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ABSTRACT

Prostate cancer (PCa) is the topmost diagnosed cancer in males in South Africa
according to the National Cancer Registry 2020, affecting both adolescent and young
adult men. Currently, PCa is diagnosed using the dreaded digital rectal examination
(DRE) followed by tissue biopsy, and prostate-specific antigen (PSA) test for
confirmation. DRE is an invasive method and can detect PCa in late stages when the
tumour has formed. Therefore, there is a need for early diagnosis technology, that can
detect PCa during carcinogenesis. PSA test offers this opportunity even though it is
non-specific. This test is a non-invasive, well-established, and conventional method
used as a confirmatory test. However, the test suffers from shortfalls like the
misdiagnosis of benign prostatic hyperplasia (BPH) or prostatitis as prostate cancer.
In this work, we have developed an ultrasensitive fluorescence-based PSA test based
on the oriented immobilization of anti-PSA monoclonal and polyclonal antibodies. Anti-
PSA polyclonal antibodies (anti-PSA-pAb) were bioconjugated via boronate ester onto
the fluorescein-5-isothiocyanate (FITC) doped silica nanoparticles for detection. Anti-
PSA monoclonal antibodies were used as capture antibodies on dark fluorescence
microplate or magnetic nanoparticles. A sandwich immunoassay was used for the
detection of PSA. The anti-PSA-pAb was bioconjugated on the surface of the FITC-
doped silica nanoparticles. In the design, the FITC-(3-aminopropyl)triethoxysilane
(APTES) organosilane precursor was encapsulated into the silica nanoparticles to
form fluorescent silica nanoparticles (FITC@SiO2NPs). The silica shell prevented dye
leakage and promoted fluorescent signal amplification. Optimization of the as-
prepared fluorescent silica nanoparticles was investigated at altered FITC-dye
loadings of 3.0% and 6.0% (for high loading). The fluorescent silica nanobioconjugates

exhibited a strong excitation-dependent emission property at 518 nm and was
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photostable over time. The fluorescent silica nanoparticles exhibited 65% dye loading
for both 3.0% and 6.0% silica nanoparticles respectively for 30 + 3 nm and 46 £ 2 nm.
The fluorescent nanobioconjugates’ performance was evaluated using black 96-well
microplates. A fluorescence sandwich-type immunoreaction was achieved via the
antibody-antigen reaction of the FITC@SiO2-prAmPBA-anti-PSA-pAb/glucose
nanobioconjugates binding to the captured PSA analyte. NaOH was used for alkali
hydrolysis of the sensing nanobioconjugates to release the FITC-APTES molecules,
leading to fluorescence signal amplification. The proposed fluorescence
immunobiosensor exhibited a linear relationship between the fluorescent signals and
the concentration of PSA obtained in the range of 2.0 pg.mL" to 50 ng.mL"", with
excellent limit of detection and limit of quantification both in the pg.mL-" range in PBS
buffer (pH 7.4) and PSA in spiked serum samples. The immunosensor was based on
the immunometric sandwich protocol, using nanomagnetic-silica antibody
bioconjugates for capture and fluorescent nanobioconjugates as sensing probes. The
use of nanomagnetic-silica antibody bioconjugates allowed concentration of PSA as
the analyte and ease of separation using a magnet. Alkali hydrolysis of the sensing
fluorescent nanobioconjugates is achieved using NaOH, resulting in the release of
FITC molecules and an amplified fluorescence detection signal. The analytical
performance of the proposed fluorescence immunobiosensor exhibited a linear
relationship between the fluorescent signals and the concentration of PSA obtained in
the range of 2.0 pg.mL" to 100 ng.mL"", with excellent limit of detection and limit of
quantification both in the pg.mL-' range in PBS buffer (pH 7.4) and PSA in spiked
serum samples. The immunosensor also exhibited good specificity and selectivity for
PSA with 94.8% - 102.5% recovery rates. The proposed fluorescence immunoassay

exhibited high selectivity and specificity for the detection of PSA.
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Chapter 1



1.1 Justification

Cancer is characterized by the abnormal and rapid uncontrollable growth of cells in
the body and results in tumours or mass damaging the body tissues and body organs
such as the lungs, breast, prostate, colorectal, liver, stomach, and more [1-5].
Globally, cancer is the second leading cause of death and the second deadliest non-
communicable disease (NCD) after cardiovascular disease (CVD) [6,7]. By 2020,
cancer has accounted for about 10 million deaths with an estimated 19.3 million new
cancer cases worldwide [8—-10]. Lung, prostate, colorectal, stomach, and liver cancers
are the most common types of cancer in men. Breast, colorectal, cervical, lung, and
thyroid cancers are the most common types of cancer among women [8—10]. The
biggest challenge in curbing cancer is the late diagnosis using the current
technologies, which involves identifying a tumour. At this stage of diagnosis, the
disease (cancer) would have metastasized (affected other organs in the body) making
treatment very difficult. Therefore, accurate and sensitive systems for early detection
of cancer are of great importance in both biomedical and clinical diagnosis research
[11-13]. This is due to the fact that, early detection would detect cancer early (during
carcinogenesis) and will allow for effective and timely treatment. Therefore,
understanding the physiological processes associated with cancer carcinogenesis is
important for the development of sensitive diagnostic systems, thus affording early
detection of the disease before it manifests and metastasizes [2,13-16].
Immunobiosensors are essential detection systems used for screening, monitoring,

detection, and early diagnosis of cancer and related diseases [1-4].

In men, prostate cancer (PCa) is the main contributor in incidence cases accounting

for about 40% of reported cancer cases worldwide [5-10,16,17]. Early PCa diagnosis,
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treatment, and monitoring is of great interest due to reported high incidence cases,
and the second highest mortality rates after lung cancer [5-8]. The high incidence and
mortality rates of PCa are due to an increase in the number of late diagnosis and
misdiagnosis, which are evident in several asymptomatic patients among men above
the age of 50 years [18,19]. Many cases of PCa are detected at advanced tumour
stages with the current diagnostic methods. The most common methods of PCa
diagnosis are digital rectum examination (DRE), magnetic resonance imaging (MRI),
tissue biopsy, and prostate-specific antigen (PSA) screening [20-23]. The DRE, MR,
and tissue biopsy are invasive, non-specific as benign cancer can be diagnosed as
PCa, and the diagnosis of PCa is detected at late stages of development when the
tumour or mass has metastasized [21-24]. Therefore, making chemotherapy for
patients not effective and high chances of cancer reoccurrences [22]. On the other
hand, PSA screening is a non-invasive clinical method used for screening, diagnosis,
and monitoring of PCa. The method uses the quantification of low concentrations of
the PSA biomarker produced during the early stages of PCa development [20,22,25].
Reports have indicated that patients with elevated levels of PSA in blood serum
between 4.0 ng.mL -'to 10 ng.mL"" are considered to be at higher risk of developing
PCa [26-28]. Therefore, the detection of PSA at the onset of carcinogenesis would
allow for a timely and effective chemotherapeutic treatment for patients when detected

at low concentrations and early stages of PCa.

Various clinical diagnostic systems and immunoassays for the detection and
quantification of PSA have been developed to improve the PSA tests for early
diagnosis of PCa. These include commercial enzyme-linked immunosorbent assays

(ELISA) [29,30], and biosensors [31] such as electrochemical immunosensor [32],



photoelectrochemical immunosensor [33], colorimetric immunoassay [34], and
chemiluminescence immunosensor [35]. However, these methods have been shown
to require lots of time for analysis, are expensive, use of expensive equipment, and
high purity enzymes like horseradish peroxidase (HRP), involve tedious and laborious
procedures, require highly skilled personnel for analysis and have high limit of
detection. These limitations make these techniques not amenable for practical
applications. Therefore, there is a gap in the research for investigating more
convenient detection methods for PCa diagnosis with a comparable or even higher
sensitivity [36,37]. In this sense, the use of enzyme-free fluorescence immunoassays
and biosensors as detection systems recently gained research interest in the
quantitative analysis of PSA [38]. This is due to its high sensitivity, low costs, simple
instrumentation, and easy operation. Many conventional fluorescence-based
biosensors incorporate quantum dots (QDs) [39], upconversion nanoparticles
(UCNPs) [40], and organic fluorophores (such as fluorescein, Cy3, and rhodamine)
which provide high extinction coefficient for high sensitivity, allow for low limits of
detection and ease of preparation at very low costs [41]. However, QDs are of limited
use due to cytotoxicity due to the use of heavy metal cadmium (Cd) [39], and
upconversion nanoparticles (UCNPs) experience low fluorescence and easily undergo
quenching [42]. Moreover, organic dyes are environmentally friendly with low
cytotoxicity and high fluorescence in biological systems [41]. Therefore, the
development of a cheap, simple, highly sensitive, selective, and specific diagnostic

system targeting the detection of PSA antigen in real time is important.



1.2 Problem statement

Prostate cancer is a disease causing a lot of health challenges. Prostate-specific
antigen (PSA) is the biomarker that can be used in screening and identifying
individuals predisposed to prostate cancer. Therefore, immunoassays that seek to
quantify the amount of PSA are needed for early diagnosis of prostate cancer and
better than the currently available systems such as DRE and tissue biopsy. Can
fluorescence-doped nanoparticles afford sensitive detection and determination of

prostate-specific antigen?

To address all problems associated with the statement above, this work focused on
the fabrication of a low-cost and highly sensitive fluorescence immunobiosensor. The
immunobiosensor was fabricated with fluorescein-5-isothiocyanate (FITC) as a
fluorophore loaded into silica nanoparticles for stability and reduction of fluorescence
quenching. The prepared fluorescent FITC-doped silica nanoparticles were modified
with polyclonal anti-PSA antibodies (anti-PSA-pAb) and used as sensing (signal
generation). For the detection of PSA, anti-PSA monoclonal antibodies (anti-PSA-
mAb) were used as capture antibodies on black microtiter plate and also
bioconjugated onto nanomagnetic-silica nanoparticles. The immobilization of
antibodies in this study was done in an oriented manner to expose the PSA binding
site and enhance the sensitivity of the immunoassay. The signal generated using
fluorescence was measured for intact nanoparticles and also dissolved nanoparticles

for enhanced sensitivity.



1.3 Aim of thesis

The aim of this thesis is to prepare fluorescent FITC-doped silica antibody

nanoparticles and nanomagnetic-silica nanoparticles for selective, specific, and

ultrasensitive detection prostate-specific antigen (PSA) at ultra-low concentrations.

The specific objectives of the thesis were:

(ii)

(iii)

(iv)

(v)

(vi)

(vii)

To prepare FITC-doped silica nanoparticles (FITC@SiO2NPs).

To optimize and compare between the 3.0% and 6.0% (w/w) FITC-dye
loading into silica nanoparticles.

To characterize the prepared nanoparticles using various analytical
methods such as Fourier Transform Infrared Spectroscopy (FT-IR), Zeta-
potential, UV-Visible (UV-Vis) spectroscopy, Transmission electron
microscopy (TEM), Proton nuclear magnetic resonance ("H NMR), Energy-
dispersive X-ray spectroscopy (EDS), and Fluorescence spectroscopy.
Surface functionalize FITC@SiO2NPs with TES-prAmPBA to yield
FITC@SiO2-prAmPBANPs for oriented antibody bioconjugation.
Bioconjugate polyclonal anti-PSA antibodies (anti-PSA-pAb) onto
FITC@SiO2-prAmPBANPs to vyield FITC@SiO2-prAmPBA-anti-PSA-
pAb/glucose sensing nanobioconjugate.

To compare the intact and dissolution methods for the detection of PSA in
both buffer and complex matrix (Newborn Calf Serum, NCS).

To synthesize nanomagnetic-silica antibody capture conjugates bioprobes

(FesO14@SiO2-prAmPBA-anti-PSA-mAb/glucose).



(viii) To characterize the synthesized nanomagnetic-silica nanoparticles using
various analytical methods such as Fourier Transform Infrared
Spectroscopy (FT-IR), Zeta-potential, UV-Visible (UV-Vis) spectroscopy,
Transmission electron microscopy (TEM), Scanning electron microscopy
(SEM), Proton nuclear magnetic resonance ("H NMR), Energy-dispersive
X-ray spectroscopy (EDS/X), X-ray diffraction (XRD), and Fluorescence
spectroscopy.

(ix)  To evaluate the analytical performance on the detection of PSA in the
presence of both the nanomagnetic-silica nanoparticles and FITC-doped

silica nanoparticles in serum matrix (Newborn Calf Serum, NCS).

1.4 Thesis outline

This thesis comprises of five chapters. Briefly, Chapter one - outlines the general
introduction of the study, identifies gap in the research, and proposes the method for
PCa detection using fluorescence detection, summarizes the thesis and the chapters.
Chapter two - outlines a comprehensive background and literature review of the study.
Chapter three - investigates the preparations of the fluorescence dye-doped silica
nanoparticles and their bioconjugation with anti-PSA-pAb. Chapter four - investigates
the use of nanomagnetic-silica nanoparticles as capture for dissolution fluorescence
ELISA immunoassay. Chapter five - summarizes the study conclusions and proposes

future perspectives.

Chapter 1: Justification and problem statement
This chapter describes the importance of developing sensitive systems for the early
diagnosis, and monitoring of prostate cancer. The chapter also highlights the current
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diagnostic methods of prostate cancer and their limitations. It further explains the
importance of the detection and screening of the PSA biomarker during
carcinogenesis, to allow for accurate and sensitive diagnosis of prostate cancer (PCa).
Further, outlines the use of biosensors for PSA detection using fluorescent
nanoparticles and nanomagnetic silica nanoparticles. Lastly, the chapter also states
the aims and objectives of the study and provides a brief outline of the thesis and

highlights the different chapters in the study.

Chapter 2: Introduction and literature review

The chapter provides a comprehensive background of prostate cancer, which includes
outlining the epidemiology and cause of prostate cancer, the risk factor leading to the
development of prostate cancer, the stages of diagnosis of prostate cancer, and
current diagnostic methodologies. The chapter also looks at the significance of
prostate-specific antigen (PSA) as a diagnostic biomarker for prostate cancer
screening, and monitoring. Furthermore, the chapter briefly describes the
development of biosensors, the use of optical biosensors (fluorescent immunosensor
systems), and the use of nanomaterials, such as silica nanoparticles and magnetic
nanoparticles for analyte capture, signal transduction, and amplification using

fluorescence immunosensors.

Chapter 3: Fluorescence dye-doped silica nanoparticles and the bioconjugation
with anti-PSA-pAb for PSA detection

In this chapter, fluorescein-isothiocyanito-3-propyltriethoxysilane (FITC-APTES)
precursor was successfully prepared and encapsulated into silica nanoparticles. The

fluorescent  silica  nanoparticles  were  surface  functionalized  using



triethoxysilanepropyl-3-amido phenylboronic acid (TES-prAmPBA) for oriented
antibody immobilization of anti-PSA-pAb. The non-specific binding sites were blocked
with glucose. The fluorescent silica nanoparticles were also optimized at altered 3.0%
and 6.0% FITC-dye loadings and compared for signal amplification using NaOH in the
intact and dissolution comparison studies. The dissolution route was used for the

detection of PSA antigen both in buffer and serum matrix.

Chapter 4: Nanomagnetic silica nanoparticles as capture for dissolution
fluorescence ELISA

In chapter four, nanomagnetic-silica nanoparticles were prepared by synthesizing oleic
acid iron oxide nanoparticles and coated with a silica shell. Surface functionalization
with triethoxysilanepropyl-3-amido phenylboronic acid (TES-prAmPBA) was achieved
and bioconjugation of anti-PSA-mAD in an oriented manner. Glucose blocked boronic
acids functional groups as non-specific binding sites. The nanomagnetic-silica as
capture nanoprobes were used for PSA capture along with the FITC-doped silica
nanoparticles for sensing. The PSA was detected using the dissolution route of the
FITC-doped silica nanobioconjugates which resulted in fluorescence signal
amplification. Further, a magnet was used to separate the capture nanobioprobes and
fluorescence nanobioconjugates after immunocomplex formation in buffer and serum
samples. This afforded the enhanced detection of PSA using the fluorescence signal

generated.

Chapter 5: Conclusions and future perspectives
This chapter reports on the conclusions of this work and highlights the future

perspectives.
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2 Introduction and literature review

This chapter provides a comprehensive background of prostate cancer and its
epidemic on a global scale. The chapter also outlines the main causes and risk factors
contributing to prostate cancer development. It further discusses the current diagnostic
methods and their limitations in the medical field and provides the significance of
prostate-specific antigen (PSA) as a clinical diagnostic biomarker for prostate cancer.
The chapter also highlights the development of biosensors and immunoassays for the
detection and quantification of PSA. The use of fluorescent immunobiosensors
systems towards immunosensing of PSA are discussed. Lastly, the chapter describes
the use of nanomaterials such as dye-doped silica nanoparticles for signal
transduction and amplification, and magnetic nanoparticles for analyte capture, and

magnetic separation.

2.1 Prostate cancer

Prostate cancer (PCa) is a type of cancer that occurs in the prostate found in the male
reproductive system. The prostate is a small walnut-shaped gland located below the
bladder (a hollow organ used to store urine) and in front of the rectum [1,2]. The
prostate gland is responsible for the production of the alkaline prostatic fluid or seminal
fluid that helps to nourish and transport sperm while keeping its lifespan longer [1-3].
Surrounding the prostate gland is the seminal vesicle (ejaculatory duct) and the
urethra responsible for carrying urine and semen out of the body [1-3]. PCa is
characterized as an adenocarcinoma, caused by the uncontrollable and abnormal
growth of the prostate gland epithelial cells located in the tissue lining of the prostate

gland [2—4]. Initially, PCa first materializes as a nodular swelling on the surface of the
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prostate gland and grows into a cancerous tumour or mass [1]. Figure 2.1(a) shows
the pictorial representation of the position of the prostate gland in the reproductive
system of men, and a comparison of the presence of the cancerous cell mass of an
affected prostate gland against a normal gland [1]. PCa is also a multifocal disease,
whereby numerous tumours can arise within a single patient [5]. About 80% of PCa
diagnosed patients are found to have numerous tumours of different sizes within the

prostate gland [5].
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Figure 2.1: Pictorial representation of (a) the position of the prostate gland and the
difference between a normal and cancer-affected prostate gland with a cancerous
mass [1,6]. (b) A sagittal illustration of the anatomical position and zones of the

prostate gland [7].
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The average size of a man’s prostate gland ranges from 28 to 47 cm? and is separated
into four anatomic zones the central, peripheral, transition, and fibromuscular stroma
[8]. Figure 2.1(b) shows the pictorial illustration of the anatomical positions and zones
of the prostate gland. From Fig. 2.1(b), the central zones surround the ejaculatory duct
and comprise approximately 25% of the prostate volume [8,9]. The peripheral zones
surround the central zone and the distal part of the prostatic urethra and account for
about 75% of the prostate gland [8,9]. The transition zone is a small glandular zone
located centrally, surrounds the urethra, and account for 10% of the normal prostate
volume. The fibromuscular stroma which surrounds the inferior portion of the prostate
called the apex contains the muscular and fibrous tissues [8,9]. Furthermore, tumours
are characterized as either cancerous (malignant) or non-cancerous (benign) [5].
Benign tumour of the prostate can result due to benign prostate hyperplasia (BPH).
BPH results due to enlargement of the prostate gland. This kind of mass development
is localized (do not metastasize) and occurs at the transition zone of the prostate [8—
11]. On the other hand, malignant tumours, the cancer cells develop initially at the
peripheral zone of the prostate and spreads from the primary tumour site to other
organs in the body (metastasizes) [8—12]. The metastatic PCa affects the close by
organs such as the lymph nodes, bladder, and the urethra. The spreading of the
tumour to the neighbouring body organs is characterized or diagnosed as late-stage
prostatic cancer and this stage leads to poor survival rates and death [11,12]. PCa
symptoms are similar to BPH at the early stages, and the current diagnostic methods
only diagnose prostate cancer at late diagnosis (when a tumour has already formed)
or misdiagnosis of BPH as PCa in patients [11,12]. Therefore, the development of a

diagnostic system for early and accurate diagnosis of PCa is of paramount importance.
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2.2 Epidemiology of prostate cancer

Globally, PCa remains the most frequently diagnosed malignant cancer in men and
the second leading cause of cancer-related deaths after lung cancer [13,14].
According to the International Agency for Research on Cancer (IARC) and Global
Cancer Statistics (GLOBOCAN), PCa has the highest number of incidence cases
reported with about 1,4 million newly diagnosed cases and 375,000 prostate cancer-
related deaths reported in 2020 [15,16]. Therefore, making PCa to account for more
than 40% of cancer-related cases in men globally [17,18]. Figure 2.2(a) shows the
global reported incidence and mortality rates of prostate cancer-related cases against
other forms of cancer found in men in a total of 186 countries [15]. From Fig. 2.2(a),
PCa shows the highest number of reported cases in 113 countries and the second
highest mortality rate in 47 countries. Figure 2.2(b) shows the incidence and mortality
rates recorded (age standardized rate per 100,000) worldwide in 2020. From Fig.
2.2(b), the African continent and the Caribbean countries showed higher mortality
rates compared to Europe, America, and Asia. Furthermore, research reports showed
that PCa incidences and mortality rates are increasing in less developed and low- to
middle-income (economic) countries with a relative high death rate in men of African
descents [19,20]. In Africa, PCa ranks higher in terms of morbidity and mortality [21].
According to the Global Cancer Statistics (GLOBOCAN), the age-standardized
mortality rate (ASMR) of men due to PCa was recorded as Caribbean, 27.9 per
100,000; Middle Africa, 24.8 per 100,000; Eastern Africa, 16.3 per 1000,000; Western
Africa, 20.2 per 100,000; Northern Africa, 8.2 per 100,000; and Southern Africa, 22.0

per 1000,000 as shown in Fig. 2.2(b) [15,16,19-23].
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Figure 2.2: (a) Estimated incidence and mortality rates of common types of cancers
found in males in the world (2020). (b) Pictorial representation of the global cancer
patterns for both the incidence and mortality rate reported among men worldwide (0

to 85 years old). Source: IARC: GLOBOCAN, 2020 [15].

In most less developed and low-income (economic) countries, resources for PCa
diagnosis are often limited, or inaccessible (non-existent). This leads to affected
patient lacking timely treatments due to high costs of health facilities or limited
treatment options, and results in high death rates being reported in those regions.
Domestically, in South Africa, PCa is also the topmost diagnosed male cancer and the
most common cancer among men in all provinces, with the Eastern Cape and Free
State being the most affected areas [21,22,24]. According to the National Cancer
Registry, 61.8 per 100,000 men are diagnosed with PCa and accounts for about 13.0%

of males’ deaths in South Africa [24,25]. Moreover, the global cancer observatory
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predicted that the incidence and mortality rates of PCa are to increase with
approximately 1.7 million new cases and 499,000 deaths being reported by the year

2030 worldwide [26].

2.3 Etiology and Risk Factors

The main reason behind the cause of the onset of PCa carcinogenesis is unclear.
However, several risk factors contribute to the increase in the chances of PCa
development. The maijor etiological or risk factors for PCa are divided into two, that is
the non-modifiable and modifiable risk factors. Non-modifiable risk factors are old age,
race (ethnicity), family history, and inherited genetic changes. Modifiable risk factors
are diet, physical inactivity, obesity, smoking, inflammation of the prostate (prostasis),
sexually transmitted infections (STls), environmental exposure, and surgical treatment
(vasectomy) [27,28]. Higher PCa risks are relative to ageing, and older men are prone
to develop PCa than younger men under 40 years old [27,29]. PCa is commonly
diagnosed among elderly men (above the ages of 50 years old) [14,28-30]. Globally,
about 34% of prostate cancer-related diagnosis are in men aged 50 and 70% in men
aged 75 and above [2,31]. An increased number of the confirmed cases were
observed in White men aged 50 years old or older and in Black men 40 years and
older with or without family history of PCa [32]. However, some studies suggest that

prostatic carcinogenesis is initiated earlier [33].

Race and ethnicity are other essential risk factors for PCa [32]. Several studies
showed that PCa is more prominent among Black men. For example, African,

Caribbean, South American, Indian, and African-American men are reported to have
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high incidence and mortality cases, and lower cases being prevalent across Asian,
European, and White American men [14,27,32]. Some of the main causes were
associated with both socioeconomic conditions and biological factors [26,32].
According to several studies, genetic predisposition was suggested as the root cause
of PCa in men of different ethnicities. For example, the chromosome 8qg24 variants,
associated with an increased risk of PCa was observed to be prominent amongst
Black men when compared to White men [34]. More studies have also shown that
Black men, especially African-Americans have a high frequency of mutations in genes

that control cell death like BCL2 [35] or inhibit malignancies EphB2 [36].

Family history and genetic changes have also been found to contribute to the
development of PCa [2,37]. About 20% of patients with PCa have reported a family
history of the disease, which is not only due to the shared genes but due to shared
lifestyle choices and exposure to similar environmental carcinogens [37-39]. For
example, families with a history of male relatives with PCa, the male children in the
family have a higher risk of developing PCa [39]. Around 5% of PCa is attributed to an
inherited genetic background [40]. The risks of developing PCa are also increased
when high penetrance genetic “risk” alleles like BRCA1 and 2 mutations are inherited
[41]. Men found to have inherited the BRCA1 and 2 mutated genes have clinically

confirmed to develop an aggressive form of PCa [42].

Diet (high consumption of saturated animal fats and red meat), obesity, physical
inactivity, and environmental exposure to chemical or ionization radiation also
increased risk of PCa [27,43,44]. Saturated animal fat has shown a correlation

between PCa mortality along with a high intake of meat, fat, and dairy products [44].
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The studies reported, possibly due to a high intake of energy from meat and high fatty
dietary meals, increased the basal metabolism and promoting prostate carcinogenesis
via elevated androgen production [45]. Also, saturated animal fat intake promoted the
growth of PCa cells by increasing the levels of androgen in the blood [46]. The over
consumption of calcium (supplements) and milk (>2000 mg/day) also resulted in high
chances of PCa, and this is due to calcium’s key role in prostate carcinogenesis
controlling the PCa cell growth and apoptosis [47]. Furthermore, obesity (a high fat
diet) and lack of physical activities also contributed to elevated risks of prostate,
breast, and colon cancers [46]. Lastly, environmental exposure to carcinogenic
materials such as cadmium, agent orange (herbicides), and Bisphenol A (BPH, from

food product containers) also increased the chances of PCa [48-51].

2.4 Stages of prostate cancer

PCa is one of the most asymptomatic cancers in oncology and is easily misdiagnosed
for other prostatic diseases [1,52]. PCa is often slow growing, and some patients can
be asymptomatic to signs of the cancer development for years [1,53]. The tumour
growth mainly presses on the urethra and leads to a partial blockage of the flow of
urine, leading to discomfort when urinating (common symptom) [52-54]. Moreover,
PCa progression is grouped into four stages of carcinogenesis. The stages are
classified based on the size of the tumour and the spread of the tumour as shown in
Figure 2.3. The early stages include stages | and Il. In stage I, the tumour is so small,
and cannot be felt by a medical doctor during a physical examination [54]. In stage I,
the tumour can be felt but has not metastasized from the tumour site in the prostate

gland. Stage lll (locally advanced stage), the PCa is identified by the spread of the
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tumour from the primary site to nearby tissues. Lastly, Stage IV (advanced stage), the
tumour has spread outside the prostate gland into nearby organs and tissues such as
the bladder, lymph nodes, bones, and urethra [54]. Therefore, the stages of PCa play

an important role in efficient treatment, monitoring, and management of the disease.

Figure 2.3: lllustration of the stages of prostate cancer based on the size and spread

to nearby tissue and organs [54].

2.5 Diagnosis of prostate cancer

PCa is a major public health issue, and appropriate management of the disease is
also a challenge as one in eight men are diagnosed with PCa [52-54]. However, the
prognosis of PCa in its early stages of carcinogenesis makes it highly treatable. The
initial symptoms of PCa may include weaker urine flow, discomfort after urinating or
repeated urination or blood in urine or semen [52-55]. The primary diagnosis of PCa
is done by the examination of the prostate. The most common methods of diagnosis
of PCa include the digital rectum examination (DRE), tissue biopsy, magnetic
resonance imaging (MRI), PET/CT-scans (ProstaScint scan), genomic testing, and

blood test to measure the levels of prostate-specific antigen (PSA) [5,55-59]. DRE is
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a primary and common diagnostic method for the clinical examination of the prostate.
A physical rectal examination procedure is conducted by an experienced doctor by
inserting a gloved, lubricated finger into the rectum and feeling the presence of a
tumour or mass in the surface of the prostate gland [5,58,59]. Tissue biopsy is also a
very common procedure used to confirm the diagnosis and aggression (stage) of PCa,
whereby a small tissue sample is removed from a patient’s prostate gland [5,58].
Moreover, a transrectal ultrasound-guided needle biopsy (TRUS) is another method
used for obtaining prostatic tissue. TRUS biopsies are used mainly on men with
suspicious DRE results. TRUS allows for imaging of the prostate and seminal vesicles
and is used to guide core needle biopsies through the rectum (transrectal biopsy), or
the urethra (transurethral biopsy), or the area between the anus and scrotum
(transperineal) to remove some tissue sample [60]. Then, the samples are examined
under a microscope for identification of abnormal cell growth. Similarly, the genomic
testing method is used to look for abnormalities in the DNA sequences of suspected
cancerous tissue [5,41]. The MRI and PET/CT-scans are imagining methods used to
scan and visualize the prostate and identify a tumour mass or spread of the tumour
mass [57,58]. MRl is used to produce 3D images of soft tissues or infected organs of
the human body but as compared with other techniques it is found to be superior.
Similarly, PET/CT-scans are also imaged based techniques and primarily used to

detect or locate a malignant PCa [57,58].

Overall, all these methods are invasive and give information about the tumour growth

and the spread of PCa at advanced stages of development and leading to late

response in diagnoses.

25



DRE alone is insufficient in detecting PCa, due to the high chances of misdiagnoses
of PCa to BPH, and slight risk of bleeding with poor sensitivity (27.1%) and specificity
(49.0%) [61-63]. Tissue biopsies (TRUS) are taken at random without targeting any
cancers lesions, therefore making the methods prone to diagnostic errors [61-63].
Furthermore, both detection methods are associated with greater risks of patient
infections [61-63]. On the other hand, PET/CT-scans are not sufficient for
differentiating of PCa from BPH and are limited to detecting local recurrences and
lymph node metastasis [63]. Meanwhile, the MRI as a diagnostic method is expensive

and available only in sophisticated laboratories [63].

ELISA-blood test screening for prostate-specific antigen (PSA) is another commonly
used sensitive method to detect many low and high-risk cancers. Furthermore, PSAis
the most effective molecular biomarker available for the clinical detection and
diagnosis of PCa. PSA is a serine protease (M.W 33 KDa) of the kallikrein family
produced by the prostate [1,4,52,64-68]. It is a component of the seminal fluid
necessary for ejaculation and is produced in both the normal and malignant prostate
epithelial cells [64—67]. In healthy patients, the prostate releases small amounts of
PSA into the blood system, and in the presence of a prostatic disease, the affected
cells increase the release of PSA into the blood stream [64—67]. This is due to cell
mutation and over-secretion of PSA from affected cells, leading to the cell membrane
(a basal membrane) disruption, and the PSA leaking out into the bloodstream [68-70].
Generally, normal PSA levels in healthy patients range from 0 ng.mL"" to 4.0 ng.mL"",
and elevated levels of PSA increased above 4.0 ng.mL"" could indicate the first stages
of PCa. Levels greater than 10 ng.mL"' results in the diagnosis of PCa [64-70].

Moreover, PSA is also found in saliva and urine [72,73]. In saliva, normal PSA levels
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are found between 3.0 pg.mL™" to 340 pg.mL-"'. In urine samples, PSA levels above

1.7 ng.mL"", the patients are diagnosed with the suspicion of PCa [74].

Currently, a number of large automated high throughput immune analyzers are also
used in the medical field. These analyzers are located in specialised laboratories to
perform the majority of the PSA testing [75]. Some examples of these commercial
immune analyzers are available for the quantification of PSA and they include they
Roche Cobas® Core PSA Total enzyme immunoassay (EIA), Elecsys® total PSA,
Simoa™ Total PSA (Quanterix™), Immulite 2000 XPI (Siemens Healthcare
Diagnostics Inc.), ADVIA Centaur XPT (Siemens Healthcare Diagnostics Inc.), and
ARCHITECT i2000SR (Abbott Diagnostics, Abbott Park, IL, USA). The immune
analyzers provides advantages such as they are fully automated analysers with high
throughput of samples, and providing results with lower limits of detection in ranges of
5.0 — 50 pg.mL-'[75]. However, some of the limitations associated with the systems
include lack of accessibility (only found in centralised laboratories) and not readily
available in many communities and countries. Further, delays in samples
transportation also contributes to the delays in the therapeutic turnaround time for
patients (sometimes leading to late diagnosis) [75,76]. Moreover, at home-PSA lateral
flow tests are also commercially available such as ‘PSA micro™’ from Pinnacle
BioLabs and Novex Pharma from South Africa. However, the test systems are
invasive, require a collection of 3-4 drops of blood, and exhibits lower sensitivity which
results in numerous false negatives and high limits of detections ranging between 1.0

— 100 ng.mL"" [75,76].
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The use of PSA alone has been criticized for being non-specific, because in many
asymptomatic patients mild to moderate levels of PSA can also be associated to
benign conditions such as benign prostatic hyperplasia (BPH) or prostatitis [74—78].
However, as compared to other diagnostic methods, PSA remains a gold standard
biomarker for PCa screening, diagnosis, monitoring, and management of PCa

[5,79,80].

Several clinical diagnostic systems for the specific detection and quantification of PSA
have been developed to improve the PSA tests for the early detection of PCa. These
include biosensors [81] such as electrochemical immunosensors [82], colorimetric
immunoassays [83,84], and dual-mode fluorescence immunosensors [85]. Reported
colorimetric and electrochemical detection methods used enzyme-labelled antibodies
with horseradish peroxidase (HRP), or alkaline phosphatase (ALP) as the detection
probe. These studies involved the enzymatic conversion of o-phenylenediamine/H202,
or 4-tert-butylcatechol (4-TBC)/H202, or tetramethylbenzidine/H202 substrates to
obtain a colorimetric and/or electrocatalytic signal. Loss of enzymatic activity over time
and instability of the enzymes under standard assay conditions are major
disadvantages. The difficult, tedious labelling and purification procedures of the
enzyme-antibody conjugates also reduce the sensitivity of the detection assay.
Similarly, sensitivity issues were encountered in the dual-mode fluorescent and
colorimetric immunosensor [85]. The fluorescence immunosensor uses a combination
of a fluorophore linked to metal nanomaterials, which led to the quenching of the
fluorescence signal through the energy transfer mechanism called Forster
(fluorescence) resonance energy transfer (FRET) [85]. Therefore, the development of

more reliable, low cost, and fast analytical methods for accurate detection and
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determination of PSA are of paramount importance. Figure 2.4 shows different

methods as discussed above in a summarized form.

Figure 2.4: Traditional diagnostic methods for prostate cancer (PCa) (a) DRE,
Transrectal ultrasound (TRUS) biopsy, (c) PET/CT-scan, and (d) MRI. (e) Single
crystal X-ray structure of prostate-specific antigen (PSA) enzyme used in PSA

screening [5,65,86,87].

2.6 Biosensors and immunobiosensors

Biosensors offer a wide range of applications in biotechnology, environmental
protection, food industry, and medical diagnostics. Biosensors are fast, selective, and
sensitive detection systems for various analytes like heavy metals (environmental
monitoring), chemical warfare agents (bioterrorism), bacteria (contamination), tumour
markers (cancer disease diagnosis), and cardiac biomarkers (cardiovascular

diseases) [88]. According to the International Union of Pure and Applied Chemistry
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(IUPAC), a biosensor is an analytical device that uses biochemical reactions to detect
chemical compounds in biological samples usually by electrical, thermal, or optical
signals [89]. It uses biorecognition or sensing elements such as enzymes, antibodies,
nucleic acid, or biologically derived elements like aptamers, engineered proteins, and
imprinted polymers to convert the concentration of the analyte (sample) into
measurable signals using a transducer [88,90]. The analyte interacts with the
bioreceptor or sensing element, and the signals are recorded by the transducers, and

gives a quantitative or qualitative measure of the presence of the analyte [89,90].

Figure 2.5 shows the schematic representation of the components of the biosensors.
Furthermore, biosensors are categorized based on the biorecognition elements (DNA
biosensors) or transducer method used (electrochemical biosensors) and depending
on the transducer technology (mass sensitive biosensors). Biosensors can produce
electrochemical, optical, thermal, Microelectromechanical (MEMS), and piezoelectric
signal outputs. Moreover, based on the biorecognition elements used, biosensors are
also classified as enzymatic (containing an enzyme in the matrix), protein (using a
protein in the receptor layer), nucleic (using DNA or RNA nucleic acids) biosensors,
aptamer sensors, and immunobiosensors (where an antibody or antigen is used)

[91,92].
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Figure 2.5: Schematic diagram representation of a biosensor outlining the principles

and key components.

Immunobiosensors are a type of affinity-ligand based biosensors frequently used for
clinical analyses and medical diagnosis [88]. Immunobiosensors use a biological
recognition element such as antibodies or antigens to capture biologically relevant
analytes like antigens or antibodies [93,94]. The biorecognition elements are
interfaced or attached to a transducer for signal generation. The immunobiosensors
use a specific reaction between an antibody (Ab) and an antigen (Ag) and employ a
sandwich assay in the test design. The interaction between the antibody and antigen
forms an immunocomplex reaction (sandwich interactions), and the interactions are
translated into readable or measurable signals. The use of immunobiosensors offers
advantages such as high sensitivity, specificity, selectivity, and low cost towards an
analyte of interest, and rapid immunoassay results [93,94]. For the detection of PCa,
biosensors and immunobiosensors have been explored due to the limitation of
conventional diagnostic systems of PCa. The commercial methods of PCa diagnosis
are not efficient or sensitive for the detection of PCa and are very expensive. Hence,

the use of biosensors and immunobiosensors (immunoassay) is mostly due to their
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cost-effective, simple design, and can provide rapid results. This work investigates and
discusses in detail the importance of optical biosensors and the use of fluorescence
immunobiosensors for the detection and determination of PSA for early diagnosis of

PCa.

2.6.1 Optical biosensors

Optical biosensors are of research interest in biotechnology, environmental studies,
disease diagnosis, and medical field due to being cost effective and providing real-
time, selective, rapid, highly specific, and sensitive measurements [95]. Optical
biosensors are a unique set of biosensors which utilizes an optical measurement
approach like absorption, reflectance, luminescence, or fluorescence for the direct
detection of biological and chemical substances [95]. The biosensors utilize
measurements based of the unique excitation and emission wavelengths specific to
the target analyte and monitors optical changes resulting from the interactions
between the biorecognition element (antibody/antigen) and analyte (antigen/antibody).
Optical biosensors transducers are integrated to the biosensing element and the
optical signals generated are correlated to the varying concentration of the analyte into

readable measurements [95,96].

In addition, optical biosensors are classified based on two detection protocols as

shown in Fig. 2.6:

(a) Sandwich or non-competitive (labeled) immunoassay detection protocol. In the

sandwich or non-competitive immunoassay, a fluorescence probe is attached onto the
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detection antibody for signal generation. An analyte is captured, and a labeled
detection antibody captured onto the analyte. The analyte is sandwiched between
capture and labeled detecting antibody. The fluorescence signal due to the label is

related to the analyte concentration.

(b) label-free or competitive immunoassay detection protocol. The fluorescence probe
is attached onto the purified analyte. The sample containing the unlabeled analyte is
mixed with the known concentration of the purified and labeled analyte. Both are then
exposed to the capture antibody. The signal is then measured and related to the free

analyte from the sample.

(a) sandwich/non-competitive immunoassay : !
Y Y analyte ” ” Iabeled-antlbody Y

(b) competitive immunoassay

\r \r analyte and labeled- analyte % %

legend

capture I labeled- labeled-
antibody ana yte antibody analyte

Figure 2.6: Principles of immunoassays of (a) fluorescence sandwich or non-

competitive immunoassay and (b) competitive immunoassay protocols.
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In label-based detection, the biosensor incorporates the fluorescence detection
method, whereby the optical biosensors make use of a reporter molecule (fluorescent
label/tag) and uses fluorescence emission to generate the optical signal for the
detection of the analyte [95,96]. The intensity of the fluorescence is related to the
concentration of the analyte of interest, and the strength between the interaction of
analytes and the biorecognition elements. This detection method is extremely
sensitive, selective, specific, and provides a dual confirmation of the analyte’s
presence, with reduced false positive readings, and results in low limits of detection
[96,97]. Therefore, making optical fluorescence-based detection protocol an ideal

detection method for accurate immunosensing for PSA and early diagnosis of PCa.

2.6.2 Fluorescence Immunobiosensors

Fluorescence is the most commonly used technique in optical biosensors. The
fluorescence detection method is due to results of high single-molecular sensitivity,
and the detectable analyte concentration is 10° times lower than other optical
techniques, and provides immediate response [88]. Fluorescence immunobiosensors
use the phenomenon of fluorescence for detection and signal generation. The
phenomenon of the fluorescence properties can be described using a Jablonski
diagram. Fluorescence is described when an irradiated molecule absorbs light and
increases from a ground state to a singlet excited state. The excited molecules relax
back to ground state through the process of fluorescence. During fluorescence, the
light emitted by a molecule is of a longer wavelength compared to the absorbed light
[98]. Fluorophores such as organic dyes (fluorescein, cyanine3, rhodamine, and

aminoethylcoumarin), and inorganic fluorophores such as quantum dots (QDs) are
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commonly used in fluorescence studies. The fluorophores emit light at a longer

wavelength and are used as detection fluorescent probes [98].

Figure 2.7 shows the Jablonski diagram illustrating the process involved in the
creation of an excited state by optical absorption and fluorescence emission by a
typical fluorescent probe. In detail, fluorescence occurs when a fluorophore is exposed
to a light source (photons) and absorbs the energy of those photons of a specific
wavelength and moves into an excited state (a higher level). In the excited state, the
fluorophore undergoes conformational changes (interaction with the environment),
and the fluorophore converts or transfers the energy and moves to a different energy
state, or the energy is dissipated resulting in a relaxation of an excited state. Upon
relaxation, the fluorophore emits a photon and moves back to the ground state
(fluorescence emission) as shown in Fig. 2.7. The energy of emission or the emitted
radiation is lower than that of the absorption (excitation energy) and has a longer
wavelength due to the dissipation of the energy during the excited state lifetime.
Furthermore, the energy and wavelength differences are known as Stokes shift and
plays a significant role in the sensitivity of fluorescence immunobiosensors

[88,99,100].
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Figure 2.7: The Jablonski diagram (Jablonski, 1933) illustrating the principle of

fluorescence emission of the fluorophore.

In that sense, fluorescence immunobiosensors are analytical devices that incorporate
the use of fluorescence label for biomarker detection. Fluorescence
immunobiosensors are frequently applied in analysis of biomolecules, especially those
associated with various types of cancers due to the high affinity, sensitivity, and
selectivity of fluorescence detection provided by the analyte-binding proteins (PSA)
[88]. Furthermore, the fluorescence immunobiosensors are designed to use a
sandwich immunoreaction format approach, which is a dual site immunoassay that
occurs when the target analyte is bound to the capture antibody site, and then
recognized by an antibody fluorescent bioconjugate as shown in Fig. 2.6(a). In a
sandwich configuration, an antigen is captured by primary antibody immobilized onto
the surface and indirectly detects the bound antigens using a fluorescent labeled

secondary antibody. Therefore, generating a fluorescence signal proportional to the
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number or concentration of antigens in the sample. Figure 2.8 shows an illustration of
the typical sandwich fluorescence immunoreaction configuration between an antibody
and antigen (disease biomarker) and shows the formation of a capture antibody-
antigen-antibody/fluorophore  sandwich structure. In a fluorescence-based
immunobiosensors, the principle of mechanism is the conversion of the biomarker
response into a fluorescent signal, and organic fluorophores are commonly used as

signal transduction tools for increased sensitivity towards PSA sensing [88,100].
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Figure 2.8: Diagram illustrating the sandwich immunoassay mechanism of a

fluorescence-based immunobiosensors.

2.6.3 Fluorescent-based nanomaterials for immunosensing application

Fluorescence-based detection method has been widely used in modern biochemical

research and diseases diagnosis [101]. Several studies have explored the use of
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fluorescence immunosensors for the detection of PSA. The immunosensors provide
more sensitivity signals compared to clinical detection of PSA methods like enzyme-
linked immunosorbent assay (ELISA) [97]. The research ranged from the use of
enzyme-labelled antibodies with horseradish-peroxidase (HRP) or alkaline
phosphatase (ALP) as the detection probes [102,103]. For example, a study by Li et
al, [104] used silicon dioxide nanospheres loaded with horseradish peroxidase-
lebelled secondary antibodies (HRP-Ab2-SiO2NSs) as the detection probes for PSA
and the primary antibodies (Ab1) immobilized on the walls of the microwell plates. In
the presence of PSA, a sandwich-type immunocomplex was formed and composed of
well/Ab1<PSA<Ab2-HRP. The fluorescence signal was obtained in the L-tyrosine and
H202 systems [104]. However, the overall limitations of the studies included (i) tedious
labelling and purification procedures (which reduced the sensitivity of the probe), and
(i) the instability of the enzyme under standard assay conditions which resulted in loss
of enzymatic activity over time. Furthermore, organic fluorophores labeled antibodies
are commonly used in fluorescence immunobiosensors because fluorophores are
versatile and easy to use. Studies looked at the use of fluorescent organic dye
molecules conjugated to antibodies such as cyanine-3, rhodamine, and fluorescein,
used as fluorescence detection probes [105,106]. This is due to organic fluorophores
advantages over enzymes such as higher extinction coefficient for high sensitivity and
providing low limits of detection. However, organic fluorophores are prone to limitations
such as poor photostability, and fluorescence quenching at high antibody-dye ratios

[107,108]. These factors contribute to false-positive and false-negative signals.

To overcome such limitations several studies explored the use of nanoparticles-based

detection systems incorporated for enhanced fluorescence and sensitive detection of
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PSA [109]. Nanoparticles-based detection systems are advantageous due to
characteristic such as unique optical properties and large surface-to-volume-ratio
resulting in enhanced fluorescence signals, ease of surface modifications, and
prolonged detection times (low photobleaching) [101]. These included the use of
quantum dots (QDs) conjugated to antibodies as fluorescent probes which has proved
popular in the construction of PSA immunosensors [110-112]. QDs present many
advantages such as being ultrasmall, high fluorescence (brighter than organic
fluorophores), photostable, tunable absorptions/emission, excellent quantum yield
compared to organic dyes, and low limits of detection [101,112—114]. However, the
toxicity of certain heavy materials like cadmium used in QDs syntheses are toxic and
limit the use of QDs in biological systems [112—-114]. Furthermore, the use of
upconversion nanoparticles (UCNPs) and metal nanoparticles (i.e. gold nanoparticles)
conjugated to fluorescent dyes were used [115,116]. However, upconversion
nanoparticles (UCNPs) inherently suffered from low fluorescence and easily undergo
quenching [117], and metal nanoparticles conjugated to fluorescent dye led to
quenching of the fluorescence signals through Forster (fluorescence) resonance

energy transfer (FRET) [112,118].

The use of 2D materials such as graphene nanostructures and graphene oxide (GO)
or graphene quantum dots (GQDs) or MoS2 nanosheets (MoOs, MoSe2) has also been
explored in improving the sensitive detection of PSA. The studies employed the
detection method of PSA through a dye quenching process “on” or “off” methods
[119,120]. However, graphene requires tedious and energy intensive laborious
procedures for synthesis. Therefore, nanocarrier platforms such as silica nanoparticles

and nanoliposomes have been reported to overcome such limitations and drawbacks
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by reducing photobleaching, reducing fluorescence quenching upon bioconjugation
with antibody, providing amplified fluorescence signals leading to highly sensitive
detection of PSA at lower concentrations, and easy to prepare at low costs [102]. The
work reported in this thesis investigates the use of fluorescent nanoprobes (sensing)
and nanomagnets for capture, separation, and collection of the immunocomplex for

amplified fluorescence detection and ultrasensitive detection of PSA.

2.7 Nanomaterial as carriers of the signal elements

The emergence of fluorescent nanomaterials as carriers for fluorescence
immunosensors has enabled the development of ultrasensitive detection systems for
cancer biomarkers. This was due to advantages such as low toxicity, ease in
functionalization, biocompatibility, improved photostability resulting in enhanced
sensitivity, selectivity through bioconjugates, and amplified fluorescence intensity
[121]. Several research studies have shown the major use of nanostructures such as
silica nanoparticles and liposomes for enhanced fluorescence signal generation,
resulting in lower limits of detection [102,121-123]. Some examples include a study
conducted by Zhao et al [122], which investigated the encapsulation of cadmium
telluride quantum dots (CdTe-QDs) into silica nanoparticles (CdTe@SiO2NPs) and
used as carrier signal reporters for quantitative detection of PSA. Another inhouse
study by Daniel et al [123] explored the use of nanoliposomes encapsulating glucose
and bioconjugated with anti-PSA-pAb (GENLs-anti-PSA-pAb) for the ultrasensitive
detection of PSA. In the detection systems ultra-low detections of PSA were achieved
with limits of detections ranging from 53 fg.mL-! to 3.0 pg.mL"". However, the toxicity

of QDs limits their application in biosensors as these may denature the biological
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receptors if released as metalic ions. Similarly, the limitations for liposomal usage as
nanocarriers includes the high cost of synthesis, low encapsulation efficiency for
hydrophobic molecules (i.e. dyes), and short half-life as compared to the cheap
synthesis of silica nanoparticles [124]. Fluorescent organic dye-doped silica
nanoparticles have been extensively utilized in a broad range of fluorescent studies
and biological applications due to their flexible chemistry, biocompatibility, and cheap

synthesis [108,125].

2.7.1 Dye-doped silica nanoparticles

Fluorescent silica nanoparticles are commonly used in immunoassay, biosensing, and
drug delivery research and have shown great results in immunodiagnostics and
biomedical applications [108]. Dye-doped silica nanoparticles (DDSNs) have emerged
as potential fluorescent silica nanoprobes adapted into a multitude of bio-applications
that offer a higher fluorescent capability comparable to heavy metal QDs (classified as
toxic) and nanoliposomes (classified as expensive) [108,124]. The incorporation of
organic dyes into silica matrixes to form fluorescent dye-doped silica nanoparticles is
of major research interest due to the cheap and simple chemistry for synthesis,
excellent biocompatibility, and easy surface functionalization to couple to biomolecules
[101,108,124]. The encapsulation of the dye molecules results in intense fluorescence
signals 10,000 times brighter than fluorophores and the higher fluorescence intensity

makes them suitable for ultrasensitive bioanalysis [101,108,124].

Dye-doped silica nanoparticles showed advantages over quantum dots, fluorescent

dyes, up-converting nanoparticles (UCNPs) or plasmon resonant particles due to
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providing a higher quantum yield, photostability, size uniformity and tunability, and
ease of surface modification with a variety of functional groups for oriented and
random bioconjugation of antibodies (increases selectivity and specificity of the
nanoparticles) [125,126]. The ability to couple various siloxane precursors with
fluorescent dyes and incorporating the dyes into silica nanoparticles reduced dye
leaching, improved the encapsulation efficiency (loading of dyes), photostability,
amplified fluorescence upon release from the silica shells, and prolonged storage of
the nanoparticles [108,126,127]. Moreover, fluorescein-5-isothiocyanate (FITC) is the
most commonly prefered organic dye in fluorescent dye-doped silica nanoparticles for
the detection of cancer biomarkers and bio-applications followed by cyanine (Cy3 or

Cy5) and rhodamine [108,127-130].

2.7.2 FITC-doped silica nanoparticles

Fluorescent FITC-doped silica nanoparticles are employed as fluorescent nanoprobes
in research for cancer biomarkers detection and related diseases [108]. Several
research work reported includes work done in our research group by Omotayo et al
[128] used fluorescent FITC-doped silica nanoprobes as an ultrasensitive detection
system for anti-p53 autoantibodies (anti-p53aAbs). The research work showed
excellent fluorescent sensitivity with ultra-low limits of detection in the pg.mL-" ranges.
Furthermore, a rapid fluorescence-based immunoassay study by Kasun et al [129]
also used FITC-doped silica nanoparticles bioconjugated Escherichia coli antibody for
the specific (single) detection of E.coli bacterial cells. From the study, an excellent
sensitive fluorescent detection with low limits of detection towards E. coli bacterial cells

was achieved [128,129]. Therefore, the studies indicated the intrinsic uses of the
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highly fluorescent FITC-doped silica nanoparticles advantages in bio-applications and
bioanalysis. The use of FITC-doped silica nanoparticles (simple and cheap synthesis)
for the ultrasensitive and selective immunobiosensing of ultra-low concentration of the

PSA biomarker for early detection of PCa was investigated in this thesis.

2.7.3 Dye Overloading

The synthesis of optimally bright fluorescent silica nanoparticles is of importance in
immunosensing. Optimal brightness of dye-doped silica nanoparticles depends on the
concentration of the dye molecules loaded into the silica matrix [108]. Insufficient
fluorophore loading into silica shell results in weaker brightness and false negative
results upon detection of biological molecules [108]. However, fluorophore overloading
also leads to fluorescence quenching due to Forster resonance energy transfer
(FRET), fluorophore aggregation, and inner filter effects [108,131]. For example,
fluorescein isothiocyanate (FITC) dye exhibits small stokes shift between the
excitation and emission. Therefore, overloading of FITC-dye molecules into silica
matrix results in close proximity of interactions between the FITC molecules leading
to Highest Occupied Molecular Orbital-Forster Resonance Energy Transfer (HOMO-
FRET) or self-quenching, and results in a reduced fluorescence intensity [131]. Hence,
the work reported in the thesis also looked at the optimization of the prepared
fluorescent silica nanoparticles at altered 3.0% and 6.0% concentrations of FITC-dye

loading for optimal detection of PSA.
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2.7.4 Nanomaterials as separators and collectors

Magnetic characteristics are present in transition metals such as Iron (Fe), cobalt (Co),
and nickel (Ni) and their oxides [132]. However, magnetic iron oxides (FesO4NPs) and
magnetic beads (MBs) are commonly employed in biomedical applications due to their
outstanding characteristics such as superparamagnetism (magnetic property), low-
cost synthesis, easily separated using a magnet, biodegradable, and large surface
area that makes them biocompatible [133,134]. Magnetic nanoparticles (MNPs) can
be functionalized with biological molecules that provide selectivity and are employed
as capture probes to allow for the biorecognition of targets analytes with great
efficiency [135]. MNPs are used to separate immunocomplexes formed, allowing for
signal enhancement, bioassy repeatability, and results in high sensitivity, and lower
detection limits especially when detecting ultra-low amounts of target analytes [134-
136]. However, bare magnetic nanoparticles are chemically unstable, aggregate, and
are susceptible to air oxidation, resulting in loss of magnetic properties [134,135]. To
overcome these limitations, functionalization of MNPs is vital to their performance and
applications by improving their stability and reducing aggregation [135]. For example,
surface coating with inorganic materials like silica (SiO2) is a widely used coating
material due to its biocompatibility, hydrophilicity, reactivity with biological ligands,
helps prevent the agglomeration, and improves the collodial stability of the
nanoparticles. Thus producing interesting nanomagnetic-silica nanoparticles

(Fe304@SiO2NPs) [135,136].

2.7.5 Nanomagnetic-silica nanoparticles
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Nanomagnetic-silica nanoparticles (FesOs@SiO2NPs) have seen popular use in
biodetection systems for ultrasensitive sensing and are advantageous because the
sensitivity of the system can be increased using an external magnetic field [137].
Nanomagnetic-silica nanoparticles are magnetic nanoparticles consisting of a thin
silica shell which acts as a scaffold for attachment of different functional groups
[135,137]. They are advantageous for use in biodetection due to their facile synthesis,
small sizes, stability, low toxicity, good monodispersity and excellent magnetic
properties [135,137]. Moreover, the silica shell allows for surface functionalization, and
attachment of organic molecules, ligands, and serves as the anchoring location for
bioconjugates like antibody or protein [135-137]. Furthermore, other ligands are also
used for surface functionalization which include and not limited to antibodies,
aptamers, peptides, folate receptors, affibodies, and lectines [138]. In this thesis,
nanomagnetic-silica nanoparticles were surface functionalized using boronic acid
affinity ligands which allowed for a controlled molecular orientation of the monoclonal
anti-PSA antibodies conjugation [135,137]. The bioconjugation with antibodies is
advantageous in biomedical application such as in diagnostics and targeted therapy.
This is due to their high specificty, selectivity in bioassay applications and allowing the
antibody fucntionalized-Fe3O4@SiO2NPs to act as caputre probes which are used for
the isolation of the target analyte from complex matrices, enhances the effectiveness
of analyte isolation and concentration, minimizes matrix effects due to simplified
washing and separation procedures, allows faster assays kinetics, improves the

sensitvity and limit of detection (LOD), and reduces the time for analysis [136-138].

Therefore, in this thesis, a cheap, simple, and ultrasensitive fluorescent system for the

detection of PSA at low concentration was prepared using organic FITC-doped silica
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nanoparticles as sensing nanobioprobes and nanomagnetic-silica nanoparticles as
capture bioprobes. The work also employed encapsulating FITC-dye into silica
nanoparticles for improved photostability and reduced dye leaking. Further, altered
FITC-dye loadings at 3.0% and 6.0% for enhanced fluorescence signals were
investigated. Lastly, surface functionalization with boronic acid linker ligands for
oriented bioconjugation to polyclonal anti-PSA sensing antibodies was employed to
obtain high selectivity, specificity, and sensitivity towards PSA detection. Similarly,
nanomagnetic-silica nanoparticles were surface modified also with boronic acid linker
ligands and monoclonal anti-PSA capture antibodies for selectivity and specificity
towards detection of PSA. Moreover, magnetic nanoparticles were employed and also
used to enrich the immunocomplex formation using a magnet and amplifying the
fluorescent signals, thus resulting in ultrasensitive detection of PSA at ultra-low

concentrations.
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3 Antibody fluorescence dye-doped silica nanobioconjugate for ultrasensitive

detection of prostate specific antigen

Abstract

An ultrasensitive fluorescent silica nanobioprobe was modified with anti-PSA
polyclonal antibodies (anti-PSA-pAb) for the detection of prostate-specific antigen
(PSA). The fluorescent dye used was fluorescein-5-isothiocyanate (FITC). The anti-
PSA-pAb was bioconjugated onto the surface of the FITC-doped silica nanoparticles
using boronate ester. In the design, the FITC-APTES organosilane precursor was
doped into the silica nanoparticles to form fluorescent silica nanoparticles
(FITC@SiO2NPs). The silica shell prevented dye leaching and promoted fluorescent
signal amplification. Surface modification of the fluorescent silica nanoparticles was
achieved by attaching triethoxysilanepropyl-3-amido phenylboronic acid (TES-
prAmPBA) for oriented antibody immobilization. Optimization of the as-prepared
fluorescent silica nanoparticles was investigated at altered 3% and 6% FITC-dye
loadings. The fluorescent silica nanobioconjugates exhibited a strong excitation-
dependent emission property with a strong emission at 518 nm and showed
photostable properties over time. The fluorescent silica nanoparticles exhibited a dye
retention of above 65% in the silica shell. The fluorescent nanobioconjugates’
performance was evaluated using black 96-well microplates. A fluorescence
sandwich-type immunoreaction was achieved via the antibody-antigen reaction of the
FITC@SiO2-prAmPBA-anti-PSA-pAb/glucose binding to the captured PSA analyte.
NaOH was used for alkali hydrolysis of the sensing nanobioconjugates to release the
FITC-APTES molecules, leading to fluorescence signal amplification. The proposed

fluorescence immunobiosensor exhibited a linear relationship between the fluorescent
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signals and the concentration of PSA obtained in the range of 2.0 pg.mL""! to 50 ng.mL-
1, with limit of detection (LOD) of 0.70 pg.mL-! and a limit of quantification (LOQ) of
2.12 pg.mL" in PBS buffer (pH 7.4). Following this protocol, the fluorescence
immunobiosensor was prepared for the detection of PSA in spiked serum samples,
and an LOD of 1.07 pg.mL"" and a LOQ of 3.23 pg.mL"" were calculated. Further, the
proposed fluorescence immunoassay exhibited high selectivity and specificity for the
detection of PSA. This method can be used for sensitive detection of prostate-specific

antigen (PSA) in serum samples with no matrix interferences.

3.1 Introduction

Sensitive systems for prostate cancer (PCa) early diagnosis are in high demand due
to poor prognosis and late diagnosis leading to increased mortality [1,2]. For example,
the digital rectal exam (DRE), magnetic resonance imaging (MRI), and tissue biopsy
are non-specific and diagnose prostate cancer at late stages of development when the
tumour has formed and metastasized. [3-5]. Therefore, there is a need for early
detection and diagnosis of prostate cancer before it metastasizes. Early and accurate
diagnosis of PCa would allow for timely and effective chemotherapeutic treatment for
the patient and this is of great importance [6—-8]. The diagnosis of prostate cancer at
an early stage requires detecting and quantifying low concentrations of the biomarkers
produced during carcinogenesis (early stages of cancer development) [8—-10]. The
detection of prostate cancer biomarkers expressed at the early stages of
carcinogenesis results in an increased survival rate and reduction in mortality rates
amongst men [11,12]. The mutation of the human prostate-specific antigen (PSA)

found at the early stages of prostate carcinogenesis results in abnormalities of cell
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growth in the prostate gland [13]. It serves as a reliable clinical biomarker for early
diagnosis, screening, prognosis, monitoring, and prostate cancer recurrence [13—15].
Prostate-specific antigen (PSA), is an androgen-dependent glycoprotein serine
protease (M.W 30-33 kDa) produced by prostate epithelial cells from the prostate
gland into the seminal fluid [14—16]. Low concentrations of PSA are found in different
molecular forms, such as uncomplexed free-PSA (fPSA), and complexed PSA (cPSA)
that are bound to serine protease inhibitors called a-1-anti-chymotrypsin (PSA-ACT)
in the bloodstream [13—18]. Clinical identification of PCa is measured as the total PSA
(tPSA). Total PSA is the sum of both fPSA and cPSA found in the patient’s serum or
seminal fluid. During the early stages of PCa development, the tPSA levels are
significantly increased in the serum of prostate cancer patients between 2.5 ng.mL""
to 10 ng.mL"" [17-19]. This is due to the cell's mutations and over-secretion of PSA,
leading to the cell membrane disruption (a basal membrane), allowing for PSA to leak

into the bloodstream [20,21].

ELISA PSA screening is the common method used for the diagnosis of prostate cancer
[22—-24]. Several clinical diagnostic systems for the detection and quantification of PSA
have been developed to improve the PSA tests for the early detection of PCa. These
include biosensors [25] such as electrochemical immunosensors [13,26], colorimetric
immunoassays [27,28], and dual-mode fluorescence immunosensors [29]. Reported
colorimetric and electrochemical detection methods used enzyme-labelled antibodies
with horseradish peroxidase (HRP), or alkaline phosphatase (ALP) as the detection
probe. These studies involved the enzymatic conversion of o-phenylenediamine/H202,
or 4-tert-butylcatechol (4-TBC)/H202, or tetramethylbenzidine/H202 substrates to

obtain a colorimetric and/or electrocatalytic signal. Loss of enzymatic activity over time
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and instability of the enzymes under standard assay conditions are major
disadvantages. The difficult, tedious labelling and purification procedures of the
enzyme-antibody conjugates also reduce the sensitivity of the detection assay.
Similarly, sensitivity issues were encountered in the dual-mode fluorescent and
colorimetric immunosensor [29]. The fluorescence immunosensor uses a combination
of a fluorophore linked to metal nanomaterials, which led to the quenching of the
fluorescence signal through the energy transfer mechanism called Forster

(fluorescence) resonance energy transfer (FRET) [29].

Research in enzyme-free and fluorescence immunoassays has seen an increase in
use for quantitative and qualitative analysis of PSA [30]. Most biosensors incorporate
fluorophores which a distinct provide characteristics such as high extinction
coefficients for high sensitivity, low limits of detection, and are easy to prepare at very
low costs [31]. Many conventional fluorescence-based biosensors use fluorophore-
labelled antibodies with quantum dots (QDs) [32—-34], organic dyes [35,36], and up-
conversion nanoparticles [37]. However, fluorophores experience inherent limitations
such as poor photostability, cytotoxicity, low fluorescent intensity, and fluorescence
quenching upon bioconjugation [38]. The traditional use of organic fluorophores
(organic dyes) such as fluorescein, Cyanine-3, and rhodamine are environmentally
friendly dyes that suffer from chemical instability and photobleaching over time [38,39].
Quantum dots (QDs) are chemically stable with high fluorescence intensity and less
photobleaching compared to fluorescent dyes. However, QDs are classified as toxic
due to the use of heavy metals such as cadmium (Cd) used for their preparations [38—
40]. The encapsulation of fluorophores into nanostructures such as silica nanoparticles

and liposomes has been reported to overcome such limitations [41-44]. Dye-doped
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nanostructures have been reported to show high photostability, reduced fluorescence
quenching during bioconjugation, and an intense fluorescence signal upon dissolution
[38,39,41-44]. However, dye overloading into the nanomaterials systems results in
fluorescence quenching [41-46]. The dye molecules become too close, resulting in
the phenomenon called HOMO-FRET (highest occupied molecular orbital-Férster
resonance energy transfer) [46]. Hence, optimized fluorescent dye-loaded silica
nanobioprobes is important. Fluorescent (fluorescein-5-isothiocyanate, FITC) dye-
doped silica nanoparticles have emerged as potential fluorescent nanobioprobes for
a multitude of fluorescence bio-applications. The dye-doped silica nanoparticles are
favourable because of their good water solubility, biocompatibility, photostable

characteristics, and high fluorescent signal [39,41-47].

In this chapter, we report the preparation of a highly fluorescent FITC-doped silica
antibody nanoparticles (FITC@SiO2NPs) as sensing nanobioconjugates. The
FITC@SiO2NPs are surface functionalized with phenylboronic acid conjugate for
oriented attachment of the antibody. Therefore, the bioconjugation of polyclonal anti-
PSA antibodies (anti-PSA-pAb) allowed for selective and sensitive detection of PSA.
A simple ultrasensitive fluorescence immunobiosensor for the detection of PSA is
investigated. NaOH dissolution was used to release fluorophores from the
nanoparticles for signal amplification leading to enhanced sensitive detection of PSA
(intact and dissolution studies). The use of FITC@SiO2NPs was reported here for the

detection of PSA for the first time according to our knowledge.

This chapter was set out to achieve the following objectives of the thesis
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(a) Preparation of lysable fluorescent FITC-doped silica nanoparticles
(FITC@SiO2NPs).

(b) Optimisation of the as-prepared fluorescent silica nanoparticles at altered
FITC-dye loading of 3.0% and 6.0% (for high loading).

(c) Immobilization of triethoxysilanepropyl-3-amido phenylboronic acid conjugate
(TES-prAmPBA) onto FITC@SiO2NPs surface to yield FITC@SiO2-
prAmPBANPs for oritented antibody bioconjugation.

(d) Bioconjugaton of polyclonal anti-PSA antibodies (anti-PSA-pAb) onto
FITC@SiO2-prAmPBANPs and non-specific binding sites blocked with glucose
to yield FITC@SiO2-prAmPBA-anti-PSA-pAb/glucose sensing
nanobioconjugates.

(e) Detection of PSA using intact and dissolution studies of FITC@SiO2-
prAmPBA-anti-PSA-pAb/glucose in an ELISA immunobiosensor set up in both

buffer solution and serum samples (Newborn Calf Serum, NCS).

3.2 Experimental

3.2.1 Materials and reagents

Fluorescien-5-isothiocyanate Isomer 1 (FITC, 90 %), (3-aminopropyl)triethoxysilane
(APTES, 98 %), tetraethyl orthosilicate (TEOS, 99.9%), 4-carboxyphenylboronic acid,
sodium chloride (NaCl), 4-(1,1,3,3-tetramethylbutyl)-phenyl polyethylene glycol (Triton
X-100), sodium hydroxide (NaOH), N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC), sodium hydroxide (NaOH),

Bovine serum albumin (BSA), disodium hydrogen phosphate (Na2HPO4), and sodium
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dihydrogen phosphate (NaH2POs4), were purchased from Sigma-Aldrich (USA).
Sodium hydrogen carbonate (NaHCOs), sodium carbonate anhydrous (Na2COs3),
absolute ethanol (98.6 %, w/v), and D-glucose were purchased from SAARChem
(South Africa). Deuterated dimethyl sulfoxide (de-DMSQ) and cyclohexane (99.5 %)
were purchased from Merck (Germany). Hexan-1-ol was purchased from B&M
Scientific (South Africa). Ammonium hydroxide (NH4OH, 25 % wt) was purchased from
Minema Chemicals (South Africa). The Bradford reagent (for Bradford assay),
polyclonal sheep anti-human prostate-specific antibody (anti-PSA-pAb, 7820-0154),
monoclonal mouse anti-human prostate-specific antibody (anti-PSA-mAb, 7820-
0370), and prostate-specific antigens (PSA) were purchased from Bio-rad Laboratory
Ltd (USA). The serum samples were prepared using calf serum purchased from
Sigma-Aldrich (USA). Ultra-pure water with a resistivity of 18 MQ.cm (at 25°C) was
obtained from a Milli-Q Water Purification System (Millipore Corp. Bedford, MA, USA)
and was used for the preparations of aqueous solutions throughout the experiments.
Coupling buffer used, phosphate buffer solution (PBS, pH 7.4, 10 mM) was prepared
using 0.63 g disodium hydrogen phosphate (Na2HPO4), 0.06 g sodium dihydrogen
orthophosphate (NaH2PO4) in 400 mL of ultra-pure Millipore water. Sodium carbonate
buffer (pH 9.6, 10 mM) was prepared using 0.17g sodium bicarbonate (NaHCO3) and
0.21g sodium carbonate (Na2COs3) in 200 mL of ultra-pure Millipore water. Washing
buffer, (PBST, pH 7.4, 10 mM) was prepared using 1.2 g disodium hydrogen phosphate
(Naz2HPO4), 0.12 g sodium dihydrogen orthophosphate (NaH2POa4), and 100uL of
Tween 20 in 100 mL of Ultra-pure Millipore water. All reagents and solvents in this

study were of analytical grade and used as received from the supplier.
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3.2.2 Equipment

Infra-red spectra were collected on a Perkin-EImer Universal AT08-98-u98-R
Sampling accessory spectrum 100 FT-IR spectrometer. UV-Vis spectroscopy analysis
was acquired on a SHIMADZU UV-2550 spectrometer. Zeta potential was obtained
with dynamic light scattering Malvern Zetasizer Nano series, Nano ZS90 series S
equipped with a 633 nm He/Ne laser. '"H NMR spectra analysis was recorded using a
Bruker AVANCE 600 MHz NMR spectrometer in DMSO-des. Transmission electron
microscope (TEM) micrographs were obtained using a Zeiss Libra 120 TEM operating
at 80 kV accelerating voltage. Energy dispersive X-ray spectroscopy (EDS) elemental
mapping was collected in a high vacuum on a Tescan Vega 2 Scanning Electron
Microscopy (SEM) with a W-filament and EDS data was collected on an Oxford INCA
Penta-FET-X3 Si(Li) detector, at 20 kV. Black Nuc 96-well Maxisorp microplates were
used to obtain the fluorescence emission spectra for the detection studies.
Fluorescence spectra were recorded wusing a Spectramax Multitude

Spectrofluorometer and Synergy MX microplate reader.

3.2.3 Preparation of FITC-doped silica nanoparticles

3.2.3.1 Synthesis of fluorescein-isothiocyanito-3-propyltriethoxysilane (FITC-

APTES) precursor, Scheme 3.1
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The fluorescent silica precursor (FITC-APTES) was prepared following a reported
method with some modifications [48]. FITC (5.3 mg, 13.5 umol.L-") dissolved in dry
ethanol (2.0 mL) was stirred at room temperature for 30 mins. APTES (60 pL, 0.26
mmol.L-') was added to the FITC ethanol solution. The reaction was followed using
thin layer chromatography until reagents have reacted. The colour of the mixture
turned from bright yellow to a darker orange. The mixture was stirred for 24 hours at
room temperature in darkness (to prevent photobleaching). The ethanol was
evaporated and the product dried in a desiccator overnight to obtain the FITC-APTES
organosilane precursor. The FITC-APTES was obtained as an orange-yellowish

crystal powder.

Yield: 80.1%. FT-IR [(ATR), Tmax'cm']: 3175 (NH & OH), 1570 (C=S), (1103) O-Si-O;
1054 (Si-O-C), and 913 (Si-C). UV-Vis [A (nm) log (€)]: 492 (3.8). 'TH NMR (600 MHz,
DMSO-d6) & [ppm]: 1.05 (9 H, CHa), 2.10 (8H, CH2), 7.85 (6H, d, Ph), 8.52 (3H, d,

Ph).

3.2.3.2 Synthesis of FITC-doped silica nanoparticles (FITC@SiO2NPs)

The fluorescent FITC-doped silica nanoparticles were prepared using an in-house
water-in-oil microemulsion method with some modifications [49]. The microemulsion
solution was prepared by mixing n-hexanol (3.5 mL), cyclohexane (15.0 mL), Triton X-
100 (3.2 mL), and water (1.5 mL). The solvent mixture was stirred for 20 min to form
a stable microemulsion. FITC-APTES (2.68 mg, 6.75 mol), TEOS (0.60 mL, 2.70

mmol), and NH4OH (0.060 mL, 1.50 mmol) were added to the microemulsion, and the
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solvent mixture was stirred at room temperature in the dark for 24 hours. Acetone (30.0
mL) was added to break the microemulsion and isolate the nanoparticles from the
solution. Silica nanoparticles were collected by centrifugation and washed with a 1:1
mixture of ethanol/water with repeated sonication and centrifugation (3000 rpm, 5 min,
three times) to remove unreacted reagents. The isolated yellow orange
FITC@SiO2NPs were dried at 40°C overnight in the oven. The FITC-APTES dye
loadings to the microemulsion were achieved by adding 1.31 mg (3.0%, 3.37 pmol)
and 2.63 mg (6.0%, 6.75 pymol) [49]. Other concentratons of FITC-APTES, which will

result in lower than 3% or higher than 6%, will be investigated in future.

FT-IR [(ATR), Tmax/cm']: 3287 (O-H), 1036 (Si-O-Si), 948 (Si-OH), 786 (Si-O). UV-Vis

[A (nm), log (€)]: 495 (3.8).

3.2.4 Dye-leaking study

The dye leakage studies of the synthesized FITC-doped silica nanoparticles were
monitored using the fluorescence spectrofluorometer measurements. The
FITC@SiO2NPs suspension (1.0 mg.mL') was sonicated and the fluorescence
intensity (k) of the suspension was measured. The suspension solution was
centrifuged (3000 rpm, 5 min) and the fluorescence intensity of the supernatant

solutions (/) was measured over time at 10 mins intervals. The amount of the dye

retained in the silica matrix was defined as 1-(IL) as reported [44,45].
o
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3.2.5 Photostability study

The photostability of the FITC-doped silica nanoparticles and photobleaching
experiments were performed following a simple experiment. An aqueous solution of
FITC (1.0 mg.mL""), FITC-APTES (1.0 mg.mL"), and FITC@SiO2NPs (1.0 mg.mL-")
was prepared and the fluorescence intensity was measured overtime. The
suspensions were radiated under a 300 W xenon lamp for 50 min and fluorescence

spectra recorded at 5 min intervals.

3.2.6 Effects of pH conditions

To evaluate the effects of pH conditions on the dissolution of FITC-doped silica
nanoparticles, pH study experiments were performed. An aqueous suspension of
FITC@SiO2NPs (1.0 mg.mL") were prepared into varying PBS buffer (10 mM)
solutions ranging from pH 2.0 to 11.0 . Fluorescence measurements of the solutions

were obtained.

3.2.7 Dye-loading study (3.0% and 6.0% w/w)

A dye-loading test was used to estimate the number of FITC-APTES molecules
encapsulated per fluorescent silica nanoparticle. In the dye-loading experiment, an
aqueous suspension of FITC@SiO2NPs (1.0 mg.mL-') was sonicated for 10 min and
incubated for 1 hour at 37°C. Then, the ground state absorption and fluorescence

emission spectra of the solution were measured before and after dissolution with
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NaOH (1.0 mL, 10 mM). The absorption intensities and TEM sizes (diameter, d) of the
silica nanoparticles were used to estimate the numbers of FITC-APTES molecules
loaded in a per nanoparticle for each altered loading and were calculated as reported

[46] and explained in section 3.3.5.5.

3.2.8 Fluorescence Quantum Efficiency

The fluorescence quantum efficiency studies of the as-prepared 3.0 and 6.0 (%, w/w)
FITC-doped silica nanoparticles against the standard FITC dye were monitored using
fluorescence measurements. A standard solution of FITC (1.0 mg.mL") and an
aqueous solution of FITC@SiO2NPs (1.0 mg.mL™") at altered dye loadings were
prepared and sonicated for 10 min. The absorption and fluorescence intensity (l) of
the suspensions were measured. After, a solution of NaOH (1.0 mL, 10 mM) was
added to the 3.0% and 6.0 % (w/w) FITC@SiO2NPs suspensions and allowed to react
for 30 min. The dissolution of FITC@SiO2NPs occurred and released FITC molecules.
FITC and FITC@SIiO2NPs after dissolution were measured. A linear calibration curve
of the integrated fluorescence intensity (emission peak area) as a function of solution
absorbance was obtained. The quantum yield measurements were obtained using the

gradients and determined using Equation (3.1).

0 _ mpyps n°Nps
o Pyps = 100 (Ppseq x X ) (3.1)

MFEstd lepstd

where @y, is the quantum yield of the nanoparticles, myps and mgg, integrated
fluorescence intensity slopes of the FITC@SiO2NPs and the fluorescein standard
Drsra (Prseq= 0.97), respectively. nyps and ngs:q are the refractive indexes of the
medium [50].
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3.2.9 Boronic acid functionalization of FITC-doped silica nanoparticles

3.2.9.1 Synthesis of triethoxysilanepropyl-3-amido phenylboronic acid

conjugate (TES-prAmPBA), Scheme S3.1

4-Carboxyphenylboronic acid (166 mg, 1.0 mmol) was added to the solution of EDC
(31.0 mg, 0.20 mmol) and NHS (57.5 mg, 0.50 mmol) in dry ethanol (5.0 mL) and
stirred for 15 min. APTES (0.5 mL, 2.0 mmol) was added dropwise into the solution.
The reaction was followed using the thin layer chromatography until reagents
completely reacted. The solution mixture was stirred further overnight at room
temperature until TES-prAmPBA resulted, separated (centrifuged), washed with
ethanol, and oven dried at 60°C. The product was obtained as a white precipitate.

Yield 66 %.

FT-IR [(ATR), Tmax/cm']: 3228 (OH), 3265 (NH), 1643 (C=0), 1260 (B-O), and 1063
(0-Si-0). 'H NMR (600 MHz, DMSO-ds) & [ppm]: 0.78 (2H, SiCH2), 1.25 (t, 9H, CHs),
1.96 (2H, CHz), 2.61 (2H, NCH?2), 4.10 (q, 6H, CHz2), 7.88 (d, 2H, H-Ph), 8.18 (d, 2H,

H-Ph).

3.2.9.2 Boronic acid functionalization to form FITC@SiOz-prAmPBANPs

FITC@SiO2NPs (20.0 mg) were dispersed in ethanol (5.0 mL) under stirred for 20 min.
TES-prAmPBA (40.0 mg, 0.10 mmol) in ammonium solution was added to the
nanoparticle ethanol solution. The resulting solution was continuously mixed at room
temperature overnight in the dark. The product, phenylboronic acid functionalized-
silica nanoparticles (FITC@SiO2-prAmPBANPSs) was obtained after centrifugation as
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a dry product. It was washed several times with a 1:1 mixture of water/ethanol to
remove unreacted reagents. The FITC@SiO2-prAmMPBANPs were dried for 48 hours

in the dark.

FT-IR [(ATR), Tma/cm']: 3303 (NH & OH), 1647 (C=0), 1395 (B-O), 1062 (Si-O-Si),

949 (Si-0), and 785 (Si-OH). UV-Vis [ (nm) log (€)]: 495 (3.8).

3.2.9.3 Bioconjugation of anti-PSA-pAb onto FITC@SiO2-prAmPBANPs

The bioconjugation of anti-PSA-pAb onto FITC@SiO2-prAmPBANPs was achieved
via boronate ester bonds. The N-glycans on the Fc region of the anti-PSA-pAb reacted
with the boronic acids of fluorescence nanoparticles. FITC@SiO2-prAmPBANPs (2.0
mg) was dispersed in cold PBS buffer (2.0 mL, pH 7.4,10 mM) and stirred for 10 min.
Polyclonal anti-PSA antibody (50 uL, 1.0 mg.mL") was added to the solution. The
mixture was kept at 4°C under continuous slow stirring and allowed to react for 6 hours.
The anti-PSA-pAb bioconjugated FITC-doped silica nanoparticles were centrifuged
and washed with 4°C cold PBS buffer (pH 7.4) to remove the unbound antibodies. The
unreacted boronic acid sites were blocked by incubating the purified FITC@SiO2-
prAmPBA-anti-PSA-pAbNPs in 4°C cold PBS (pH 7.4) containing D-glucose solution
(50.0 pug.mL-', 60 mg, 0.334 mmol). After 2 hours, the mixture was centrifuged and
washed three times with 4°C cold PBS buffer (pH 7.4, 10 mM). This yielded anti-PSA-
pAb/glucose modified FITC-doped silica nanobioconjugates, represented as
FITC@SiO2-prAmPBA-anti-PSA-pAb/glucose. FITC@SiO2-prAmPBA-anti-PSA-
pAb/glucose was suspended in PBS buffer (2.0 mL, pH 7.4, 10 mM) and kept at 4°C

before use.
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FT-IR [(ATR), Tmax/cm™']: 3348 (N-H), 1639 (amide 1), 1580 (amide Il), and 1322 (B-O).

UV-Vis [A (nm), log (€)]: 495 (3.8).

3.2.9.4 Bradford assay for anti-PSA-pAb onto FITC@SiO2-prAmPBANPs

The polyclonal antibody (anti-PSA-pAb) was covalently attached to the surface of the
boronic acid functionalized FITC@SiO2NPs.The bioconjugation of polyclonal anti-PSA
antibodies onto FITC@SiO2-prAmMPBANPs was achieved through the affinity boronate
ester reaction. The reaction targets the carbohydrate moiety of (N-glycan) on the Fc
region of the anti-PSA polyclonal antibody. The glycosylation found in the Fc region of
the antibody was used to react with the boronic functionalized FITC-doped silica
nanoparticles to form cyclic ester bonds. Bradford assay was used as a quantitative
colorimetric assay, to confirm the immobilization of the anti-PSA polyclonal antibodies
(anti-PSA-pAbs). The anti-PSA-pAb in the bioconjugation solution before and after the
reaction with the nanoparticles was measured. The FITC@SiO2-prAmPBA-anti-PSA-
pAbs after conjugation were centrifuged and the supernatant was used for protein
determination. Bovine Serum Albumin (BSA) standard solutions and the supernatant
obtained from FITC@SiO2-prAmPBA-anti-PSA-pAbNPs were made to react with
Bradford reagent at room temperature for 30 mins. UV-Vis spectra were used to follow

the bioconjugation of the polyclonal anti-PSA antibodies.

3.2.10 Microwell modification and PSA detection, Scheme 3.2

The detection of PSA followed three steps, (1) attachment of anti-PSA-mAb as capture

on the microplate and BSA to block for non-specific binding. (2) Capture of the PSA,
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and (3) reaction of PSA with fluorescence nanobioconjugates and detection using

spectrofluorometer. The details are as follows:

3.2.101 Attachment of capture monoclonal antibody (anti-PSA-mAb)

For the positive control, the wells of the black 96-well microplates were modified with
monoclonal anti-PSA antibodies (anti-PSA-mAb) as the capture antibody, following
this method. anti-PSA-mAb (100 uL, 10.0 pyg.mL™") diluted in sodium-bicarbonate
buffer (pH 9.5) was added into the microwells, and incubated for 12 hours at 4°C. This
resulted in the physical adsorption of anti-PSA-mAb onto the microwell. The modified
wells were washed three times with washing buffer (PBST, pH 7.4) to remove loosely
bound and adsorbed anti-PSA-mAb. For blocking of non-specific binding sites on the
microwells, PBST blocking buffer (300 pL, pH 7.4, 10 mM) containing 2% BSA was
incubated at room temperature for 3 hours. The modified wells were represented as
well/anti-PSA-mAb/BSA. The modified anti-PSA-mAb/BSA wells were washed with
PBST (pH 7.4) three times followed by a final rinse with PBS (pH 7.4). The negative
control wells were modified with only PBST blocking buffer (300 uL, pH 7.4) containing

2% BSA.

3.2.10.2 Detection of PSA using FITC@SiO2-prAmPBA-anti-PSA-

pAb/glucose

A sandwich-type immunoassay protocol was used for PSA detection. For analyte
capture, PSA (50 pL) in cold PBS buffer (pH 7.4, 10 mM) of varying concentrations

was added to corresponding microplate wells. The microplate wells were incubated for
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2 hours to yield well/anti-PSA-mAb/BSA>PSA. After the incubation period, the
microplate wells were washed 3 times with 4°C cold PBS (pH 7.4) to remove unbound
PSA antigens. For detection and sensing studies, the nanobioconjugates solution
(FITC@SiO2-prAmPBA-anti-PSA-pAb/glucose, 100 uL, 200 pug.mL") was added to
the wells and incubated for 50 min at room temperature, to yield the sandwich
immunoassay. The wells were washed three times with PBST (pH 7.4, 10 mM) to
remove unbounded nanobioconjugates (FITC@SiO2-prAmPBA-anti-PSA-
pAb/glucose). The negative control wells were treated the same as the positive wells
except the anti-PSA-mAb step was omitted. In the negative control wells, no PSA
capture is expected to occur and hence no capture of FITC@SiO2-prAmPBA-anti-
PSA-pAb/glucose. NaOH (20 uL, 10 mM) was used for the dissolution of the silica
shell, and this released FITC molecules. The fluorescence measurements were then

conducted.

3.3 Results and Discussion

3.3.1 Synthesis of FITC@SiO2-prAmPBA-anti-PSA-pAb/glucose

The preparation of fluorescent silica nanobioconjugates was via a four-step process:
(1) synthesis of fluorescein-isothiocynaito-3-propyltriethoxysilane (FITC-APTES), (2)
preparation of fluorescent FITC-doped silica core-shell nanoparticles
(FITC@SiO2NPs), (3) surface functionalization with triethoxysilanepropyl-3-amido
phenylboronic acid (TES-prAmPBA), and (4) bioconjugation with anti-PSA-pAb.
Scheme 3.1 shows (a) the synthesis of fluorescein-isothiocynaito-3-

propyltriethoxysilane (FITC-APTES) precursor and (b) a step-by-step synthesis of the
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FITC@SiO2-prAmPBA-anti-PSA-pAb/glucose sensing nanobioconjugates. Initially,
the successful synthesis of the organosilane precursor was achieved by covalently
coupling FITC with APTES through a thiourea linkage to yield the fluorescent
organosilane precursor (FITC-APTES) as shown in Scheme 3.1(a). Then, a
quaternary water-in-oil microemulsion system was used to covalently attach and
encapsulate the FITC-APTES into the silica shell to form the fluorescent FITC-doped
silica nanoparticles (FITC@SiO2NPs) as shown in Scheme 3.1(b). The preparations
of the FITC@SiO2NPs with different % w/w of FITC-APTES loading were
accomplished by covalently attaching FITC-APTES into the silica shell via hydrolysis

and co-polymerization of tetraethyl orthosilicate (TEOS) with ammonium solution

(NH4OH).
CH;
HsC,
(@)  s=c=N 0 CH, : \,o\s_,g H
ch ( ’ \/\’?’ O
b -0, 0 Dry EtOH, 24 hrs j A O
4 ———
+ ,SI Hs o]
L, g 484
OH
HO 0 H3C HO 0 OH
FITC APTES FITC-APTES
HO, OH /
HO OH
(b) !
Reverse FITC-APTES TES-prAmPBA anti-PSA-pAb
Micre Ision > —_— —_—
TEOS, NH,0H Dry EtOH, 25 °C, glucose O

24 hrs

FITC@SiO,NPs /

FITC@SiO,-prAmPBANPs

FITC@SiO,-prAmPBA-anti-PSA-pAb/glucose

Scheme 3.1: (a) Synthesis of fluorescein-isothiocynaito-3-propyltriethoxysilane
(FITC-APTES) and (b) step-by-step synthesis of the FITC@SiO2-prAmPBA-anti-PSA-

pAb/glucose sensing nanobioconjugates.

81



In the reverse microemulsion, TEOS and FITC-APTES simultaneously hydrolysed to
silanol groups and followed by the nucleation and polymerization to silica
nanoparticles covalently bonded to FITC molecules. The reverse microemulsion is a
robust and efficient method that affords the synthesis of monodispersed
FITC@SiO2NPs [39]. Furthermore, surface functionalization of the fluorescent
FITC@SiO2NPs was modified by covalent binding triethoxysilanepropyl-3-amido
phenylboronic acid (TES-prAmPBA) conjugate onto the silica surface, forming
phenylboronic acid-functionalized FITC-doped silica nanoparticles, FITC@SiO2-
prAmPBANPs. The TES-prAmPBA allowed for an oriented conjugation of the
polyclonal anti-PSA antibody. Through the boronate formation, the carbohydrates
moiety within Fc domain of the antibody can specifically and covalently link to the
boronic acid of the functionalized FITC@SiO2-prAmPBANPs without hindering the
antigen binding domain [51]. Therefore, the FITC@SiO2-prAmPBANPs were
bioconjugated with anti-PSA-pAbs and non-specific binding sites blocked with D-
glucose to yield FITC@SiO2-prAmPBA-anti-PSA-pAb/glucose nanobioconjugates.
The bioconjugation of polyclonal anti-PSA antibodies onto FITC@SiO2-prAmPBANPs
was achieved through the affinity boronate ester reaction. The reaction targets the
carbohydrate moiety of (N-glycan) on the Fc region of the anti-PSA polyclonal antibody
and the glycosylation found in the Fc region of the antibody is used to react with the
boronic acid functionalized FITC-doped silica nanoparticles to form cyclic ester bonds
[51]. The effects of dye-loading into silica nanoparticles play a crucial role in the high
sensitivity of fluorescent nanobioconjugates, and their effects on the ultra-low
detection of biomarkers [46,52,53]. A step-by-step preparation, and characterization

of 3.0% and 6.0% FITC@SiO2NPs and photophysical properties were investigated.
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The chapter also looked at the intact and dissolution FITC@SiO2NPs studies towards

the detection for PSA.

3.3.2 Characterization of FITC@SiO2-prAmPBA-anti-PSA-pAb/glucose

3.3.2.1 Fourier transform infrared (FT-IR) characterization

Figure 3.1(a) shows the FT-IR spectra of (i) Fluorescein-5-isothiocyanate (FITC), (ii)
(3-aminopropyl)triethoxysilane (APTES), and (iii) fluorescein-isothiocyanito-3-
propyltriethoxysilane (FITC-APTES). From Fig. 3.1(a)(i) the FITC shows the
characteristics of isothiocyanate (N=C=S) stretching peaks at 2017 cm-" In addition,
the aromatic CH (®-CH) stretching peaks are exhibited at 2971 cm! and the vibrations

due to the xanthene ring (C=C) stretch at 1545 cm', 1536 cm-!, and 1458 cm-'.

Lastly, the carbonyl group of lactone (®-O-C=0) vibration peak is exhibited at 1619
cm', a (C-O-C) group at 1052 cm™" and (O-H) peaks at 3677 cm-'. Figure 3.1(a)(ii),
APTES shows the characteristics of siloxane (O-Si-C) stretching vibrational bands at
1019 cm-', (O-Si-0O) stretching vibrations at 1103 cm', and (Si-O) stretching vibration
at 949 cm-'. Additionally, the N-H asymmetric and symmetric stretching vibrations
characteristics peaks of the propylamine group of APTES are found at 3289 cm-' and
3350 cm™', along with the bending vibrations at 1603 cm-'. Aliphatic (CH) peaks are
found at 2926 cm' and 2928 cm™'. The formation of FITC-APTES conjugate was
monitored by the disappearance of the isothiocyanate (N=C=S) stretching vibrations
of FITC. Figure 3.1(a)(iii), the FITC-APTES shows the characteristic peaks

corresponding to both the FITC and APTES. The disappearance of the isothiocyanate
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(N=C=8) at 2027 cm™' is observed and the formation of the thiourea bond (-N-CS-N)
at 1309 cm™' [54]. Further, the band at 1570 cm™' is the thioamide (N-C=S) stretch
vibrations [55]. The bands at 3359 cm~' were due to N-H stretching vibrations of the
thiourea group. Lastly, the (O-Si-O) stretching at 1103 cm-!, and (Si-C) bending
vibrations at 949 cm'. The aliphatic (CH) peaks are observed at 2869 cm-' and 2930
cm' from APTES. Therefore, the observed spectra changes confirmed the successful

synthesis of FITC-APTES conjugate.
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Figure 3.1: (a) FT-IR spectra of (i) FITC, (ii)) APTES, and (iii)) FITC-APTES. (b) FT-IR
of (i) 4-CPBA, (ii) APTES, and (c) TES-prAmPBA. (c) The FT-IR of (i) FITC@SiO2NPs,

(i) FITC@SiO2-prAmPBANPs, and (i) FITC@SiO2-prAmPBA-anti-PSA-pAb.

85



Figure 3.1(b) shows the FT-IR spectra of (i) 4-carboxyphenylboronic acid (4-CPBA),
(i) APTES, and (iii) triethoxysilanepropyl-3-amido phenylboronic acid (TES-
prAmPBA). Figure 3.1(b)(i) the FT-IR spectrum of 4-CPBA shows the (O-H) stretch of
the boronic acid at 3342 cm', aromatic C-H (®-CH) stretching peak at 3124 cm-*, and
an intense (C=0) from the carboxylic acid (COOH) peak at 1680 cm-'. The B-O
vibrational stretches were observed at 1321 cm™ and 849 cm-'. Figure 3.1(b)(iii),
shows the spectrum of the TES-prAmPBA. TES-prAmPBA was obtained by reacting
APTES to 4-CPBA via an amide bond formation. From the spectrum, the
disappearance of the primary amine (NHz) from APTES at 1575 cm™' as shown in Fig.
3.1(a)(ii) and (b)(ii), and the appearance of the carbonyl (C=0) stretch for an amide
bond (N-C=0) at 1639 cm™'. Also, the (O-H) stretch of the boronic acid remained at
3526 cm™' and shifted from 3342 cm' from 4-CPBA. The secondary amide stretch (N-
H) at 3316 cm™! is observed. This indicated the presence of the amide bond formation
between APTES and 4-CPBA. The C-H stretches due to aromatic (®-CH) and aliphatic
(al-CH) were observed at 3226 cm-! and 2955 cm™', respectively. The B-O stretch was
also retained and observed at 1317 cm™', and this slightly shifted in TES-prAmPBA
when compared to 4-CPBA. The presence of the characteristic peak at 1060 cm™' was
attributed to the O-Si-O from the APTES moiety. The observed changes confirm the
successful synthesis of triethoxysilanepropyl-3-amido phenylboronic acid (TES-

prAmPBA).

Figure 3.1(c) shows the FT-IR spectra of (i) FITC@SiOz2NPs, (ii) FITC@SiO2-
prAmPBANPs, and (iii) FITC@SiO2-prAmPBA-anti-PSA-pAb. The FT-IR spectra in
Figure 3.1(c)(i), show the vibrational bands at 1036 cm-!, 948 cm™', and 786 cm'. The

bands indicate the absorption asymmetric stretching of siloxane (Si-O-Si), (Si-O)

86



groups, and the presence of silanol (Si-OH) groups, respectively. The presence of
broad (O-H) peaks at 3287 cm™' and small peaks exhibited at 1323 cm™', 1462 cm™",
1502 cm™', and 1642 cm™" are assigned to the aromatic and aliphatic functional groups
of the FITC-APTES. Therefore, confirming the successful encapsulation of FITC-
APTES and the preparations of fluorescent silica nanoparticles. After surface
modification with TES-prAmPBA to form FITC@SiO2-prAmPBNPs. Figure 3.1(c)(ii)
the FT-IR spectrum showed the presence of characteristic peaks at 3303 cm-!
corresponding to the O-H stretching of the phenylboronic acid, and the N-H bending
from the APTES to the carbonyl oxygen of the phenylboronic acid, respectively. This
was accompanied by the presence of a C=0 stretch at 1647 cm ' and the emergence
of the B-O vibrational stretch at 1395 cm™' from the phenylboronic acid. Then, the
bioconjugation of FITC@SiO2-prAmPBANPs to anti-PSA-pAbs was achieved via
boronate ester bonds. The boronate ester bonds were formed between the cis-diol of
the N-glycan moieties on the Fc region of the antibody covalently linked to the boron-
bound hydroxyl (O-H) groups on the phenylboronic acid. The boronic acid
bioconjugation route helps maintain the orientation of the antibody for enhanced
antigen binding. Figure 3.1(c)(iii) shows the FT-IR spectrum of the FITC@SiO2-
prAmPBA-anti-PSA-pAb/glucose. The FT-IR spectrum shows the appearance of an
intense stretching vibration at 1639 cm™' and 1580 cm', assigned to the amide | and
amide Il from the boronate ester bonds of the anti-PSA-pAb antibody. The broad
absorption peak at 3328 cm', was assigned to the presence of the NH2 from the
antibody. The peak shifts of B-O at 1322 cm™! confirm the successful bioconjugation

of the antibody to the phenylboronic acid.
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3.3.2.2 Zeta potential analysis

The modification steps of the FITC@SiO2NPs with TES-prAmPBA and anti-PSA-pAb
were further confirmed by zeta potential. The changes in the zeta potential at different
pH values confirmed the surface modification and surface charges of the fluorescent
silica nanobioconjugates. Figures 3.2 show the zeta potential measurements (surface
charges) of the fluorescent silica nanoparticles as a function of pH. Figure 3.2(a)
shows the zeta potential (mV) plot at different pH values (1-10) and Figure 3.2(b) the
bar graph of zeta potential at pH (7.0) of 6.0% w/w (i) FITC@SiO2NPs, (ii) FITC@SiO2-
prAmPBANPs, and (iii) FITC@SiO2-prAmPBA-anti-PSA-pAb. The FITC-doped silica
nanoparticles exhibited pH-dependent zeta potential values. The zeta potential of (i)
FITC@SiO2NPs shows that the nanoparticles have a negative charge at higher pH
values. The isoelectric point (IEP) of FITC@SiO2NPs was at pH 4.8. A zeta potential
value at pH 7.0 was -25.9 mV due to the deprotonated hydroxyl (-OH) groups from the
silica and FITC. After surface functionalization of FITC@SiO2NPs with TES-prAmPBA
to form (ii) FITC@SiO2-prAmPBANPSs, the isoelectric point is shifted to pH 5.3 and at
pH 7.0 the zeta potential was -19.1 mV. This decrease in the zeta potential was from
-25.9 mV for FITC@SiO2NPs to -19.1 mV for FITC@SiO2-prAmPBANPs confirmed
the successful functionalization with TES-prAmPBA. After bioconjugation with anti-
PSA-pAb, the isoelectric point was observed at pH 6.8. The zeta potential of
FITC@SiO2-prAmPBANPs decreased to -3.6 mV. The decrease in zeta potential was
attributed to the binding of the anti-PSA-pAb to phenylboronic acid via boronate ester
to form FITC@SiO2-prAmPBA-anti-PSA-pAb. Bioconjugation of anti-PSA-pAb did not
occur in the absence of TES-prAmPBA as the zeta potential remained the -19.1 mV

and similar to FITC@SiO2-prAmMPBANPs. The change in zeta potential at different pH
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solutions confirmed the preparations of the fluorescent FITC@SiO2-prAmPBA-anti-

PSA-pAb nanobioconjugates.

Figure 3.2: (a) Zeta potential (mV) vs pH, and (b) bar graph of zeta-potential at pH
(7.0) of (i) FITC@SiO2NPs, (ii) FITC@SiO2-prAmPBANPs, and (iii) FITC@SiO2-

prAmPBA-anti-PSA-pAb. The data were measured in triplicates (n = 3).
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3.3.2.3 Microscopic characterization

The synthesis of FITC@SiO2NPs with different (w/w) of FITC-APTES loading was
prepared following the in-house modified water-in-oil (W/O) microemulsion method
[49]. To confirm the successful synthesis of FITC@SiO2NPs at different (%, w/w) of
FITC-APTES loading and the effects of surface modification with TES-prAmPBA, TEM

and EDS analysis were performed.

3.3.2.4 Transmission electronic microscopy (TEM) micrographs

TEM micrographs confirm the morphology and size distribution of the fluorescent silica
nanoparticles. Figure 3.3 shows the TEM images and size distribution histograms of
3.0% and 6.0% FITC@SiO2NPs before and after surface functionalization with
phenylboronic acid. From Fig. 3.3, the TEM images, the nanoparticles were spherical
and exhibited good monodispersity. For 3.0% loading, the average size distributions
were 30 + 3 nm for FITC@SiO2NPs shown in Fig. 3.3(a) and 32 + 4 nm for
FITC@SiO2-prAmPBANPs shown in Fig. 3.3(b). For 6.0% loading, the average sizes
were 46 + 2 nm for FITC@SiO2NPs shown in Fig. 3.3(c) and 48 £ 10 nm FITC@SiO2-
prAmPBANPs shown in Fig. 3.3(d). A 16 nm increase in the average size from 3.0%
to 6.0%, w/w loading confirmed higher loading due to increased concentration of FITC-
APTES. In addition, the high concentration of FITC-APTES will result in high
fluorescence. A 2 nm average size increase was observed for the different (%, w/w)
loadings after functionalization with TES-prAmPBA to form FITC@SiO2-

prAMmPBANPSs. The size distribution of FITC@SiO2-prAmPBA-anti-PSA-pAb shown in
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Fig. $3.3, showed no size variation compared to the FITC@SiO2-prAmPBANPSs. This
was due to the antibody being a protein molecule and under TEM measurement does

not show the increase in diameter.
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Figure 3.3: TEM micrographs of fluorescent silica nanoparticles of (a) 3.0% FITC@SiO2NPs

and (b) 3% FITC@SiO2-prAmPBANPs. (c) 6.0% FITC@SiO2NPs and (d) 6% FITC@SiO--

prAmPBANPs and their corresponding size distribution histograms.
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3.3.2.5 Energy dispersive X-ray spectroscopy (EDS analysis)

Moreover, the encapsulation of FITC-APTES and modification of FITC@SiO2NPs with
TES-prAmPBA and anti-PSA-pAb were confirmed by EDS. In Fig. 3.4, shows the EDS
spectra of (a) FITC-APTES, (b) FITC@SiOz2NPs, (c) FITC@SiO2-prAmPBANPs, and
(d) FITC@SiO2-prAmPBA-anti-PSA-pAb nanobioconjugates. From Fig. 3.4(a), the
silica peak (Si K) is from FITC-APTES was observed. The sulfur (S K), oxygen (O K),
nitrogen (N K), and carbon (C K) are from the FITC (thiourea group) after the
successful synthesis of conjugate FITC-APTES. The elemental composition confirmed
the successful synthesis of the FITC-APTES conjugate, especially the sulfur peak (S
K, 1.6%) and nitrogen peak (N K, 3.7%) ration of 1:2 as per the chemical structure.
Figure 3.4(b) shows an increase in the silica (Si K) and oxygen peaks (O K) peaks
after the encapsulation of FITC-APTES, which resulted from the treatment of FITC-
APTES with tetraethyl orthosilicate (TEOS) to form FITC@SiO2NPs. The hydrolysis of
TEOS introduces the presence of the silica (Si K) and oxygen (O K) during the
formation of the FITC@SiO2NPs. In addition, the increase in the silica (Si K) and
oxygen peak (O K) are due to the -OH from TEOS and FITC-APTES in the silica
nanoparticles. The results also show an intense decrease in nitrogen (N K) and carbon
peaks (C K) attributed to the encapsulation of FITC-APTES into the silica
nanoparticles. The increase in the elemental composition for silica (Si K) from 11.9%
to 39,1% and for oxygen (O K) from 30.6% to 50.0% was attributed to the formation of
the silica shell and confirming the successful synthesis of FITC@SiO2NPs. Figure
3.4(c) shows the presence of the boron peak (B K, 15.7%) attributed to the
phenylboronic acid, which reveals the successful synthesis of FITC@SiO2-
prAmPBANPSs. An increase in the carbon peak (C K) elemental composition from 7.8%
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to 15.5% confirmed the surface functionalization of FITC@SiO2NPs with TES-
prAmPBA to form FITC@SiO2-prAmPBANPs. Similarly, Fig. 3.4(d) shows the EDS
spectrum of FITC@SiO2-prAmPBA-anti-PSA-pAb after the bioconjugation of
FITC@SiO2-prAmPBANPs with anti-PSA-pAb. After the bioconjugation, the oxygen
(O K) and nitrogen peaks (N K) elemental position increased confirming the antibody
attachment. The oxygen (O K) elemental composition increased 45.7% to 47.3% and
the nitrogen (N K) from 0% to 4.3% due to the protein (anti-PSA-pAb). Moreover, the
presence of the silica peak in all materials was an indication that the silica
nanomaterial coating was not affected by subsequent functionalization with TES-

prAmPBA, anti-PSA-pAb, and that FITC-APTES remains encapsulated
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Elemental Composition (wt%)
CK NK OK SiK SK BK FK Tofal

FITC-APTES 5224 370 3055 1187 164 - - 100
FITC@SIO;NPs 781 302 5004 3913 - - - 100
FITC@SiOprAmPBANPS 4550 . 4570 2313 - 1565 - 100
FITC@SiOprAmPBA- 4587 432 4725 2166 - 912 183 100

anti-PSA-pAb/glucose
Figure 3.4: The EDS images of (a) FITC-APTES, (b) FITC@SIiO2NPs, (c)

FITC@SiO2-prAmPBANPs, and (d) FITC@SiO2-prAmPBA-anti-PSA-pAb. The Table

shows the elemental composition.
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3.3.3 Bradford assay anti-PSA-pAb onto FITC@SiO2-prAmPBANPs

The Bradford assay was used to determine the protein quantification of anti-PSA
polyclonal antibodies (anti-PSA-pAbs) onto FITC@SiO2-prAmPBANPs. UV-Vis
measurements were obtained at 595 nm which corresponded to the BSA standard
solutions and protein (anti-PSA-pAb) in solution. The calibration curve of known BSA
concentrations as shown in Fig. 3.5(b) was used to extrapolate and determine the
concentrations of the anti-PSA-pAb in the supernatant solution. The absorbance of the
used volumes of the BSA standard solutions and protein suspension were recorded in
triplicates. Mean values were determined and found to range from 0.25 + 0.09 to 0.34
+ 0.09 a.u with very low standard deviations. The mean value of the unknown
concentration of the anti-PSA-pAbs suspension was 0.27 + 0.02 a.u and recorded as
a representative value of the absorbance of anti-PSA-pAbs. Then, this value was fitted
into the calibration curve, along with the BSA standard solutions mean values, and
used to calculate the concentration of the unknown protein x (anti-PSA-pAbs) after
bioconjugation with FITC@SiO2-prAmPBANPs. The linear equation used was AAbs =
0.003 [anti-PSA-pAb] + 0.256 with R?= 0.971 was used to determine the concentration

of the unknown protein x (anti-PSA-pAbs) and which was found to be 8.70 pg.mL-".
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Figure 3.5: (a) UV-Vis spectra of different BSA standards and anti-PSA-pAbs

concentrations, and (b) the corresponding calibration curve (n = 3).

Further, UV-Vis spectra and the Bradford assay were used to confirm the
immobilization of anti-PSA-pAb. The Bradford assay was used to monitor and quantify
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anti-PSA-pAb  bioconjugated onto FITC@SiO2-prAmPBANPs. The UV-Vis
absorbance measurements were obtained at 595 nm and corresponded to the BSA
standard solutions and a solution of the protein (anti-PSA-pAb). The concentration of
anti-PSA-pAb was measured before and after bioconjugation. The difference gave the
amount of anti-PSA-pAb conjugated. The percentage of the conjugation efficiency

(%CE) was calculated using Equation (3.2):

[anti—PSA—-pAb]y—[anti—PSA—-pAb]¢
[anti—PSA—-pAb],

%CE = x 100 (3.2)

where the [anti — PSA — pAb], and [anti — PSA — pAb]; shows the initial and final
concentrations of the anti-PSA-pAb before and after bioconjugation. The %CE was
found to be 79.3% corresponding to the amount of protein conjugated to form
FITC@SiO2-prAmPBA-anti-PSA-pAb nanobioconjugates. The Bradford assay as
shown in Fig. 3.5 confirmed the successful preparations of FITC@SiO2-prAmPBA-
anti-PSA-pAb nanobioconjugates. Then, the non-specific boronic acid sites were
blocked with D-glucose solution to yield FITC@SiO2-prAmPBA-anti-PSA-pAb/glucose
nanobioconjugates and used for intact and dissolution FITC@SiO2-prAmPBA-anti-

PSA-pAb/glucose for the detection (signal generation) of PSA.

3.3.4 Photophysical properties of the fluorescent silica nanobioconjugates

To analyse the enhanced fluorescence properties of the FITC@SiIO2NPs, the
excitation and fluorescence emissions properties of the fluorescent silica

nanobioconjugates were compared to FITC and FITC-APTES. Figure 3.6 shows the
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UV-Vis and fluorescence measurements observed for the ground-state absorption and
fluorescence emission of (a) FITC, (b) FITC-APTES, (c) FITC@SiO2NPs, (d)
FITC@SiO2-prAmPBANPs, and (e) FITC@SiO2-prAmPBA-anti-PSA-pAb/glucose.
The UV-Vis spectra were used to confirm the encapsulation of FITC-APTES, the
effects of coupling to TES-prAmPBA, and the attachment of anti-PSA-pAb onto
FITC@SiO2NPs. Figure 3.6, shows that all the fluorescent dyes and silica
nanoparticles exhibited strong ground-state absorptions. In Fig. 3.6(a) and (b), the
UV-Vis spectra exhibited a single absorption peak at 493 nm. The nanoparticles,
FITC@SiO2NPs in Fig. 3.6(c), (d), and (e) exhibited a 2 nm shift. The Stokes shift (red
shift) was due to the interactions between FITC-APTES in the silica nanoparticles
matrix with absorption peaks observed at 495 nm. From the fluorescence spectra, the
maximum fluorescence emission wavelength for FITC was observed at 520 nm. The
maximum emission intensities at 518 nm were recorded for both the FITC-APTES and
the functionalized FITC@SiO2NPs as shown in Fig. 3.6(b) - (e), respectively. After the
immobilization of anti-PSA-pAb, the same emission wavelength of 518 nm was
observed. Therefore, confirming FITC-APTES was successfully conjugated with
APTES and encapsulated into the silica nanoparticles. The dye did not leak from the
silica nanoparticles, and surface modification had no effects on the absorptivity and

emission of FITC-APTES.
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Figure 3.6: Ground state absorption and fluorescence emission spectra of (a) FITC,

(b) FITC-APTES, (d)

FITC@SiO2-prAmPBA-anti-PSA-pAb/glucose.

(c) FITC@SIO2NPs,

FITC2SiO2-prAmPBANPs,

3.3.5 Optimization of the fluorescent sensing nanobioconjugates

3.3.5.1 Dye-leakage study

and (e)

Figure 3.7 shows the normalized fluorescence intensity over time of dye-leaking

studies of FITC@SiO2NPs in PBS buffer (pH 7.4, 10 mM). The nanoparticles were

subjected to sonication to assess for mechanical dye leakage and the supernatant
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was measured. The study was conducted to compare the effects of binding and
encapsulation of the FITC-APTES into FITC@SiO2NPs. The degree of dye leakage
from the silica matrix was investigated by measuring the fluorescence emission of the
supernatant of FITC@SiO2NPs after sonication. From Fig. 3.7, about 65 % of the dye
was retained in the silica nanoparticles after sonication over a period of 50 min. In
correlation with the literature [44,45], the study showed that coupling FITC-APTES into
the silica nanoparticles to form FITC@SiO2NPs. There was no encapsulation or
doping of FITC dyes without using FITC-APTES. The synthesized FITC@SiO2NPs

were suitable to be used in further studies.
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Figure 3.7: Fluorescence intensity over time for a dye-leaking study of

FITC@SiO2NPs in 10 mM PBS.

3.3.5.2 Photostability Study
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The photostability of the encapsulated fluorescent dye was investigated. Figure 3.8
shows the normalized fluorescence intensity over time of photostability studies of (a)
FITC, (b) FITC-APTES, and (c) FITC@SiO2NPs in PBS buffer (pH 7.4, 10 mM). Figure
3.8 shows the normalized fluorescence intensity as a function of time. Figure 3.8(a)
exhibited a sharp decrease in intensity due to photobleaching, and after 40 min there
was very low (<10%) fluorescence intensity left. The same was observed for FITC-
APTES in Fig. 3.8(b). Figure 3.8(c) exhibited excellent stability with 70% of FITC
fluorescence intensity still intact. The FITC fluorophores within the silica nanoparticles
retained their excellent fluorescence intensity. These results indicated that the
incorporation of FITC-APTES into silica nanoparticles improved the photostability of

the FITC dye molecules.

Norm. Fluo. Intensity

0 5 10 15 20 25 30 35 40 45 50
Time (min)
Figure 3.8: Fluorescence intensity over time for photostability study of (a) FITC, (b)

FITC-APTES, and (c) FITC@SiO2NPs in 10 mM PBS.
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3.3.5.3 Effects of pH conditions

Figure 3.9 shows (a) fluorescence spectra, and (b) the corresponding pH response
curve of FITC@SiO2NPs in varied PBS buffer (pH 2.0 - 11.0, 10 mM). Figures 3.9(a)
and (b) evaluated the effects of pH on the photostability of the FITC@SiO2NPs and
the optimum buffer pH for the dissolution of the sensing nanobioconjugates. This is to
find the optimum pH that will not affect the integrity of the fluorescence properties of
the FITC@SiO2NPs leading to false positive readings for the proposed fluorescent
immunosensor. From Fig. 3.9(a) and (b), the fluorescence intensity increased with
increasing pH values of 10 mM PBS buffer pH 6.0 to 11.0. The results indicated that
at higher pH values above pH 7.0, the fluorescent silica nanoparticle shell becomes
unstable and releases FITC as has been reported [56]. The dissociation and complete
hydrolysis of the FITC@SiO2NPs is observed at pH 11.0. Therefore, considering the
results, the FITC dye is released into the solution at higher (alkaline) pH conditions.
NaOH (10 mM, pH 12) was adopted as the dissolution solution for the release of FITC-
APTES for enhanced fluorescence measurements. The choice of NaOH is due to
dissolution of the silica matrix being accelerated at higher pH and enhanced in the
presence of cations (that easily ionises) such as sodium (Na*) and potassium (K*) ions

[56].
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Figure 3.9: (a) Fluorescence spectra, and (b) corresponding fluorescence intensity of

FITC@SiO2NPs in varied pH (2.0 - 11.0) in 10 mM PBS.

104



3.3.5.4 Dye-loading study

The dye-loading experiment was carried out to determine the possible occurrence of
the Highest Occupied Molecular Orbital-Fluorescence Resonance Energy Transfer
(HOMO-FRET) upon loading of FITC-APTES into the silica nanoparticles. The
optimization of the altered dye-loaded fluorescent silica nanoparticles for high
sensitivity and signal amplification studies was observed. Figure 3.10 shows the
ground-state absorption and fluorescence emission spectra of the 3.0% and 6.0%,
w/w dye-loaded FITC@SiO2NPs, respectively. The absorption intensity increases with
an increase in the %, w/w of FITC-APTES loaded. The increase in the intensity is
related to the number of FITC-APTES molecules incorporated within the
FITC@SiO2NPs. An increase in %, w/w indicated that more FITC-APTES molecules
were loaded into the 6.0% fluorescent silica nanoparticles. Furthermore, the number
of FITC-APTES molecules per FITC@SiO2NPs was estimated to be 6.02 x 102%° for
3.0% and 3.23 x 10?7 for 6.0% w/w loadings, respectively, as shown in Table 3.1. The
fluorescence emission intensity also increased with increasing %, w/w FITC-APTES
loading in nanoparticles from 3.0% to 6.0%. The 6 (%, w/w) exhibited a higher
fluorescence intensity as compared with the 3 (%, w/w) FITC@SiO2NPs. Both silica
nanoparticles exhibited negligible quenching, indicating a reduced dye-dye
intermolecular interaction. Therefore, the FITC-APTES was substantially loaded into
the both the 3.0% and 6.0% FITC@SiO2NPs and no fluorescence quenching (HOMO-
FRET) was observed. The fluorescence quantum efficiency for both the 3.0% and
6.0% (w/w) FITC@SiO2NPs was measured to determine the fluorescence efficiency

of the FITC-APTES before and after dissolution.
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Figure 3.10: Ground-state absorption and fluorescence emission spectra of
FITC@SiO2NPs before and after the addition of NaOH (10 mM). All samples were

diluted in 10 mM PBS buffer pH (7.4) (n =3).

3.3.5.5 FITC-APTES loading ratio

The number of FITC-APTES molecules encapsulated per FITC@SiO2NPs was
estimated from absorption readings. The estimations were investigated by dissolving
an equal amount of the FITC@SiO2NPs of (3.0% and 6.0%, w/w) dye loadings with
NaOH (10 mM). The absorption intensity reading of the dissolved FITC@SiO2NPs was
recorded. The adsorption intensity was used to calculate the number of FITC-APTES

molecules per silica nanoparticles using a molar extinction coefficient (3 ) of FITC and
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the TEM size. From the TEM size (diameter, d), the average volume of a single

FITC@SiO2NP was obtained using Equation (3.3):

4 d
Vrircesiozne = 3 T (35) 3 (3.3)

The total number of FITC@SiO2NP in the suspension was calculated based on the
dry weight and the density of the amorphous silica matrix (2.22 g.cm) [42]. The total
number of FITC-APTES, FITC-APTESw%t from the dissolved nanoparticles was

determined from the absorption intensity after the dissolution using Equation (3.4):

23
FITC — APTES,,, = &022*x10)@&) (3.4)

el

where [ is the path length (1 cm), A is the absorption intensity, and ¢ is the molar
absorptivity of FITC (73,000 cm'M-"). The number of FITC-APTES molecules per
FITC@SiO2NP is equal to FITC-APTES per unit volume divided by the number of

FITC@SiO2NP per unit volume as expressed in Equation (3.5):

FITC—APTES ¢

NEITC-APTES — (3.5)
NEITC@Si02NP

where nritc-aptes is the number of FITC-APTES molecules per FITC@SiO2NP, FITC-
APTEStt is the total number of FITC-APTES molecules and nritc@siozanes is the
number of FITC@SiO2NP in suspension. The total number of FITC@SiO2NP in
suspension, the average volume of the as-synthesized FITC@SiO2NP, and the
number of FITC-APTES per FITC@SiO2NP at 3.0% and 6.0% FITC-APTES loading
are summarised in Table 3.1. The average volume of the FITC@SiO2NP increased
with an increase in TEM size. The number of FITC molecules per FITC@SiO2NP also
increased from 3.0% to 6.0% loading, confirming that with an increase in FITC

molecules doped into the silica nanoparticles, more fluorophores are encapsulated.
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Table 3.1: Determination of the number of FITC-APTES molecules loaded per

fluorescent silica nanoparticle using TEM and UV-absorption values.

% TEM Average Nanoparticles FITC-APTES FITC-APTES
wl/w Size Volume in molecules in per
(nm) (cm?3) suspension suspension nanoparticle
(particles) (moles) (moles)
3.0 30 1.56x10-"7 7.05x10"° 7.15x10'8 6.07x10%
6.0 46 5.79x10°1° 1.89x10"° 1.02x10"° 3.23x10%

3.3.6 Fluorescence quantum efficiency study

Figure 3.11 shows the fluorescence quantum efficiency of FITC@SiO2NPs (before
and after dissolution) against FITC. From Fig. 3.11, the fluorescence quantum
efficiency of FITC@SiO2NPs increased with increasing %, w/w FITC-APTES loading.
The standard FITC was used as a 100% quantum efficiency. The fluorescence
efficiency of 3.0% w/w FITC@SiO2NPs was 57% and 77% for the 6.0% w/w. The
fluorescence efficiency of both silica nanoparticles was lower than that of FITC before
the addition of NaOH solution (10 mM). The results showed that at a higher % w/w,
loading, a higher fluorescent emission is expected due to increased FITC-APTES
molecules in the silica nanoparticles. The quantum efficiency results corresponded to
the trend observed for fluorescence emission intensity in Fig. 3.10. The quantum
efficiency of the FITC@SiO2NPs with different FITC-APTES loading after dissolution
with NaOH increased. The NaOH leads to the breaking up of the silica nanoparticles
and dissolution of the silica shell for FITC@SiO2NPs releasing the FITC-APTES
molecules into solution. The FITC-APTES molecules in solution fluorescence without

interference. The result as shown in Fig. 3.11, the 6.0% FITC@SiO2NPs exhibited an

108



increase in its fluorescence quantum efficiency from 77% to 96.0% as compared to
the 3.0% FITC@SiO2NPs loading. The quantum efficiency of the 6.0%
FITC@SiO2NPs was close to 100% as compared to the efficient quantum efficiency
of FITC. Therefore, the 6.0% FITC@SiO2NPs with a uniform monodispersed
morphology shown in the TEM images in Fig. 3.3, and an efficient fluorescence
quantum efficiency (96.0%) after dissolution with NaOH solution, the 6.0%
FITC@SiO2-prAmPBA-anti-PSA-pAb/glucose  was favourable as  sensing

nanobioconjugates for PSA detection.
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Figure 3.11: The fluorescence quantum efficiency of FITC@SiO2NPs before and after

FITC@SiO,NPs

the addition of NaOH (10 mM). All samples were diluted in 10 mM PBS buffer pH (7.4)

(n =3).
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3.3.7 Detection of prostate-specific antigen (PSA) in buffer

The quantitative analysis of the fluorescence immunobiosensor was conducted under
optimum conditions. The fluorescence-linked immunosorbent assay (FLISA) used
modified black Nuc 96 microwell plates (MTP) functionalized with monoclonal anti-
PSA-mADb as capture. The microwells were blocked for non-specific binding using 2%
BSA. The sensing microwells were represented as well/anti-PSA-mAb/BSA. Different
concentrations of the PSA were prepared and added to the modified wells to form a
well/anti-PSA-mAb/BSA>PSA immunocomplex. Then, 6.0% FITC@SiO2-prAmPBA-
anti-PSA-pAb/glucose nanobioconjugates were added. The anti-PSA-pAb on the
6.0% FITC@SiO2-prAmPBA-anti-PSA-pAb/glucose recognizes the PSA antigen
leading to the formation of well/anti-PSA-mAb/BSA<PSA>pAb-PSA-anti-prAmPBA-
SiO2@FITC sandwich immunocomplex. Scheme 3.2 shows the schematic
representation of the modification of the black microwell plates with monoclonal anti-
PSA capture antibodies and detection of PSA. The immunocomplex was washed three

times to remove unbound and excess FITC@SiO2-prAmPBA-anti-PSA-pAb/glucose.
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Scheme 3.2: Schematic representation of fluorescent immunobiosensor illustrating
sandwich immunocomplex system. The immobilization of monoclonal antibody (anti-
PSA-mAb), and non-specific binding sites blocked with BSA, followed by capture of
PSA and sensing nanobioconjugates for PSA detection and fluorescence signal

detection.

First, the fluorescence of a nanoparticle (FITC@SiO2-prAmPBA-anti-PSA-
pAb/glucose) was measured as intact. Then, NaOH (10 mM) was added and
incubated for 30 min to dissolve the silica matrix for enhanced fluorescence signals.
The fluorescence signals were directly related to PSA concentration and used to
quantify PSA. For the negative control, no immunocomplex formation is expected, no

FITC@SiO2-prAmPBA-anti-PSA-pAb/glucose is captured, and no fluorescent signals
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are detected. Figure 3.12 shows the fluorescence emission spectra of the fluorescent
silica nanobioconjugates detection at varied concentrations of PSA (a) before, and (b)
after the addition of NaOH (10 mM), and (c) the dose-response curves of the change
in fluorescence intensity (AFImax) against PSA for the varied concentrations of PSA (i)
before and (ii) after the addition of NaOH (10 mM) from 2.0 pg.mL"" to 50 ng.mL-". (d)
The calibration curve of AFlmax against PSA concentrations. Figure 3.12(a) and (b)
shows an increase in fluorescence intensity with an increase in PSA concentration

from 2.0 pg.mL"" to 50 ng.mL"".

Similarly, in Fig. 3.12(c), the results showed a gradual increase in the fluorescence
emission intensity with an increase in the PSA concentration from 2.0 pg.mL™" to 50
ng.mL-'. A 26-fold increase in fluorescence emission signal was observed after the
addition of NaOH (10 mM). The exponential increase in signal after dissolution is as a
result of the release of the encapsulated FITC-APTES fluorophores into solution. The
FITC@SiO2-prAmPBA-anti-PSA-pAb/glucose nanobioconjugates dissolution-based
detection yielded a fluorescent intensity enhancement factor higher than the intact.
Figure 3.12(d) shows a calibration curve obtained in the linear relationship between
the relative fluorescence intensity (AFImax = Fli — Flo) and PSA concentrations in the
range of 2.0 pg.mL"" to 50 pg.mL"". The linear regression equations of both the intact
and dissolution studies are expressed by Equation (3.6) before and Equation (3.7)

after the dissolution.

AFlmax = 48.79 log [PSA] + 72.02, R2 = 0.92 (3.6)

AFlmax = 1290 log [PSA] + 937.1, R2 = 0.99 (3.7)
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Figure 3.12: Bar graph for fluorescence emission signals for different concentrations
of PSA ranging from 2.0 pg.mL"" to 50 ng.mL"" (a) before and (b) after dissolution with
NaOH (10 mM). (c) dose-response curve of relative fluorescence intensity (AFlImax) (i)
before (ii) after dissolution with NaOH (10 mM) and (d) calibration curve of relative

fluorescence intensity (AFImax) against the PSA concentrations (n = 3).
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The sensitivity detection for both systems was 48.79 (a.u) pg.mL"" before (intact) and
1290 (a.u) pg.mL-" after adding NaOH (dissolution). This indicated that the sensitivity
of the fluorescence immunobiosensor was 26-fold higher after the dissolution of the
fluorescent silica nanobioconjugates. The LOD of the intact studies was calculated to
be 3.43 pg.mL" with an LOQ of 10.4 pg.mL". On the other hand, the LOD of the
dissolution studies was calculated to be 0.70 pg.mL-! with a LOQ of 2.12 pg.mL"". The
dissolution route resulted in a higher sensitivity resulting from amplified emission
fluorescence signals from released FITC molecules. The dissolution route served as

the ultrasensitive detection method for PSA sensing.

3.3.8 Detection of PSA in Newborn Calf Serum (NSC) samples

The applicability of the fluorescent immunobiosensor in spiked newborn calf serum
(NCS) samples was investigated. The dissolution fluorescence-linked immunosorbent
assay (dissolution-FLISA) method was employed for the detection of PSA. The serum
samples were diluted 10-fold with PBS buffer pH (7.4) and spiked with known
concentrations of PSA ranging from 2.0 pg.mL"' to 100 ng.mL"". Serum samples
without the addition of PSA were used as negative controls. Figure 3.13 shows (a) the
fluorescence emission of different concentrations of PSA in spiked serums, (b) the
PSA dose-response curves, and (c) the calibration curve of the detection of PSA in
diluted serum samples (2.0 pg.mL-' - 100 ng.mL™"). Figure 3.13(a), the fluorescence
emission intensity increased with an increase in the amount of PSA concentrations
spiked in the serum. The average fluorescent signal of the negative controls was 128
+ 5.3 a.u (n = 3) and the intensity with the lowest concentrations of PSA (2.0 pg.mL"")

was 1202 £ 43.4 a.u (n = 3). This indicated that the method proposed could
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discriminate between positive and negative sera samples at low concentrations of
PSA. An increase in fluorescence emission intensity relative to the increase in PSA
concentration is shown in Fig. 3.13(b). The calibration curve of the change in
fluorescent intensity (AFImax = Fli— Flo) vs. the [PSA], obtained from the PSA was linear
between 2.0 pg.mL-' to 100 ng.mL-'. A linear regression equation on the semi-log plot

and the linear regression coefficient (R?) as shown in Equation (3.8).

AFlmax = 1101.1 log [PSA] + 1199.8, R = 0.99 (3.8)

The LOD and LOQ in newborn calf serum were calculated following a similar method
as reported above. The linear concentration range of PSA detection was from 2.0
pg.mL-' to 100 ng.mL"". The fluorescence immunosensor LOD was calculated to be
1.07 pg.mL" and a LOQ of 3.23 pg.mL"" (n = 3). The linear ranges and LODs of the
proposed fluorescence-linked immunosorbent assay (FLISA) dissolution method for
detection of PSA were compared between the serum samples and PSA buffer

solutions, along with previously reported methods of detection for PSA.
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Figure 3.13: (a) Bar graph for fluorescence emission signals for different
concentrations of PSA ranging from 2.0 pg.mL"' to 100 ng.mL-', (b) dose-response
curve of relative fluorescence intensity (AFlmax), and (c) calibration curve of relative

fluorescence intensity (AFlmax) against PSA concentrations in spiked serum.

Further comparison was done with previously reported methods of detection for PSA
as summarized in Table 3.2. The LOD of the intact studies was found to be 3.43 pg.mL"

T with an LOQ of 10.4 pg.mL™", and the dissolution detection method had an LOD of
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0.70 pg.mL"" and a LOQ of 2.12 pg.mL"in buffer (pH 7.4). The dissolution method
was further employed for the detection of PSA in spiked serum samples and a LOD of
1.07 pg.mL' and a LOQ of 3.23 pg.mL"" were calculated. As compared to other
previously reported methods of PSA detection with LODs of 30 pg.mL-" [58], 10 pg.mL-
1159], and 3.0 pg.mL-" [60] which employed the use of detection probes such as Mutli-
CAT-AuNPs-Ab2, HRP-Ab2-SiO2NSs, CdTe@SiO2-Ab2, and rGO-Ca:CdSe-Abz,
respectively. In this work, the proposed FLISA biosensor gave a lower LOD of 1.07
pg.mL-'for PSA detection. However, when compared to the LOD of a study by Mwanza
et al, [61] with an LOD of 53 fg.mL"" it was higher. The study employed detection probe
of GENLs-anti-PSA-pAb. However, as compared to the other studies, the proposed
FLISAin this study offered several advantages such as (i) simple preparation of highly
fluorescent nanoparticles, (ii) photostable FITC in the silica nanoparticles, and (iii)
amplified fluorescence signals after alkaline (NaOH) dissolution. Compared to the
GENLs detection nanobioconjugates, fluorescein-doped silica nanobioconjugates

followed a simple preparation route.
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Table 3.2: A comparison of different analytical biosensors’ performance for the detection of PSA.

Detection Probe Capture substrate  Signal Monitored Linear concentration LOD Ref.
range (LCR)
FITC@SiO2- .
. well/anti-PSA- Fluorescence _1 y y
prAmPBA-anti-PSA MAb/BSA (buffer) 2.0 pg.mL"'-50 ng. mL 0.70 pg.mL [TW]
pAb\glucose
FITC@SIO2- .
. well/anti-PSA- Fluorescence y y y
prAmPBA-anti-PSA mAb/BSA (serum) 2.0 pg.mL'-100 ng.mL 1.07 pg.mL [TW]
pab/glucose
M”'t"CAAE'ZA”NPS' MB-Ab Colorimetric 50 pg.mL-" - 20 ng. mL"" 30 pg. mL-" 58]
HRP-Ab2-SiO2NSs well/Ab1/BSA Fluorescence 30 pg.mL" - 100 ng. mL"" 10 pg. mL"" [59]
CdTe@SiO2-Ab> Fes304-Ab1 Fluorescence 10 pg.mL"" — 5.0 ng.mL"" 3.0 pg.mL-" [60]
. well/anti-PSA- . . 1 A A
GENLs-anti-PSA-pAb MAb/BSA Colorimetric (HRP) 0.10 pg. mL'-0.10 g.mL 53 fg. mL [61]

TW: This work; Multi-CAT-AuNP-Ab2: Polyclonal Goat anti-Human PSA/catalase-labelled gold nanoparticles; HRP-Ab2-SiO2NSs:
Horseradish peroxidase-labelled monoclonal anti-PSA antibody/silicon dioxide nanospheres; CdTe@SiO2-Ab2: PSA-labelled
cadmium telluride@silica core-shell nanoparticles; GENLs-anti-PSA-pAb: Polyclonal sheep anti-Human PSA/Glucose encapsulated

nanoliposomes.
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3.3.9 Selectivity and specificity for PSA detection

The specificity and selectivity of the proposed FLISA was investigated by determining
the assay responses to PSA and other interfering analytes. The experimental
procedure followed is similar to that of commercial ELISA assays. The serum samples
were spiked with 50 ng.mL-' concentration of L-Cysteine, BSA, IgG, and PSA (20
ng.mL"), respectively. Un-spiked serum samples were used as blanks. Figure 3.14
shows the specificity and selectivity studies of the proposed fluorescence
immunoassay in the presence of PSA and other analytes like proteins i.e., BSA and
IgG, and other molecules like L-Cysteine. From Fig. 3.14, the study showed that only
PSA spiked serum samples gave a significant fluorescence response, as compared to
other analytes, demonstrating the excellent specificity and selectivity of the

immunosensor to PSA detection.
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Figure 3.14: The specificity studies of the fluorescent immunoassay for the detection
of PSA and other analytes (L-cysteine, BSA, IgG). (n = 3)
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3.4 Conclusions

In this chapter, the work looked at developing a simple fluorescent silica antibody
nanobioconjugates, FITC@SiO2-prAmPBA-anti-PSA-pAb/glucose for the
ultrasensitive detection of PSA. The fluorescent silica antibody nanobioconjugates
utilized the use FITC-doped silica nanoparticles as the sensing nanobioconjugates for
fluorescence measurements. The preparation, synthesis, optimization, and
characterization of the sensing nanobioconjugates was achieved using microscopic
and spectroscopic techniques. The preparation was successful as spherical and
monodispersed fluorescent FITC@SiO2-prAmPBA-anti-PSA-pAb/glucose
nanobioconjugates were obtained with 3% and 6% fluorescence dye loadings. The
fluorescent silica nanobioconjugates exhibited excellent optical stability except under
alkaline conditions used for enhanced PSA detection. FITC-APTES was successfully
incorporated into silica nanoparticles using the water-in-oil (w/0) microemulsion
method. Further, surface functionalization of the nanoparticles was achieved using
TES-prAmPBA to enable oriented bioconjugation of anti-PSA-pAb. The optimization
of the as-prepared 3.0% and 6.0% nanoparticles showed that the 6.0% FITC-doped
nanoparticles exhibited fluorescence properties with high signal amplification and
sensitivity. The anti-PSA-pAb bioconjugated promoted specificity and selectivity for
PSA antigens. The dissolution of the FITC@SiO2-prAmPBA-anti-PSA-pAb/glucose
using NaOH led to alkali hydrolysis of the fluorescent silica nanobioconjugates and the
release of the FITC molecules into solution, resulting in amplified fluorescence signals.
The combined effect of the low background noise and increased fluorescence intensity
resulted in low detection limits and limit of quantification in the pg.mL-". Thus, paving

a way towards early detection and diagnosis of prostate cancer.
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4 Nanomagnetic-silica antibody conjugates as capture for PSA and detection

using for dissolution fluorescence-linked immunosorbent assay

Abstract

A simple, ultrasensitive fluorescence immunobiosensor was developed for the
detection of prostate-specific antigen (PSA). The immunosensor platform was based
on the immunometric sandwich protocol, using nanomagnetic-silica nanoparticles as
capture and fluorescent silica nanoparticles as detection probes. The specificity was
achieved using anti-PSA-mAb bioconjugated to phenylboronic acid functionalized
nanomagnetic-silica nanoparticles, with non-binding sites blocked with glucose
(FesOs@SiO2-prAmPBA-anti-PSA-mAb/glucose) for capture and magnetic
separation. Anti-PSA-pAb bioconjugated onto phenylboronic acid functionalized FITC-
doped silica nanoparticles (FITC@SiOz2-prAmPBA-anti-PSA-pAb/glucose) were used
as the sensing nanobioconjugates. The Fe304s@SiO2-prAmPBA-anti-PSA-
mAb/glucose was used to capture the PSA analytes and selectively isolated using a
magnet. A sandwich-type immunoreaction was achieved via the Fc-specific of
FITC@SiO2-prAmPBA-anti-PSA-pAb binding to the captured PSA analyte. The alkali
hydrolysis of the FITC@SiO2-prAmPBA-anti-PSA-pAb/glucose was achieved using
NaOH. The release of FITC molecules leads to an amplified fluorescence detection
signal. The analytical performance of the proposed immunobiosensor showed a good
linear relationship between the fluorescence intensity and the target PSA
concentration ranging from 2.0 pg.mL-' to 100 ng.mL"". The limit of detection (LOD)
was low and 0.81 pg.mL™" and the limit of quantification (LOQ) was 2.46 pg.mL". The

sensor also exhibited good specificity and selectivity to PSA with 94.8% — 102.5%
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recovery rates. Therefore, the fluorescence immunobiosensor exhibited highly
sensitive and specific detection properties for prostate-specific antigen (PSA) and a

good detection platform in serum samples.

4.1 Introduction

Prostate cancer (PCa) is the most frequently diagnosed male malignancy and the
second leading cause of cancer deaths worldwide [1—4]. According to the International
Agency for Research on Cancer (IARC) and Global Cancer Statistics (GLOBOCAN),
about 1.4 million newly diagnosed cases and 375,000 prostate cancer-related deaths
were reported worldwide in 2020 [3—6]. The most common methods of prostate cancer
diagnosis are digital rectal examination (DRE), tissue biopsy, and PSA screening is
the most promising method for prostate-specific antigen (PSA) cancer diagnosis [7,8].
The first two methods DRE and tissue biopsy are invasive and non-specific as benign
cancer can be diagnosed as prostate cancer [9-11]. In addition, using DRE and tissue
biopsy only discovers prostate cancer once a mass or tumour has formed and
metastasized [12]. At these stages of cancer formation stage Ill to stage IV
chemotherapy is not effective, and reoccurrence is high. Prostate-specific antigen
(PSA) is an androgen protease produced by both normal prostate and cancer cells
[8,13] PSA is used clinically as an effective biomarker for prostate cancer screening
and monitoring [14—16]. In cancer patients, elevated levels of PSA in the serum above
4.0 ng.mL"" are considered to be at higher risk of developing prostate cancer [17,18].
Therefore, a precise detection and quantification of PSA from the onset of cancer
carcinogenesis is important for the early diagnosis and monitoring of the progression

of prostate cancer. Biosensors are sensing systems capable of detecting ultra-low

131



concentrations of PSA in patients’ serum and have been used in research to improve
the early detection of prostate cancer. For example, Zhao et al [19] designed a
fluorescent quantum dots immunosensor as the detection probe. Fe3OsNPs
nanocomposites were used as the capture probe for the detection of PSA antigen at
low concentrations. The biosensor used quantum dots (QDs) which contain heavy
toxic metals like cadmium (Cd) and limiting their applications in biological systems
[20]. Herein, we report the use of fluorescein-5-isothiocyanate (FITC) as a fluorophore.
FITC-doped silica nanoparticles were prepared and used as sensing
nanobioconjugates. Furthermore, for enhanced selectivity and sensitivity towards the
detection of PSA, nanomagnetic-silica nanoparticles are incorporated as capture

bioprobes.

Nanomagnetic-silica nanoparticles as capture bioprobes have been investigated for
various medical applications [21-23]. They are advantageous for use in biodetection
due to their facile synthesis, small size, stability, good monodispersity, low toxicity, and
high magnetic moment [22-24]. They provide an easy way to separate samples from
solutions using a magnet [25-27]. Nanomagnetic-silica capture bioprobes contain iron
oxide nanoparticles at the core and silica shell. Iron oxide nanoparticles (Fe3sO4NPs)
alone are used in biomedical applications for magnetic resonance imaging (MRI),
biomolecular separation, and target-drug delivery [21-29]. This is due to their
superparamagnetic properties, controllable particle size (nano-sized nature), and
huge surface-specific area [21-30]. However, magnetic Fe3Os4sNPs used in
bioapplications are required to be chemically stable and functional for in vivo
applications [31,32]. Bare Fe3O4NPs are prone to agglomeration, air oxidation, and

biodegradation [31-33]. To overcome such limitations surface functionalization has
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been shown to be successful [30-33]. Silica (SiO2) is a widely used coating shell or
material for magnetic nanoparticles [22,23,26,31-36]. The encapsulation of magnetic
FesOsNPs within a silica shell have been shown to significantly reduce the
agglomeration of bare Fe3sO4NPs and improve their performance in solution. This is
because of the SiO2 nanoparticle’s unique properties which provide good stability,
hydrophilicity, and biocompatibility, ease of surface modification, and helps prevent
unwanted interactions with the magnetic core [30-37]. Moreover, the silica shell
provides stability for the magnetic nanoparticles in the core shell and allows for surface
modification, attachment of organic molecules, ligands [37]. In this work, the surface
functionalization of the silica shell was achieved using affinity ligands which allows for
a controlled molecular orientation of the antibody. Fe3zOs@SiO2NPs, was
functionalized by direct covalent immobilization with phenylboronic acid for oriented
antibody immobilization [36]. The boronic acid functionalized nanomagnetic materials
have been shown to form strong covalent bonds with the N-glycosylated groups on
the Fc region of the antibody selectivity [38,39]. Bioconjugation of anti-PSA-mAb forms
cis-diol bonds with the boronic acid and provides for high selectivity and specificity for

antibody-to-antigen interactions for the nanobioprobes [40].

Reports have shown that, the bioconjugation with antibodies is advantageous in
biomedical application such as in diagnostics and targeted therapy. This is due to their
high specificty, selectivity in bioassay applications and allowing the antibody
fucntionalized-Fe304@SiO2NPs to act as caputre bioprobes and used for the isolation
of the target analyte from complex matrices, enhancing the effectiveness of analyte

isolation and concentration, minimizes matrix effects due to simplified washing and
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separation procedures, allows faster assays kinetics, improves the sensitvity and limit

of detection (LOD), and reduces the time for analysis [41-43].

In our previous work, the FITC@SiO2-prAmPBA-anti-CRP-pAb/glucose and anti-P53-
pAb/glucose sensing nanobioprobes were synthesized and characterized [36,44]. In
this chapter, the nanomagnetic-silica as capture nanomaterials were prepared and
coated with phenylboronic acid for attachment of anti-PSA monoclonal antibodies. The
use of nanomagnetic-silica nanoparticles as capture bioprobes provide rapid
separation using a magnet. The active mixing of the nanomagnetic silica capture in
analytes solution promotes faster immunoreaction, higher fluorescence signals, and
lower detection limits compared to immunocapture on two-dimensional surfaces such
as the conventional ELISA microwells [45,46]. The use of fluorescent silica
nanoparticles as the sensing nanobioconjugates provide the fluorescence signals. The
silica shell dissolution using NaOH releases the FITC molecules, resulting in amplified
fluorescence signals. In this work, we utilized anti-PSA-mAb functionalized
nanomagnetic-silica nanoparticles as the capture bioprobes and anti-PSA-pAb
functionalized fluorescent nanoparticles as the sensing nanobioconjugates. A
sandwich-type fluorescence immunobiosensor was developed and assessed for
selective detection of PSA. The novelty of the work is in the detection of PSA using
sandwich immunoassay with fluorescent dye-doped silica nanoparticles and

nanomagnetic-silica nanoparticles (magnetic separation) for analyte capture.

This chapter was set out to achieve the following objectives of the thesis
(@) Synthesis of nanomagnetic-silica antibody capture bioprobes

(FesOs@SiO2-prAmPBA-anti-PSA-mAb/glucose).
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(b)  Characterise the nanomagnetic-silica capture bioprobes.

(c) Detection of PSA using the dissolution route of the FITC@SiO2-prAmPBA-
anti-PSA-pAb/glucose  sensing nanobioconjugates in a FLISA
immunobiosensor set up in both buffer solution and serum samples
(Newborn Calf Serum, NCS).

(d) Evaluate the analytical performance of the immunosensor in the presence
of both the nanomagnetic-silica capture bioprobes and fluorescent silica

antibody sensing nanobioconjugates.

4.2 Experimental

4.2.1 Materials and reagents

Iron (llI) Chloride (FeCl3.2H20), Sodium oleate, Oleic acid (90%), 1-octadecene
(90%), (3-aminopropyl) triethoxysilane (APTES, 98%), tetraethyl orthosilicate (TEOS,
99.9%), 4-carboxyphenylboronic acid, Sodium chloride (NaCl), 4-(1,1,3,3-tetramethyl
butyl)-phenyl polyethylene glycol (Triton X-100), N-hydroxysuccinimide (NHS), 1-
ethyl-3(3-dimethyl aminopropyl)-carbodiimide (EDC), Sodium hydroxide (NaOH), and
Bovine serum albumin (BSA) were purchased from Sigma-Aldrich (USA). Absolute
ethanol (98.6.0%, w/v), sodium dihydrogen phosphate (NaH2POQ4), disodium hydrogen
phosphate (Na2HPO4), and D-glucose anhydrous were purchased from SAARChem
(South Africa). Cyclohexane (99.5%), Deuterated dimethyl sulfoxide (de-DMSO), and
toluene were purchased from Merck (Germany). Hexan-1-ol was purchased from B&M
Scientific (South Africa). Ammonium hydroxide (NH4OH, 25% wt) was purchased from

Minema Chemicals (South Africa). Mouse anti-human Prostate-Specific Antibody
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(anti-PSA-mAb, 7820-0370) and Bradford reagent (for Bradford assay) were
purchased from Bio-Rad Laboratories (USA). Coupling buffer phosphate buffer
solution (PBS, pH 7.4,10 mM) was prepared using 0.63 g disodium hydrogen
phosphate (Na2HPO4), 0.06 g sodium dihydrogen phosphate (NaH2PO4) in 400 mL of
distilled water. Washing buffer, (PBST, pH 7.4, 10 mM) was prepared using 1.2 g
disodium hydrogen phosphate (Na2zHPO4), 0.12 g sodium dihydrogen orthophosphate
(NaH2PO4), and 100uL of Tween 20 in 100 mL of ultra-pure Millipore water. All
reagents and solvents in this study were of analytical grade and used as received from
the supplier. Ultra-pure water with a resistivity of 18 MQ.cm (at 25°C) was obtained
from a Milli-Q Water Purification System (Millipore Corp. Bedford, MA, USA) and was
used for the preparations of aqueous solutions throughout the experiments. The
synthesis of the fluorescent FITC@SiO2NPs nanoparticles was prepared in Chapter
3. In this work, FITC@SiO2NPs contained 6.0% dye loadings. The functionalization
with boronic group and antibody bioconjugation to yield FITC@SiO2-prAmPBA-anti-

PSA-pAb as sensing nanobioconjugates will be discussed.

4.2.2 Apparatus and Instrumentations

Infra-red spectra were collected on a Perkin-Elmer Universal ART sampling accessory
spectrum 100 FT-IR spectrometer. Zeta-potential measurements were carried out on
a Malvern Zetasizer Nano series, Nano ZS90 series S equipped with a 633 nm He/Ne
laser. Scanning electron microscopy (SEM) and Energy dispersive X-ray spectroscopy
(SEM-EDS) images and elemental mapping were carried out using an INCA PENTA
FET coupled to the VAGA TESCAM using 20 kV accelerating voltage. The X-ray

powder diffraction (XRD) patterns were recorded on a Bruker D8 Discover equipped
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with a Lynx Eye detector, using Cu-KA radiation (1.5405 A°, nickel filter). The data was
collected in the range from 26 = 10° to 90°, scanning at 1° min-' with a filter time-
constant of 2.5 seconds per step and a slit width of 6.0 mm. Samples were placed on
a silicon wafer slide. The XRD data was treated using the freely available Eva
(evaluation curve fitting) software. Baseline correction was performed on each
diffraction patterns by subtracting a spline fitted to the curve background. UV-Visible
(UV-Vis) spectroscopy analysis was acquired on a SHIMADZU UV-2550 spectrometer.
'H NMR spectra analysis was recorded using a Bruker AVANCE 600 MHZ NMR
spectrometer in DMSO-ds. The fluorescence spectra were recorded using a

spectramax multitude spectrofluorometer and synergy MX microplate reader.

4.2.3 Preparation of anti-PSA-mAb nanomagnetic-silica nanoparticles

(Fe304@SiO2-prAmPBA-anti-PSA-mAb/glucose), Scheme 4.1

4.2.3.1 Synthesis of oleic-capped magnetic nanoparticles (FesO4NPs)

FesO4NPs were prepared following a reported method with some modifications [34].
In a typical synthesis procedure, iron (lll) chloride (1.25 g, 4.62 mmol) was dissolved
in distilled water (10.0 mL). Sodium oleate (5.22 g, 17.2 mmol) was added and
magnetically stirred at room temperature. Ethanol (12.5 mL) and n-hexane (20.0 mL)
were added to the mixture and stirred at 85°C for 4 hrs. The colour of the mixture
turned dark brown from deep maroon. The resulting solution was separated using a
separating funnel. A sticky reddish-brown organic layer was obtained and washed

repeatedly with deionized water and oven-dried for 12 hrs at 80°C. A reddish-brown
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Fe(oleate)s precursor was obtained as a solid. The sticky Fe(oleate)s precursor (3.0 g,
3.4 mmol) was dispersed in oleic acid (2.0 mL) and 1-octadecene (7.5 mL). The
mixture was degassed under nitrogen gas for 30 mins at room temperature. The
temperature was increased by 10°C every 5 mins up to 320°C. The reaction was
maintained at 320°C under a flowing stream of nitrogen gas for 45 mins. The resulting
solution was cooled at room temperature. Ethanol (60.0 mL) was added to precipitate
the oleic-capped Fe3OsNPs and collected by magnetic separation. The black
precipitate was re-dispersed in hexane and precipitated with ethanol (10.0 mL). The
re-suspension of nanoparticles in hexane and ethanol was done several times to
obtain clean OA-capped-Fe3sOsNPs. The obtained OA-Fe3sOsNPs were collected by
magnetic separation and dispersed in cyclohexane at 2.0 mg.mL-'. FT-IR [ATR),

Tmax/cm™']: 2918 (C-H), 2849 (C-H), 1545 (COO"), 1409 (COO"), and 562 (Fe-O).

4.2.3.2 Preparation of silica coated Fe3O04sNPs (Fe304@SiO2NPs)

A reverse (W/O) microemulsion method was used to encapsulate OA-Fe3O4NPs and
prepare Fe3O4@SiO2 core-shell nanoparticles. The microemulsion solution was
prepared by mixing n-hexanol (1.8 mL), OA-capped Fe3Os4NPs (2.0 mg.mL-", 4.0 mL),
cyclohexane (15.0 mL), Triton X-100 (4.5 mL), and water (1.5 mL) were added into a
reaction flask. The mixture was stirred for 45 mins to form a microemulsion. A
transparent golden-yellow solution formed. NH4OH (200 yL, 25 %) and TEOS (25.0
ML, 0.12 mmol) were added to the mixture and stirred for 6 hrs. Additionally, TEOS
(10.0 pL, 0.056 mmol) was added every 2 hrs and six additions were used to grow a

silica shell. After the last addition of TEOS, the mixture was stirred for 12 hrs at room
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temperature, forming FesO4@SiO,NPs. Isolating the FesO4«@SiO,NPs was done by

adjusting the pH to 2 with cooling in liquid nitrogen. Acetone (20.0 mL) was added to
break the microemulsion. FesO4@SiO2NPs were collected by centrifugation and
washed with a 1:3 mixture of water and ethanol and collected by magnetic separation.
The nanomagnetic-silica nanoparticles were dried overnight at 50°C in the oven and
collected as a brown powder. FT-IR [ATR), Tmax/cm-]: 3285 (O-H), 1046 (Si-O-Si), 940

(Si-O), 797 (Si-OH), and 487 (Fe-O).

4.2.3.3 Boronic acid functionalization of nanomagnetic-silica nanoparticles

(Fe304s@SiO2-prAmPBANPSs)

The synthesis of Fe3sOs4@SiO2-prAmMPBANPs was achieved by first synthesizing
triethoxysilanepropyl-3-amido phenylboronic acid (TES-prAmPBA) as shown in
Scheme S3.2. Briefly, EDC (31.0 mg, 0.20 mmol), NHS (57.5 mg, 0.5 mmol), and 4-
carboxypheynlboronic acid (73.0 mg, 0.43 mmol) were dissolved in dry EtOH (5.0 mL)
and stirred. After 15 mins, APTES (0.2 mL, 0.86 mmol) was added dropwise into the
solution. The reaction was followed using the thin layer chromatography until reagents
completely reacted. The solution mixture was stirred further overnight at room
temperature until TES-prAmPBA resulted, separated (centrifuged), and washed with
ethanol, and oven dried at 60°C for 24 hrs. The product was obtained as a white

precipitate. Yield 66%.
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FT-IR [(ATR), Tma/cm']: 3228 (OH), 3265 (NH), 1643 (C=0), 1260 (B-O), and 1063
(O-Si-0). 'H NMR (600 MHz, DMSO-ds) & [ppm]: 0.78 (2H, SiCH2), 1.25 (t, 9H, CHs),
1.96 (2H, CH2), 2.61 (2H, NCH2), 4.10 (q, 6H, CH2), 7.88 (d, 2H, H-Ph), 8.18 (d, 2H,

H-Ph).

Then, the synthesized TES-prAmPBA (20.0 mg, 0.080 mmol) was dissolved in
ammonium solution (5.0 mL) and magnetically stirred for 10 mins. The
FesOs@SiO2NPs (20.0 mg) dissolved in a mixture of (9:1) dry toluene and EtOH. The
two solutions were added together under stirring for 24 hrs at room temperature. This
resulted in the phenylboronic functionalized nanomagnetic-silica nanoparticles
(FesO4s@SiO2-prAmPBANPs) which were separated by magnet. FesOs@SiO2-
prAmMPBANPs were washed several times with a 1:1 mixture of water and ethanol,
and each time magnetically separated. The product was dried at 50°C for 48 hrs. FT-
IR [(ATR), Tmax/cm™']: 3872 & 1541 (N-H), 1649 (C=0), 1386 (B-O), 1056 (Si-O-Si), 949

(Si-O), and 785 (Si-OH).

4.2.4 Bioconjugation of anti-PSA-mAb onto Fe304@SiO2-prAmPBANPs

Fe304@SiO2-prAmPBANPs (2.0 mg.mL"") were suspended in cold PBS buffer (2.0
mL, pH 7.4, 10 mM) and sonicated for 10 mins. The Fe3Os@SiO2-prAmPBANPs
solution was reacted with monoclonal anti-PSA antibody (50 L, 1.0 mg.mL") in PBS
buffer (2.0 mL, pH 7.4,10 mM) for 6 hrs at 4°C under slow continuous stirring. The
antibody-modified nanomagnetic-silica nanoparticles (FesOs@SiO2-prAmPBA-anti-
PSA-mADb) were washed with cold PBS (pH 7.4) to remove the unbound antibodies.

The unreacted boronic acid sites were blocked by reacting the purified FesO4@SiO2-
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prAmPBA-anti-PSA-mAb with D-glucose (50 ug.mL™") in cold PBS buffer (pH 7.4,10
mM). After 2 hrs, the mixture was magnetically separated and washed with cold PBS
buffer (pH 7.4,10 mM) to yield FesOs@SiO2-prAmPBA-anti-PSA-mAb/glucose. The
resulting solution was kept at 4°C before use. FT-IR [(ATR), Tmaxlcm™']: 3355 (N-H),

1639 (amide 1), 1546 (amide I1), 1390 (B-0), and 457 (Fe-O).

4.2.5 Bradford assay procedure

A quantitative colorimetric assay was used to quantify the amount of the monoclonal
antibody (anti-PSA-mAb) conjugated onto Fe3Os@SiO2-prAmMPBANPs to form
FesOs@SiO2-prAmPBA-anti-PSA-mAb. The bioconjugation of anti-PSA-mAb onto
FesO04@SiO2-prAmMPBANPs was achieved through the affinity boronate ester bond
reaction. The reaction targets the carbohydrate moiety of (N-glycan) of the Fc region
of the anti-PSA monoclonal antibody. The glycosylated antibody in the Fc region was
used to react with FesO4@SiO2-prAmPBANPs to form cyclic ester bonds. Bradford
assay was used to confirm the immobilization of the anti-PSA-mAb. The anti-PSA-
mAb solution before and after conjugation were measured. The Fe3O0s@SiO2-
prAmPBA-anti-PSA-mAb after conjugation was removed using a magnet and the
supernatant was used for protein determination. Bovine Serum Albumin (BSA)
standard solutions and the supernatant obtained from Fe3Os@SiO2-prAmPBA-anti-
PSA-mAb were made to react with Bradford reagent at room temperature for 30 mins.
UV-Vis spectra were used to follow the bioconjugation of the monoclonal anti-PSA

antibodies.
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4.2.6 Preparation of the anti-PSA-pAb fluorescent silica antibody sensing

nanobioconjugate, (FITC@SiO2-prAmPBA-anti-PSA-pAb/glucose)

First, the fluorescent silica nanoparticles (6 %, w/w FITC@SiO2NPs) were synthesised
(in Chapter 3) and stored in the dark. The FITC@SiO2NPs (20.0 mg) were dispersed
in ethanol (5.0 mL) and stirred for 20 min. TES-prAmPBA (40.0 mg, 0.10 mmol)
dissolved in ammonium solution was added to the nanoparticle ethanol solution. The
resulting solution was continuously mixed at room temperature overnight in the dark.
The product, phenylboronic acid functionalized-silica nanoparticles (FITC@SiO2-
prAmPBANPSs) were obtained after centrifugation and washed several times with a 1:1
mixture of water/ethanol to remove unreacted reagents. The FITC@SiO2-

prAmPBANPs were oven dried at 40°C for 48 hours in the dark.

In the second step, the Fc-directed oriented bioconjugation of the polyclonal antibody
(anti-PSA-pAb) onto FITC@SiO2-prAmPBANPs was achieved through the boronate
ester bonds. The N-glycans on the Fc region of the anti-PSA-pAb was reacted with
the boronic acids of fluorescence nanoparticles. Briefly, FITC@SiO2-prAmPBANPs
(2.0 mg) were dispersed in cold PBS buffer (2.0 mL, pH 7.4,10 mM) and stirred for 10
min. Polyclonal anti-PSA antibody (50 uL, 1.0 mg.mL-") was added to the solution. The
mixture was kept at 4°C under continuous slow stirring and allowed to react for 6 hours.
The anti-PSA-pAb bioconjugated FITC-doped silica nanoparticles were centrifuged
and washed with 4°C cold PBS buffer (pH 7.4) to remove the unbound antibodies. The
unreacted boronic acid sites were blocked by incubating the purified FITC@SiO2-
prAmPBA-anti-PSA-pAbNPs in 4°C cold PBS (pH 7.4) containing D-glucose solution

(50.0 ug.mL-', 60 mg, 0.334 mmol). After 2 hours, the mixture was centrifuged and
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washed three times with 4°C cold PBS buffer (pH 7.4, 10 mM). This yielded anti-PSA-
pAb/glucose modified FITC-doped silica nanobioconjugates, represented as
FITC@SiO2-prAmPBA-anti-PSA-pAb/glucose. FITC@SiO2-prAmPBA-anti-PSA-pAb/
glucose was suspended in PBS buffer (2.0 mL, pH 7.4, 10 mM) and kept at 4°C before

use.

4.2.7 Immunoassay procedure for detection of PSA

The monoclonal antibody  functionalized-Fe3O4@SiO2-prAmPBA-anti-PSA-
mAb/glucose (100 pL 100 ug.mL-") capture bioprobes, were added into 50 yL of spiked
serum with different concentrations of PSA and left for 20 mins. Followed by the
addition of the polyclonal functionalized fluorescent FITC@SiO2-prAmPBA-anti-PSA-
pAb/glucose (100uL, 200 pg.mL") sensing nanobioconjugates. The mixture was
incubated for 50 min and subjected to gentle shaking at room temperature. A magnet
was used to separate the FezOs@SiO2-prAmPBA-anti-PSA-mAb<PSA>pAb-PSA-
anti-prAmPBA-SiO2@FITC immunocomplex from the unreacted reagents. The
isolated immunocomplex was washed three times with cold PBST buffer (pH 7.4, 10
mM) and magnet was used for separation. The sandwiched PSA will result in a capture
of the fluorescence nanoparticles and magnetically separated. The isolated
immunocomplex was re-dispersed in 50 pL of PBS buffer (pH 7.4,10 mM). NaOH (20
bk, 10 mM) was added and incubated at 30°C. After 20 min, the reaction was then

subjected to fluorescence measurements with an excitation at 480 nm.

143



4.3 Results and Discussion

4.3.1 Synthesis of Fe304@SiO2-prAmPBA-anti-PSA-mAb/glucose

The preparations of nanomagnetic-silica bioprobes was synthesized through several
steps. Initially, the synthesis of the stable oleic acid functionalized magnetite
(FesO4NPs) nanoparticles by (a) thermal decomposition of the Fe(oleate)s precursor
to form a wiistite (Fe-O) nanomaterial and (b) the oxidation of Fe-O to form the Fe3Os
phase [25,47,48]. Then, a quaternary reverse (W/O) microemulsion system was used
to covalently coat the Fe3OsNPs with a silica shell to yield nanomagnetic-silica
nanoparticles, Fe3O04s@SiO2NPs. In this method, the oleic-capped magnetic
nanoparticles were coated with the silica shell via a ligand exchange of the oleic
ligands and hydrolysis of tetraethyl orthosilicate (TEOS). The hydrolyzed TEOS
attached onto the surface of FesOsNPs which has a strong affinity for oxygen. TEOS
hydrolyzed undergoes polycondensation, forming Fe-O-Si bonds and resulting in silica
shell [30,49]. The Fe3O04@SiO2NPs were surface functionalized with
triethoxysilanepropyl-3-amido  phenylboronic acid (TES-prAmPBA) to form
phenylboronic acid-functionalized nanomagnetic-silica nanoparticles, Fe3O4@SiO2-
prAmPBANPs. The Fe3Os@SiO2-prAmPBANPs were bioconjugated with anti-PSA-
mAbs and non-specific binding sites blocked with D-glucose to yield FezOs@SiO2-
prAmPBA-anti-PSA-mAb/glucose nanobioprobes. The step-by-step preparations and
characterization of the capture bioprobes, Fe304@SiO2-prAmPBA-anti-PSA-

mAb/glucose was studied.
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Scheme 4.1: Schematic illustrations of (a) the step-by-step synthesis of the
Fes04@SiO2-prAmPBA-anti-PSA-mAb/glucose capture nanobioprobes. (b) The
enhanced fluorescence detection of PSA using Fe3z04@SiO2-prAmPBA-mAb/glucose
capture and FITC@SiO2-prAmPBA-anti-PSA-pAb/glucose sensing

nanobioconjugates after magnetic separation and dissolution with NaOH (10 mM).

4.3.2 Characterization of Fe304@SiO2-prAmPBA-anti-PSA-mAb/glucose

4.3.2.1 XRD diffraction characterization

Figure 4.1 shows the XRD diffractograms of (i) Fe3sO4NPs, (ii) FesOs@SiO2NPs, and

(iii) FesOs@SiO2-prAmMPBANPs. The diffractogram in Fig. 4.1(i) showed the formation
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of the FesO4NPs with peaks at the following 26 values at 30.6°, 35.8°, 43.8°, 57.7°,
and 63.2° which are indicative of a crystalline cubic spinel structure of the magnetite
(Fes04) [30,50,51]. The diffraction patterns show the characteristic of magnetite which
were indexed for the following Miller Indices (220), (311), (400), (420), and (440)
[36,52]. The diffraction patterns matched well with the Fe3sOsNPs for the JCPDS-
international Centre (JCPDS file NO.19-0629). Similarly, the same peaks are observed
for the coated nanomagnetic nanoparticles with silica shell (FesO4@SiO2NPs) in Fig.
4.1(ii) and functionalization with boronic acid (Fe3Os@SiO2-prAmPBANPS) in Fig.
4.1(iii). A new diffraction peak was observed at 26 = 18.1° for the amorphous SiOz.
This indicated that FesO4NPs were stable after the formation of the silica shell and
post-surface functionalization with TES-prAmPBA. The crystalline phase of the
Fe3O4NPs after silica shell coating and surface functionalization remained intact. The
average crystal size of FesO4NPs core, obtained using Debye-Scherrer equation was
calculated to be 8.7 nm for FesOsNPs, 16.5 nm for FezO4@SiO2NPs, and 16.9 nm for
FesOs@SiO2-prAmPBANPs. The increase in particles size was due to the silica shell
coating FesO4NPs core. The functionalization with TES-prAmPBA did not increase the
particles size and this is due to a thin monolayer of TES-prAmPBA to form
FesO04@SiO2-prAmPBANPs. The nanoparticles still retained their magnetic properties.

The FesOq4 diffraction peaks were broad after coating with an amorphous silica shell.
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Figure 4.1: XRD diffractograms of (i) FesOsNPs, (ii) FesOs@SiO2NPs, and (iii)
Fes04@SiO2-prAmPBANPSs. The insert exhibits the photographs of Fe3sO4@SiO2NPs

and Fe304@SiO2-prAmPBANPs.

4.3.2.2 TEM characterization

The TEM images were used to observe the morphology and size distribution of the
nanoparticles to confirm the successful surface coating with silica and surface
functionalization with TES-prAmPBA. Figure 4.2 shows the TEM images and size
distribution histograms of (a) FesO4NPs, (b) FesO4@SiO2NPs, and (c) FesO4s@SiO2-
prAmPBANPs. The shape of the nanoparticles is spherical for FesOsNPs before and
after surface coating with SiOz2 shell and TES-prAmPBA. Figure 4.2(a) shows that the

FesO4NPs are spherical, monodispersed, and less aggregated. The size distribution
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was wide with particles size distribution of 10 + 2 nm. FesOsNPs were clumping
together. Figure 2(b) shows the FesO4@SiO2NPs which exhibits a core shell structure
and agglomeration and clumping of the nanoparticles. The magnetic particles
remained even after coating with a silica shell. The reverse water-in-oil (W/O)
microemulsion method used induced the surfactant Triton-X-100 surrounded droplets
that contained the FesO4NPs and subsequent coating of silica via hydrolysis of TEOS
[51]. From the TEM images, the nanoparticles were agglomerated, but showed that
each nanoparticle contained single to multiple magnetite particles in FezsO4@SiO2NPs.
The FesO4@SiO2NPs were estimated to have an average diameter of 15 £+ 3 nm with
a narrow size distribution. A 5 nm size increase is observed from Fe3zOsNPs to
FesO4@SiO2NPs, which can be attributed to the silica shell formation. Figure 4.2(c),
the FesOs@SiO2-.prAmMPBANPs showed an estimated average particle size and
narrow distribution of 21 + 3 nm. The increase in the particle size diameter was due to
the introduction of TES-prAmPBA onto the silica surface. Therefore, the successive
increase in particles size diameter and at each stage of functionalization of the

nanoparticles indicated the successful coating with silica and TES-prAmPBA.
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Figure 4.2: TEM images of (a) FesOsNPs, (b) FesOs@SiO2NPs, (c) FesOs@SiOo2-

prAmPBANPs.
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4.3.2.3 EDS-SEM characterization

The characterization of the as-prepared magnetic nanoparticles was further performed
by EDS-SEM, FT-IR analyses, and zeta-potential measurements. The energy
dispersive X-ray spectroscopy (EDS) spectra were used for quantitative elemental
composition analysis of the magnetic nanoparticles at different functionalization steps.
Figure 4.3 shows the EDS spectra with corresponding SEM images of (a) FesO4NPs,
(b) FesO04@SiO2NPs, and (c) FesOs@SiO2-prAmMPBANPs. EDS spectrum of
FesO4NPs in Fig. 4.3(a) showed the presence of Fe K (33.9%), O K (27.8%), and C K
(38.3.0%) confirming the presence of carbon (C K), iron (Fe K), and oxygen (O K)
which was attributed to iron oxide nanoparticles capped with oleic acid. The carbon (C
K) was from the oleic acid (C-H) chains used in their preparations as a stabilizer for

the nanoparticles.

Figure 4.3(b) shows the EDS spectrum of FesO4@SiO2NPs. The presence of the Si
K peak confirmed the formation of the silica shell. The disappearance of the carbon (C
K) peaks is due to the treatment of the magnetic nanoparticles with tetraethyl
orthosilicate (TEOS) which form siloxane (Si-O-Si) and silanol (Si-OH) functional
groups. The elemental composition was Fe K (29.5%), O K (50.4%), and Si K (20.1%).
The increase in O K from 27.8% to 50.4% is due to SiOz shell, and the Fe K decrease
from 33.9% to 29.5% further confirming the formation of the silica (SiO2) shell. The
presence of Si K and increased O peaks confirms the successful silica coating of
magnetic nanoparticles. After surface functionalization with TES-prAmPBA to yield
Fes04@SiO2-prAmPBANPSs, the appearance of the boron (B K) peak was observed in

Fig. 4.3(c).
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Further, the presence of the N K peak is due to the amide bond from TES-PrAmPBA.
Similarly, the C K peaks are due to the TES-prAmPBA. Therefore, with the appearance
of the iron (Fe K), oxygen (O K), silica (Si K), boron (B K), carbon (C K), and nitrogen
(N K) peaks confirmed the successful surface formation of Fe304@SiO2-
prAmPBANPs. The monitored steps confirmed the successful synthesis of the

magnetic nanoparticles and their functionalization with phenylboronic acid.

The corresponding scanning electron microscopy (SEM) images to the EDS spectra
confirmed the synthesis of FesO4NPs and the different functionalization steps. The
SEM images showed a variation and changes in surface roughness from the
Fe304NPs to FesO4s@SiO2NPs, and to Fe304@SiO2-prAmPBANPs. The change in the
surface roughness with the support of the EDS analysis confirmed the successful
modification and functionalization of Fe3OsNPs to Fe3Os@SiO2-prAmPBANPs.
Further, the SEM images showed the inhomogeneity in the nanomagnetic

nanoparticles size distribution.
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Fe K 29.5
oK 50.4
Si K 20.1
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Element | Composit
ion (%)

Fe K 21.9
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100

Figure 4.3: EDS plots with corresponding SEM images for (a) FesOsNPs, (b)

Fes04@SiO2NPs, and (c) FesOs@SiO2-prAmPBANPSs.

152



4.3.2.4 FT-IR analysis

The FT-IR was used to confirm the successful synthesis of the magnetic nanopatrticles,
the surface functionalization and bioconjugation with anti-PSA-mAb. Figure 4.4 shows
the FT-IR spectra of (a) (i) FesOsNPs, (ii) FesOs@SiO2NPs, (iii) FesOs@SiO2-
prAmPBANPs, and (b) FesO4s@SiO2-prAmPBA-anti-PSA-mAb. The FT-IR spectrum of
FesOsNPs in Fig. 4.4(a)(i) shows the aliphatic (C-H) asymmetric and symmetric
stretching bands at 2918 cm™! and 2849 cm™'. The peaks at 1545 cm™" and 1409 cm™"
are attributed to asymmetric and symmetric (-COQO") stretching vibrations, due to the
carboxylates with Fe ions of FesOsNPs. The interactions of oleic acid (OA) as a
capping agent being chemically bound to the magnetite FesO4NPs. An intense (Fe-O)
peak is also observed at 562 cm™! and confirming the successful synthesis and coating
of FesO4NPs with oleic acid. Then, the coating with SiO2 to OA-capped Fe3zO4NPs to
form FesO4@SiO2NPs. This is to enable the stability of the nanoparticles. After the
formation of the silica shell the peaks at 1710 cm™, 1545 cm™, and 1409 cm'
disappeared in Fig. 4.4(a)(ii). This was due to the ligand exchange between TEOS
and oleic acid ligands to yield FesOs@SiO2 core shell nanoparticles. Additionally, a
broad (O-H) peak is observed at 3285 cm'. Other peaks at 1046 cm!, 940 cm', and
797 cm™' appeared due to the asymmetric stretching vibration bands of siloxane (Si-
O-Si), (Si-O) group, and silanol (Si-OH) groups, respectively. A decrease in the (Fe-O)
peak is observed at 562 cm. This reflected the successful synthesis of the

FesO4@SiO2NPs.

Surface functionalization of the magnetic-silica nanoparticles was achieved using

TES-prAmPBA using covalent attachment via siloxane bond formation. Figure
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4.4(a)(iii) shows the Fe3sOs@SiO2-prAmMPBANPs spectrum which exhibits an (N-H)
stretching peak at 3872 cm' corresponding to the (N-H) bending at 1540 cm™' of the
amide bond of TES-prAmPBA. The (C=0) absorption peak is observed at 1649 cm -
and the emergence of the absorption peak of the (B-O) vibrational stretch at 1386 cm-
. These indicate the successful surface modification of Fe3Os@SiO2NPs with TES-
prAmPBA onto the silica layer. The FesOs@SiO2-prAmPBANPs were later reacted

with anti-PSA-mAD to form FesOs@SiO2-prAmPBA-anti-PSA-mAb.

The bioconjugation of the antibody was achieved through cyclic boronate ester bonds
between the cis-diol of the glycan moieties on the Fc region of the antibody, to the (-
OH) groups on the phenyboronic acid. The boronic acid bioconjugation method helps
maintain the orientation of the antibody for enhanced antigen binding. Figure 4.4(b)
shows the FT-IR spectrum of Fe3Os@SiO2-prAmPBA-anti-PSA-mAb and the
appearance of an intense stretching vibration of the (amide I) and (amide Il) cyclic
ester bonds of the anti-PSA antibody at 1639 cm' and 1546 cm™' is observed. The
absorption peak at 3355 cm™' is assigned to the presence of the NH2 from the antibody.
The shift of B-O peak from 1386 cm™' to 1390 cm-" of the boronic acid confirmed the
successful bioconjugation of the antibody to the phenylboronic acid. This confirms the

successful preparation of Fes04@SiO2-prAmPBA-anti-PSA-mAb bioprobes.
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Figure 4.4: FT-IR spectra of (a) (i) FesO4NPs, (ii) FesO4@SiO2NPs, (iii) FesO4@SiOo2-

prAmPBANPs, and (b) Fe3sOs@SiO2-prAmPBA-anti-PSA-mADb.

155



4.3.3 Effects of pH on nanoparticles surface charge

The zeta potential measurements were carried out to further confirm the
functionalization and stability of the magnetic nanoparticles in changing pH conditions.
Figure 4.5 shows the zeta potential (mV) plot obtained at varied pH values from pH
2.0 to pH 10 in 10 mM PBS for (i) FesOsNPs, (ii) FesOs@SiO2NPs, (iii) FesO4@SiO2-
prAmMPNANPs, and (iv) FesOs@SiO2-prAmPBA-anti-PSA-mADb. Figure 4.5(i) for the
FesOsNPs shows a decrease in the zeta potential values up to -30 mV as the pH
values increase. The decrease in zeta potential value is due to the deprotonation of
the surface hydroxyl (OH) leading to a negative zeta potential surface charge. The
zeta potential was -23.8 mV at pH 7.0. After coating with silica shell in Fig. 4.5(ii), the
zeta potential values started at +20 mV for FesO4@SiO2NPs. As the pH increased the
zeta potential was negative and increased negatively up to -43.2 mV at pH 10. The
isoelectric point (IEP) was observed at pH 2.3. At pH 7.0 a zeta potential was -32.2
mV. The negative increase in the zeta potential was due to the deprotonation of the
(OH) groups from the silica shell and confirming the presence of the silanol (Si-OH)
groups. After the surface functionalization with TES-prAmPBA, in Fig. 4.5(iii) shows a
decrease in the zeta potential charges from +24.0 mV at pH 3 to —40.0 mV at pH 10.
The isoelectric point was observed at pH 5.2. The zeta potential charge was due to
the deprotonation of the (B-OH) hydroxyl groups from TES-prAmPBA with a zeta
potential of -30.0 mV at pH 7.0. Figure 4.5(iv) shows pH effect on Fe3Os@SiO2-
prAmPBA-anti-PSA-mAb and a decrease from +25.0 mV at pH 2.0 to -23 mV at pH
10. An isoelectric point is found at pH 6.4 and the zeta-potential of -3.7 mV is observed

at pH 7.0. This can be related to the protein functional groups from the antibody. The
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observed changes in surface due to pH changes confirm the successful bioconjugation

of the anti-PSA-mAD to yield FesOs@SiO2-prAmPBA-anti-PSA-mAb capture probes.

30
25 +
20 -
15 -+
10 -+

Zeta potential (mV)
S

1 2 3 4 5 6 7 8 9 10 11

Figure 4.5: Zeta potential (mV) vs pH (2-10, PBS, 10 mM) for (i) FesO4NPs, (ii)
FesOs@SiO2NPs, (iii) FesOs@SiO2-prAmPBANPs, and (iv) FesOs@SiO2-prAmPBA-

anti-PSA-mAD.

4.3.4 Bioconjugation with anti-PSA-mAb onto Fe30s@SiO2-prAmPBANPs

UV-Vis spectra and the Bradford assay were used to confirm the immobilization of anti-
PSA-mAb onto Fe304s@SiO2-prAmPBANPs and for protein quantification. The

calibration curve at different BSA concentrations was used to quantify the protein
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solution before and after conjugation. The UV-Vis absorbance measurements were
obtained at 595 nm and the protein (anti-PSA-mAb) concentration before was
measured. The protein amount bioconjugated onto Fe3O4@SiO2-prAmPBANPs to
form Fe304@SiO2-prAmPBA-anti-PSA-mAb was calculated by subtracting the
determined concentration of the supernatant from the initial concentration solution of
anti-PSA-mADb. After bioconjugation the percentage of the conjugation efficiency
(%CE) was calculated using Equation (3.2). The %CE was found to be 71.9%
corresponding to the amount of protein conjugated to form Fe3O4@SiO2-prAmPBA-
anti-PSA-mADb capture bioprobes. Therefore, this study and the Bradford assay Fig.
4.6 below confirmed the successful preparations of FesO4@SiO2-prAmPBA-anti-PSA-
mAb used as capture bioprobes for PSA. The magnetic separation allowed for only
bioconjugated anti-PSA-mADb to be obtained. Non-specific boronic acid binding sites
were blocked with D-glucose solution to yield Fe3Os@SiO2-prAmPBA-anti-PSA-

mAb/glucose capture bioprobes.

4.3.5 Bradford Assay anti-PSA-mAb onto Fe304@SiO2-prAmPBANPs

The Bradford assay was used to determine the protein quantification of anti-PSA
monoclonal antibodies (anti-PSA-mAbs) onto Fe3Os@SiO2-prAmPBANPs. UV-Vis
measurements were obtained at 595 nm which corresponded to the BSA standard
solutions and protein (anti-PSA-mAb) in solution as shown in Fig. 4.6(a). The
calibration curve of known BSA concentrations as shown in Fig. 4.6(b) was used to
extrapolate and determine the concentrations of the anti-PSA-mAb in the supernatant
solution. The absorbance of the used volumes of the BSA standard solutions and

protein suspension were recorded in triplicates. Mean values were determined and
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found to range from 0.23 to 0.32 = 0.09 a.u with very low standard deviations. The
mean value of the unknown concentration of the anti-PSA-mAbs suspension was 0.25
+ 0.02 a.u and recorded as a representative value of the absorbance of anti-PSA-
mAbs. Then, this value was fitted into the calibration curve, along with the BSA
standard solutions mean values, and used to calculate the concentration of the
unknown protein x (anti-PSA-mAbs) after bioconjugation with Fe3Os@SiO2-pr-
AmPBANPs. The linear equation used was (AAbs = 0.007 [anti-PSA-mADb] + 0.214)
with R?=0.997 was used to determine the concentration of the unknown protein x (anti-

PSA-mAbs) and which was found to be 4.49 ug.mL"".
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025 > e = R?=0.997 /-}
_ . b =5 ug.mL-1 . -~
3 Ho 8 030 e
\‘-“/ O 24 o _10 pg.mL-1 E P .»’
> c 4
= —15ug.mL-1 15 0.28 {
c 0.19 - 4 y
£ ® 0.6 s
£ 014 1 ® o
g 3 A
2 009 Comq 7
0-04 L] L] L] L] L] 0-22 L] L] L] L] L] L]
400 500 600 700 800 900 2 4 6 8 10 12 14
Wavelength (nm) [BSA](ug.mL")

Figure 4.6: (a) UV-Vis spectrum of different BSA standards (2.5 - 15 yg.mL™") and (b)

the corresponding calibration curve of different BSA standards (n = 3).

4.4 Evaluating the immunosensor reaction

In the proposed immunosensor, Fe30s@SiO2-prAmPBA-anti-PSA-mAb/glucose

bioprobes are used to capture PSA from the sample solution as the first
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immunoreaction. Then, FITC@SiO2-prAmPBA-anti-PSA-pAb/glucose nanobioconju-
gates were added to recognize the captured PSA by the second immunoreaction,
forming sandwich immunocomplexes of Fe3Os@SiO2-prAmPBA-anti-PSA-
MAb<PSA>pAb-PSA-anti-prAmMPBA@SIiO2@FITC. Figure 4.7 shows the
fluorescence emission spectra of the nanomagnetic capture nanoparticles for (a)
FesOsNPs, (b) FesO0s@SiO2NPs, (c) FesOs@SiO2-prAmPBANPs, and (d)
Fes04@SiO2-prAmPBA-anti-PSA-mAb>PSA. In Fig. 4.7(a)-(d), no fluorescence
emission intensity was observed. Only in the presence of FITC@SiO2-prAmPBA-anti-
PSA-pAb/glucose, PSA, and Fe3O04@SiO2-prAmPBA-anti-PSA-mAb sandwich
immunoassay we observed a fluorescence signal. The immunoassay resulted (i) in
the capture of PSA by FesOs@SiO2-prAmPBA-anti-PSA-mAb/glucose, (ii)
magnetically separated, (iii) detection using FITC@SiO2-prAmPBA-anti-PSA-
pAb/glucose, (iv) magnetically separated, and (v) the fluorescence signal was
generated by adding NaOH (20 pL, 10 mM), and after 20 mins the sandwich-like
immunocomplex nanobioprobes were subjected to fluorescence measurements.
Figure 4.7(e) shows the fluorescence emission of the sandwich immunoassay,
Fe3s04@SiO2-prAmPBA-anti-PSA-mAb<PSA>pAb-PSA-anti-prAmPBA@SiO-@FITC
nanobioprobes at 518 nm. The emission spectrum is similar to Fig. S4.1(b) for FITC
@SiO2-prAmPBA-anti-PSA-pAb/glucose nanobioconjugates. Therefore, indicating
the successful capture of PSA by Fe304@SiO2-prAmPBA-anti-PSA-mAb/glucose and
detection using the fluorescence nanoparticles, FITC@SiO2-prAmPBA-anti-PSA-

pAb/glucose as sandwich immunoassay.
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Figure 4.7: Fluorescence spectra of (a) FesOsNPs, (b) FesOs@SiO2NPs, (c)
Fe304@SiO2-prAmPBANPs, (d) Fe3sO4@SiO2-prAmPBA-anti-PSA-mAb<PSA, and (e)
Fes0s@SiO2-prAmPBA-anti-PSA-mAb<PSA>pAb-PSA-anti-prAmPBA-SiO2@FITC

nanobioprobes.

4.4.1 Optimization of the detection conditions

The concentration of the Fe3Os@SiO2-prAmPBA-anti-PSA-mAb/glucose capture
bioprobes and FITC@SiO2-prAmPBA-anti-PSA-pAb/glucose sensing
nanobioconjugates along with the effect of the incubation time of the PSA capture were
optimized. Both the concentration and incubation time parameters affect the sensitivity
of the immunobiosensor. Figure 4.8 shows the fluorescence spectra of the obtained
Fes0s@SiO2-prAmPBA-anti-PSA-mAb<PSA>pAb-PSA-anti-prAmPBA-SiO2@FITC

nanobioprobes at (a) the different concentrations of the FezO4@SiO2-prAmPBA-anti-
PSA-mAb/glucose and (b) the effects of the incubation time on the response of the

immunobiosensor for the detection of PSA. The concentration of PSA was 50 ng.mL""
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and FITC@SiO2-prAmPBA-anti-PSA-pAb/glucose was 20 ug.mL'. From Fig. 4.8(a)
the fluorescence emission intensity increased with increasing amounts of
Fe304@SiO2-prAmPBA-anti-PSA-mAb/glucose up to 10 ug.mL-". Similarly, Fig. 4.8(b)
the fluorescence emission intensity increased with the increasing incubation time with
a fluorescence maximum at 50 mins. The optimum incubation time for FITC@SiO2-

prAmPBA-anti-PSA-pAb/glucose in NaOH (10 mM) was 20 mins at 37°C.
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Figure 4.8: Effect of (a) FesO4@SiO2-prAmPBA-anti-PSA-mAb/glucose concentration
on the fluorescence signal and (b) incubation time of the FesO4s@SiO2-prAmPBA-anti-
PSA-mAb/glucose<PSA>glucose/pAb-PSA-anti-prAmPBA-SiO-@FITC on the

response of the immunobiosensor of PSA (n=3).
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4.4.2 Detection of PSA

Using the proposed fluorescence immunobiosensor, PSA was detected using
fluorescence measurements. The dissolution fluorescence-linked immunosorbent
assay (FLISA) method was employed for the detection of PSA. After the addition of
NaOH, the FITC molecules are released from the silica shell into solution and
increasing the fluorescence detection. The Fe304@SiO2-prAmPBA-anti-PSA-
mAb/glucose capture and FITC@SiO2-prAmPBA-anti-PSA-pAb/glucose sensing
nanobioprobes were incubated for 50 mins to form the FesOs@SiO2-prAmPBA-anti-
PSA-mAb<PSA>pAb-PSA-anti-prAmPBA-SiO2@FITC immunocomplexes. After 50
min the sandwich assay was separated magnetically and washed with PBS (10 mM,
7.4). NaOH (20 pL, 10 mM) solution was added. After 20 mins the solution of the
immunocomplex nanobioprobes were subjected to fluorescence measurements at an
excitation of 480 nm. Figure 4.9(a) shows an increasing fluorescence intensity at
increasing PSA concentrations from 2.0 pg.mL-' - 100 ng.mL-'. Figure 4.9(b) shows
the PSA dose-response curve, which shows the correlation of the fluorescence
intensity with an increase in the PSA concentrations. Figure 4.9(c) shows the
calibration curve of the proposed fluorescence immunosensor, the changes in
fluorescent intensity (AFlmax = Fli-Flo) vs the log of PSA concentration. The linear
relationship was obtained over the studied concentration range up to 100 ng.mL-'. A

linear regression equation with a regression coefficient (R?) of 0.995 is Equation (4.1):
AFlmax = 1094.2 log [PSA] + 1315.3 (4.1)
A detection limit (LOD) of 0.81 pg.mL"" and limit of quantification (LOQ) of 2.46 pg.mL-

"were achieved. The results suggested the fluorescence immunosensor can be used
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for sensitive detection of ultra-low concentrations of PSA in pg.mL"" range and up to

ng.mL".
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Figure 4.9: (a) Bar graph for fluorescence emission signal for different concentrations
of PSA ranging from 2.0 pg.mL"" to 100 ng.mL-", (b) dose-response curve of relative
fluorescence intensity (AFImax = Fli-Flo), and (c) linear relation of relative fluorescence

intensity (AFlmax) against PSA concentrations.

The applicability of the fluorescence immunobiosensor was conducted in PSA spiked
newborn calf serum (NCS) samples. The average values of the recovery and the
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coefficient of the variation (CV) results are summarized in Table 4.1. Excellent %
recovery values in the ranges of 94.8% to 103.0% were obtained, with low coefficient
of variation (%CV) from 1.2% to 6.8%. These results show reliability of the

fluorescence immunosensor for PSA detection.

Table 4.1: Intra-assay % recovery for the detection of PSA in the spiked serum

samples.
Added Inter-assay of PSA (ng. mL") Average cv Recovery
(ng. mL") recovered (%) (%)
1 2 3 4
0.5 0.49 0.53 0.48 0.45 0.49 6.78 97.5
1 0.96 0.98 0.98 0.87 0.95 1.22 94.8
5 5.3 4.8 5.2 5.3 5.15 4.62 102.5

4.5 Specificity and selectivity of the immunosensor

The specificity and selectivity of the proposed immunosensor was investigated by
determining the assay responses to PSA and other interfering analytes. Further, the
immunosensor was verified by applying the immunosensor in serum samples spiked
with BSA, IgG antibody solutions and the mixture of IgG and PSA as shown in Fig.
4.10. The corresponding fluorescence responses of the immunosensor are after
removing the background interferences. The specificity and selectivity studies of the
fluorescence immunosensor in the presence of PSA and other analytes like BSA and
IgG, mixture of IgG and PSA. From Fig. 4.10, the BSA and IgG antibody samples
shows very weak fluorescence responses. The PSA spiked serum samples and
IgG/PSA mixture gave high fluorescence intensity response. The immunosensor

demonstrated excellent specificity and selectivity towards PSA detection.
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Figure 4.10: The specificty studies of the fluorescent immunoassay sensor in the

presences of PSA and other antibodies. (n = 3).

Furthermore, the comparison of the study was done with previously reported methods
of detection for PSA as summarized in Table 4.2. The LOD of the study was found to
be 0.81 pg.mL' with an LOQ of 2.46 pg.mL-'. As compared to other previously
reported methods of PSA detection with LODs of 10 pg.mL"" [2], 3.0 pg.mL"" [19], 83
pg.mL-' [53], 27 pg.mL" [54], 30 pg.mL" [55], and which employed the use of
detection probes such as Mutli-CAT-AuNPs-Ab2, HRP-Ab2-SiO2NSs, CdTe@SiO2-
Abz, Ag/SiO2@RuBpy@SiO2-Ab2, and rGO-Ca:CdSe-Abz, respectively. In this work,
the proposed FLISA biosensor gave a lower LOD of 1.07 pg.mL-! for PSA detection.
The proposed FLISA in this study offered the advantage due to the use of
nanomagnetic-silica capture bioprobes for PSA concentration enrichment in the serum
matrix and the highly fluorescent FITC-doped silica sensing nanoconjugates, in which
the amplification of fluorescence signals was observed upon dissolution of the silica
nanoparticles.
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Table 4.2: A comparison of different analytical biosensors’ performance for the detection of PSA.

Detection Probe Cabture substrate Signal Linear concentration LOD Ref.
P Monitored range (LCR)
Fes04@SiO2-anti-PSA- Fluorescence 2.0 pg.mL"—100 0.81 [TW)
mAb/glucose (serum) ng.mL"" pg.mL-"
FITC@SiO2-prAmPBA-anti- . Fluorescence y y 0.70
PSA-pAb\glucose well/anti-PSA-mAb/BSA (buffer) 2.0 pg.mL'-50 ng. mL og.mL- [TW]
1 _
well/anti-PSA-mAb/BSA Fluorescence 2.0 pg.mL"-100 1.07 TW]
(serum) ng.mL-"! pg.mL-"
a1 _ -
HRP-Ab2-SiOzNSs well/Ab1/BSA Fluorescence >0 P9ME" - 100 ng. mb o 1:“__1 2]
CdTe@SiO2-Ab: Fe304-Ab1 Fluorescence 10 pg.mL"' — 5.0 ng.mL"’ pg:.sr.r?L‘1 [19]
1 _
HRP-anti-PSA-IgG well-anti-PSA-migY Fluorescence 010 ng.mL" - 3.38 83 50]
ng.mL-" pg.mL-"
. . IMN-Ab1 Photo- 0.10 ng.mL"" - 100 27
AQ/SIO2@RUBpy@SiO2-Abz luminescence ng.mL-" pg.mL-"! [51]
Multi-CAT-AuNPs-Ab2 MB-Ab: Colorimetric 50 pg.mL" - 20 ng. mL"’ 30 ) [52]
pg. mL"’

TW: This work; Multi-CAT-AuNP-Ab2: Polyclonal Goat anti-Human PSA/catalase-labelled gold nanoparticles; HRP-Ab2-SiO2NSs:
Horseradish peroxidase-labelled anti-PSA antibody/silicon dioxide nanospheres; CdTe@SiO2-Ab2: PSA-labelled cadmium
HRP-anti-PSA-lgG: anti-PSA
Ag/SiO2@RuBpy@SiO2-Ab2: A three layered silver core-shell, outer layered RuBpy doped-silica fluorescent composites surface

telluride@silica  core-shell  nanoparticles. Horseradish  peroxidase-labelled antibody.

functionalized with PSA antibody. IMN: Immunomagnets.
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4.6 Conclusions

We have developed a highly sensitive and selective fluorescence immunoassay for
rapid detection of PSA using anti-PSA polyclonal antibody fluorescent silica
nanobioconjugates for fluorescence sensing and nanomagnetic-silica antibody
conjugates for PSA capture. The step-by-step preparation and characterization of the
nanomagnetic-silica antibody conjugates was followed using microscopic and
spectroscopic techniques. The preparation was successful as spherical
nanomagnetic-silica antibody capture nanobioprobes were obtained. A sandwich
immunocomplexes of the fluorescent silica sensing nanobioconjugates and
nanomagnetic-silica capture bioprobes formed through two immunoreactions used for
the accurate detection of PSA. Compared with common ELISA methods, the
nanomagnetic-silica capture bioprobes assisted in PSA enrichment using a magnet to
separate the captured PSA from the matrix. In addition, the fluorescent silica
nanobioconjugate, enhanced the fluorescence intensity upon dissolution, using
NaOH. This resulted in amplified fluorescence signs due to the FITC molecules being
released, and enhancing the sensitivity of the immunoassay. The combined effects of
the low background noise and increased fluorescence signals increased the
fluorescence intensity resulting in a low limit of detection and limit of quantification in
the pg.mL-'. Moreover, the oriented bioconjugation of monoclonal and polyclonal PSA
antibodies promoted specificity and selectivity to PSA. Potential interfering proteins
could not be detected using this system confirming its specificity and selectivity even
at higher concentrations. The presented immunoassay was demonstrated to be
simple, specific, ultrasensitive, and showed good use of PSA detection in serum

samples.
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5 Conclusion and future perspectives

5.1 Conclusions

The thesis aim was to prepare fluorescent FITC-doped silica antibody nanopatrticles
and nanomagnetic-silica nanoparticles for selective, specific, and ultrasensitive
detection prostate-specific antigen (PSA) at ultra-low concentrations. Several
objectives were set and achieved by developing a simple fluorescent silica antibody
nanobioprobes with excellent fluorescence properties. The nanobioprobes
encapsulating FITC as fluorophore, FITC@SiO2-prAmPBA-anti-PSA-pAb/glucose,
were prepared and characterized fully. The nanobioprobes were bioconjugated with
anti-PSA-pAb successfully for specific, selective and ultrasensitive detection of PSA
using TES-prAmPBA for controlled orientation. The fluorescence silica nanoparticles
also carried 3.0% and 6.0% of the fluorophores. 6.0% FITC-doped nanoparticles
exhibited fluorescence properties with high signal amplification and sensitivity
especially after dissolution with NaOH (alkali hydrolysis) which led to the release of
the FITC molecules into solution. Low background noise and increased fluorescence
intensity resulted in ultra-low detection limits in the pg.mL-'. The detection of PSA was
via the fluorescence-linked immunosorbent assay on the black 96-well microplates
coated with monoclonal anti-PSA-mAb as capture protein. In addition, magnetic
nanoparticles were further bioconjugated with capture protein, monoclonal anti-PSA-
mADb, Fe304@SiO2-prAmPBA-anti-PSA-mAb/glucose. The magnetic nanoparticles
were used to enrich the target PSA biomarker from the samples. A sandwich
immunocomplexes of Fe304@SiO2-prAmPBA-anti-PSA-mAb<PSA>pAb-PSA-anti-
prAmPBA-SiO2@FITC were formed through two immunoreactions and used for the

accurate detection of PSA. Compared with common ELISA methods, FITC@SIiO2--
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prAmPBA-anti-PSA-pAb/glucose nanobioprobes showed enhanced fluorescence
intensity since the silica shell reduced the photobleaching of the optical properties of
FITC. In addition, the target PSA enrichment through the nanomagnetic Fe3sO4@SiO2-
prAmPBA-anti-PSA-mAb/glucose bioprobes further enhanced the sensitivity of
immunosensor. The proposed immunoassay used NaOH dissolution fluorescence
immunosorbent assay for the ultra-low detection of PSA in pg.mL-' and exhibited high
sensitivity wide concentration range up to 100 ng.mL-" covering the clinical range for
the quantitative PSA screening. The immunoassay was demonstrated to be simple,
specific, and sensitive, and showed good use of PSA detection even in serum

samples.

5.2 Future perspectives

The fluorescence systems developed for the detection of PSA still require the use of
real samples and validation with clinical samples. Monitoring and quantifying PSA
levels is crucial in the diagnosis of prostate cancer. PSA alone is not specific to
prostate cancer therefore, there is a need for the detection of PSA and its isoforms for
total PSA, free-PSA and complex-PSA. These biomarkers if quantified can be specific
for prostate cancer diagnosis. The discrimination between benign and malignant
increased concentration of PSA is also another factor to take into account when
diagnosing prostate cancer. The use of a ratio of free-PSA to complexed-PSA and use
of threshold analysis will assist in determining the positive prostate cancer diagnosis
for the benign and prostate cancer diagnosis. The detection of other biomarkers for
prostate cancer would also be investigated for multiplexed detection which will result

in the definitive diagnosis.
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6 Chapter 3 Appendix

"H-NMR of FITC-APTES

The proton ("H) NMR was used for the characterization of FITC-APTES measured in
DMSO-ds. Figure S3.1 shows the "H NMR spectrum of the synthesized FITC-APTES.
The proton NMR was used to obtain structural information and successful formation
of FITC-APTES. From the spectrum, a triplet peak at 1.04 ppm attributed to the CHs
from the APTES. At 0.8 ppm and, 1.56, and 2.25 ppm are attributed to the aliphatic
CH2 groups of APTES. 3.25 ppm is attributed to the CH2 and NH protons. Downfield
of the spectrum, the peaks at 6.58 ppm, 7.67, and at 8.12 ppm are attributed to the
aromatic ring protons from FITC, respectively. Lasty, at 10.13 attributed to the OH
protons from FITC. Therefore, confirming the successful formation of FITC-APTES.
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Figure $3.1: TH NMR spectrum of fluorescein-isothiocyanito-3-propyltriethoxysilane

(FITC-APTES) measured in DMSO-de.
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Synthesis of TES-prAmPBA

As one of the components for the preparation of fluorescent silica antibody
nanobioprobes, triethoxysilanepropyl-3-amido phenylboronic acid (TES-prAmPBA)
was synthesized to introduce the boronic acid functional group used for oriented
antibody bioconjugation. The carboxylic acid functional group of 4-
carboxyphenylboronic acid (4-CPBA) are reacted with the primary amine group of
APTES and resulting in TES-prAmPBA through secondary amide bond formation.
TES-prAmPBA was surface functionalized onto fluorescent silica nanoparticles

through a covalent attachment via siloxane bond formation.
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Scheme S3.1: Synthesis of triethoxysilanepropyl-3-amido phenylboronic acid (TES-

prAmPBA).

TH-NMR of TES-prAmPBA

Figure S3.2 below shows the 'H NMR spectrum of TES-prAmPBA measured in
DMSO-ds. From the spectrum, the aromatic protons are observed between 5.50 ppm
and 5.78 ppm and the aliphatic (CH3) protons at 1.25 ppm. The two protons on N-CHz2

from the propyl (CH2 group) are observed at 2.11 ppm, and the NH proton from the

182



amide bond was broad at 10.25 ppm. Therefore, confirming the successful formation

of TES-prAmPBA.
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Figure S3.2: '"H NMR spectrum of triethoxysilanepropyl-3-amido phenylboronic acid

(TES-prAmPBA) measured in DMSO-de.
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Figure S3.3: TEM image of FITC@SiO2-prAmPBA-anti-PSA-pAb nanoparticles and

the corresponding size distribution histogram.

183



Dye-Leakage and photostability study

The photostability comparison study of (a) FITC, (b) FITC-APTES, and (c)
FITC@SiO2NPs over 50 min and looked at the amount of dye encapsulated in
FITC@SiO2NPs. The excitation wavelength values used was 480 nm. The emission

values were obtained at 520 nm FITC, 518 nm for both FITC-APTES, and

FITC@SiO2NPs.
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Figure S3.4: Fluorescence spectra of (a) FITC, (b) FITC-APTES, and (c)

FITC@SiO2NPs. All samples were diluted in PBS buffer (pH 7.4) and measurements

were taken at 5 min intervals.
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7 Chapter 4 Appendix

Figure S4.1(a) the UV-Vis spectra of (i) Fe30s@SiO2-prAmPBA-anti-PSA-
mAb/glucose capture bioprobes show no absorption properties (along with the
nanomagnetic nanoparticles and the functionalization steps). The FITC@SiO2-
prAmPBA-anti-PSA-pAb/glucose sensing nanobioconjugates exhibits absorption
properties at 495 nm. Similarly, the Fe3Os@SiO2-prAmPBA-anti-PSA-mAb/glucose
showed no fluorescence emission properties. On the other hand, the FITC@SiO2-
prAmPBA-anti-PSA-pAb/glucose fluorescence emission is observed at 518 nm as

shown in Figure S4.1(b).
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Figure S4.1: (a) UV-Vis and (b) fluorescence spectra of (i) FesOs@SiO2-prAmPBA-
anti-PSA-mAb/glucose capture nanobioprobes and (ii) FITC@SiO2-prAmPBA-anti-

PSA-pAb/glucose sensing nanobioconjugates.
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