use of the SWCNT-based microsensor showed lower sensitivity. The proposed
stochastic microsensors are characterized by their use as screening tools for early breast cancer
diagnosis. Some of the main advantages of the sensors are their cost-effectiveness, the fact no
pre-tratment of the sample is required before measurement, thus obtaining a result within
minutes.

In the molecular recognition of D-serine using electrochemical sensor based on physical
immobilization of Zn(l1)-5(4-carboxyphenyl)-10,15,20-tris(4-phenophenyl) porphyrin, it
showed high selectoovity and sensitivity as well as low detection limit for the determination of
D-serine from biological samples. The newly presented technique, DPV, was used to determine
the response characteristics of the electrochemical sensor. The proposed new methods can be

used for rapid screening tests in blood samples for breast cancer diagnosis.

ORIGINAL CONTRIBUTIONS

The fundamental aim of the PhD thesis was: the development of innovative methods in
diagnostics using stochastic (electrochemical) sensors based on functional materials: copper,
zinc, graphene, diamond, as well as the use of the following electroactive materials: carbon
nanopowder, pentafluorophenyl chloride, porphyrin, N-pyridin-3-yl-methyl) oleamide and N-
2-mercapto-1H-benzo[d]imidazole-5-yl) oleamide. Detecton of different substances of
biomedical interest (CA15-3, CEA, HER-1, HER-2, Heregulin-a, 8-OHdG) was performed
using stochastic analysis to identify breast cancer specific biomarkers from biological samples.
Of particular impotance was the identification of D-serine and D-leucine as possible
biomarkers in the early diagnosis of breast cancer.
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PROSPECTS FOR FURTHER DEVELOPMENT

In the observation and further analysis of new biomarkers or a panel of biomarkers,
innovative screening methods based on electrochemical sensors can be proposed, which can
use functional and electroactive materials leading to rapid, concise and accurate analysis and
response in the precise diagnosis of certain diseases in tumor tissues. Through early diagnosis
of various diseases using screening of the population with or without risk factors, detection of
tumour markers using stochastic sensors can be used by introducing personalized treatment.

As a future perspective, it is aimed to validate stochastic sensors by implementing them
in medical units, clinical laboratories and individual practices for use as rapid screening

methods.
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