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Preface

Breast cancer is the world’s leading cause of cancer related deaths in women worldwide. The
main reason lies in its late detection, mostly in the metastatic stage resulting in poor after-
therapy prognosis, despite advances in methods of diagnosis and therapy. The reason for late-
stage detection, is because breast cancer like any other cancers is asymptomatic in its early
stages. Significant and characterizable features present in the later stages. Furthermore,
conventional methods for breast cancer detection are more useful in the identification of the
phenotypic features of cancer cells that arise at a later stage of the disease. Another issue
with conventional methods where cancer diagnosis is concerned is that they tend to be
specialist-dependent, time consuming and costly. Thus, easy, fast and inexpensive detection
methods need to be developed urgently. Biomarker-based cancer diagnosis has emerged as
one of the most promising strategies for early diagnosis, monitoring disease progression, and
subsequent cancer treatment. This thesis focuses on the design and development of novel
electrochemical biosensor platforms towards the low cost, efficient, sensitive and simple
detection of early-stage breast cancer biomarker, human epidermal growth factor 2 (HER2).
The electrochemical method is preferred because of its moderate cost, rapid response, ease
of operation, readily quantifiable signal as well as high sensitivity and selectivity with lower
detection limits. This thesis reports on two strategies towards signal amplification and
sensitive detection of HER2, namely signal based amplification and target-based

amplification. The former focuses on electrode or transducer modification techniques for



improved signal to noise ratio. In which case; novel nanocomposites of phthalocyanines,
graphene quantum dots, gold nanoparticles and cerium oxide nanoparticles are used for
electrode modification for signal amplification and biorecognition element immobilization.
The biorecognition elements of choice, are an aptamer and antibody known to be specific to
the HER2 antigen for an enhanced sensor sensitivity and specificity. The second strategy
focuses on increasing the number of detectable targets on the electrode surface towards
enhanced sensitivity, precision and sensor accuracy. In which case; the performance of the
aptamer and the antibody as recognition elements was explored. Furthermore, the effect of
arrangement of these recognition elements on the electrode surface is investigated and
reported upon. The strategies covered in this thesis are expected to result in novel biosensor
platforms that can detect the HER2 biomarker with high precision, reproducibility, sensitivity

and stability; towards low cost and effective early-stage breast cancer diagnostic tools.
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Abstract

This thesis reports on the design and development of novel biosensor platforms towards the
electrochemical detection of HER2 on a glassy carbon electrode (GCE). Electrochemical
biosensors combine the sensitivity and selectivity of a sensor or biosensor surface. The
biorecognition element in the sensor recognizes an analyte and produces an electrical signal
which is proportional to the analyte concentration. Herein, the GCE transducer is modified
with various nanocomposites based on novel cobalt based phthalocyanines, a cobalt
binuclear porphyrin, sulphur nitrogen doped graphene quantum dots, gold nanoparticles and
cerium oxide nanoparticles for signal amplification and immobilization of HER2 antigen
biorecognition elements for sensitive and selective detection. Various electrode modification
strategies including, electropolymerization, binary nanocomposites and adsorption were
explored for maximum electron transfer and signal transduction of the designed
nanomaterial and related composites. On the modified electrodes, an aptamer and antibody
were immobilized accordingly as the biorecognition elements, for enhanced specificity and
selectivity of the designed sensors. Electrochemical impedance spectroscopy (EIS) was
employed for characterization of the sensors, as well as the determination of limit of
detection and sensitivity values of each sensor. The sensors were able to detect HER2 with
high sensitivity and LOD values lower than the 15 ng/mL cut off value. The potential in real-
life applicability of the designed sensors was proven by detection of HER2 in human serum
samples. The designed sensors showed good stability and accuracy towards HER2.
Furthermore, the sensor surfaces were successfully regenerated proving to be reusable and
applicable toward low cost and simple detection of HER2. Overall, the designed probes have

considerable potential as diagnostic tools for early breast cancer.
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1. Introduction

This chapter provides background information and an overview of electrochemical

biosensors, including their construction and characteristics towards the electrochemical
detection of the human epidermal growth factor receptor 2 (HER2).
Metallophthalocyanines, metalloporphyrins, graphene quantum dots, gold nanoparticles
and cerium oxide nanoparticles are introduced as electrode modifiers for signal
amplification and biorecognition element immobilization platforms towards sensitive
detection of HER2, an early-stage breast cancer biomarker. For the first time, the said
nanomaterials in combination with an aptamer and/or an antibody are used, on a glassy
carbon electrode for the design and development of breast cancer early diagnostic tools.

This chapter further describes the objectives and summary aims of this thesis.



1.1. Background: Breast Cancer

Breast cancer is a kind of malignant tumour that mainly appears in the inner lining of milk
ducts, epithelial tissues, or lobules with different degrees of spread, invasiveness, and
heredity [1,2]. Breast cancer is also the leading cause of cancer-related mortality in females,
worldwide [3,4]. For effective treatment, reliable and efficient diagnosis is necessary. The
earlier cancer can be detected, the better the chance of a cure. Currently, many cancers are
diagnosed only after they have metastasized throughout the body [5,6]. At present, the main
diagnostic techniques available for the detection of breast cancer are mammography [7],
breast ultrasound [7,8], and magnetic resonance imaging (MRI) examination [7,9]. However,
these methods require professional practitioners and are expensive. Furthermore, the said
clinical methods tend to be invasive and taxing on the patients [10]. As a result, it remains a
critical challenge and an unmet need to establish minimally invasive, simple, rapid, and
economical techniques for the early diagnosis of breast cancer. In this context, cancer
biomarkers, which can be readily obtained from the patient’s body fluids, offer the possibility
of a “liquid biopsy” for cancer diagnosis, health monitoring, and personalized treatment

[11,12].

1.1.1. Biomarkers for Breast Cancer Diagnosis and Management

The National Cancer Institute (NCI) defines a biomarker as “a biological molecule found in
blood, other body fluids, or tissues that is a sign of a normal or abnormal process or of a
condition or disease. A biomarker may be used to see how well the body responds to a
treatment for a disease or condition” [13]. Cancer biomarkers are potentially one of the most
valuable tools for early cancer detection [14]. Biomarkers provide information about how

cancer develops and progresses in the body. Blood, urine, saliva, and other body fluids all
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contain biomarkers [15], and can be used as analytes in sensor development. Various
scientific studies have listed some promising single biomarkers. At present, there are only
four Food and Drug Administration (FDA) approved established breast cancer biomarkers for
assessing breast cancer in bodily fluids [16,17]: cancer antigens (CA); CA 15-3, CA 27-29,

Human Epidermal Growth Factor 2 (HER2), and circulating tumour cell (CTC).

1.1.2. Human Epidermal Growth Factor Receptor 2 (HER2): Role in Breast Cancer

HER2 is a cell membrane protein receptor mediated by the transmission of signals controlling
normal cell growth and differentiation [18]. In general, the number of existing HER-2 cell
membrane receptors in normal cells is small (Fig. 1.1a). When the number of HER-2 receptors
is high, the cell signalling is stronger (Fig. 1.1b), leading to amplified responsiveness to

epidermal growth factors and carcinogenesis (Fig. 1.1c) [19].

HER2 is highly expressed in around 20-30% of breast cancer tumours [20], and the outcome
of that is a more aggressive ailment, augmented mortality, and higher recurrence rate [21,22].
HER2 amplification is seen in nearly half of all in situ ductal carcinomas without any evidence
of invasive disease and HER2 status is maintained during progression to invasive disease,
nodal metastasis, and distant metastasis [23]. This then qualifies HER2 as an early-stage
breast cancer biomarker, that is measurable and can be utilized to determine the appropriate

treatment and therefore improve overall outcome of breast cancer patients.



Figure 1.1. HER2 receptors send signals to cells in charge of cell growth (a), thus in breast

cancer it causes cells to grow and divide uncontrollably (b), leading to tumour growth (c) [19].

HER2 testing is a standard procedure for all new breast cancer diagnoses, as well as in case of
tumour progression and/or residual tumour after neoadjuvant treatment [24]. There are
currently two tests commonly used to determine HER2 status of a patient:
immunohistochemistry (IHC) - detects overexpression of HER2 protein and fluorescence in
situ hybridization (FISH) - detects amplification of the HER2 gene [25,26]. IHC is easier to
perform than FISH and is substantially less expensive. IHC can be performed in most surgical
pathology laboratories. FISH, on the other hand, is performed only at select sites because
specialized equipment and training are required. Despite these arguments in favour of IHC
testing, there are concerns that it is less accurate, is not standardized and has poor reliability
[27,28]. FISH has generally been shown to have better validity and reliability and is widely

considered to be the technique of choice [28].




Developing a high-sensitive and rapid early-stage breast cancer diagnostic method is
therefore urgent. As such, great attention and various research efforts have been focused on
the development of non-invasive and more convenient diagnostic tools that allow for early

detection of breast cancer: as outlined is in thesis using electrochemistry and biosensors.

1.1.3. Electrochemical Biosensors for HER2 Detection

A biosensor is an analytical device that combines a biological component (biorecognition
element), a physicochemical detector, and a transducer for the detection of an analyte of
biological importance [29,30], Figure 1.2. Biological or chemical reactions based on the
biorecognition element-analyte interactions on the transducer surface are measured; the
generated signal is proportional to the concentration of an analyte in the reaction [31]. These
sensors offer advantages such as high selectivity to the target analyte mainly due to the
specific interaction of the bioreceptor present in their structure with the target analyte. The
target analyte is detected by converting the recognition signal from the specific analyte-

bioreceptor interactions, into a detectable output signal [32,33].



Figure 1.2 Components and characteristics of a biosensor [33].

A wide range of biosensor technologies have been developed for the detection of HER2;
including optical [34,35], and electrochemical [36,37] among which electrochemical
biosensors have been proven to be superior owing to their high sensitivity and specificity in
the presence of biorecognition elements [37]. HER2 concentrations under normal
circumstance are in the 2-15 ng/mL range, with the occurrence and progression of aggressive

types of breast cancer HER2 concentration is increased to 15-70 ng/mL [38,39].

A suitable bioreceptor/biorecognition element is a biomolecule that can selectively bind to
the analyte of interest with high affinity and specificity. There can be various possible
receptors for a particular analyte. Having knowledge of the advantages and disadvantages of
various biological receptors is key. In the case of HER2 antigen, various biological targets that
can specifically bind to the antigen with high specificity exist. These include DNA/RNA
aptamers, affibodies, antibodies and peptides [40,41]. This thesis explores the use of both an

amino functionalized HB5 DNA aptamer and an antibody (Trasmatuzab) as biorecognition




elements for HER2 detection in the presence of metallophthalocyanines, a porphyrin

nanostructure and various nanoparticles.

Antibodies are a class of proteins, immunoglobulins that are generated by the immune system
as a response to foreign species such as bacteria, viruses, or parasites [42]. These proteins are
characterized by their ability to bind to a target with high affinity and specificity [43].
Structurally, antibodies are "Y" shaped and consist of two heavy and light chains, Figure 1.3.
The light and heavy chain moieties of the antibody are bound together by disulfide bonds;
this region is called the hinge region. A single antibody each has two identical antigen binding
sites at the ends of their "Y" arms or top of the light chain [44,45]. The antibody
immobilization onto the transducer surface is crucial for maintaining its proper conformation
and correct orientation to allow optimal interaction with the target analyte [46,47].
Antibodies suffer from some drawbacks which limit their applicability in point of care
diagnostics, namely they are expensive to produce, they require low-temperature storage,
they can undergo denaturation if not stored properly and lose their binding ability [46,48].
These limit their utility in making assays for real life applications, as such various alternatives

have been considered, such as aptamers.



Figure 1.3 General structure of a monoclonal antibody. (Image Credit:

periyanayagam/Shutterstock.com)

Aptamers are short single-stranded nucleic acids, that can fold into a 3D structure allowing
for interaction with their target analyte [42,48]. Aptamers, similar to antibodies bind to their
target via non-covalent interactions [42,49], Figure 1.4. Aptamer immobilization on the
electrode surface for biosensor design is achieved following same considerations as in
antibodies: optimum strategy being that which allows for aptamer-antigen interaction while
the aptamer is firmly immobilized onto an electrode surface. These immobilization

8



chemistries are achieved through modifications of the 3’ and/or 5’ ends of the aptamer with
an appropriate functional group [50]. In general, the 3’ end seems to be more suitable, since
it is the primary target for exonucleases, and, thus, its coupling to the solid support would
simultaneously confer resistance to nucleases. Nevertheless, the nature of solid-phase
oligonucleotide synthesis is such that addition of a modifier at the 5’ end of a sequence is the

terminal step, generally improving yield and simplifying purification [50,51].

Figure 1.4. lllustration of the 3D folding of aptamers and their binding to their target analyte [42].

Compared to antibodies, aptamers have some significant advantages. Aptamers are produced
in an animal- free synthetic approach, following a simpler, inexpensive, robust and scalable
method [52]. Aptamers are structurally flexible, their sequence can be tuned in a specific
manner, to improve affinity to the target molecule [53]. Even further, aptamers are smaller
in size aiding in their ease of immobilization on surfaces, providing more target-binding sites

with minimal steric hindrances effects [54]. Consequently, higher biosensing signals are
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obtained for an aptamer bound target, compared to an antibody bound target because the
aptamer is smaller in size and therefore closest to the transducing surface. Aptamers can
undergo significant conformational changes and are stable over a wide pH range, which
allows them to bind to a wide array of targets with higher sensitivity than antibodies [50,55].
Aptamer stability is not limited only to physiological conditions, compared to antibodies
aptamers exhibit superior chemical stability and can undergo reversible folding and unfolding.
This thesis report on the use of both an aptamer and an antibody as recognition elements in
biosensor design. Specifically, a DNA HB5 aptamer and the Trastuzumab monoclonal antibody
were used in the presence of phthalocyanines, a porphyrin nanostructure and various

nanoparticles towards the electrochemical detection of HER2.

1.2. Phthalocyanines and Porphyrins

1.2.1. Background
Phthalocyanines (Pcs) and porphyrins are highly conjugated and planar aromatic macrocycles,
both containing 18 delocalized m-electrons [56—58]. Pc molecules are well known for their
excellent redox properties, thermal and chemical stability [59]. Both Pcs and porphyrins exist as
free base and in the form of metal complexes, hosting a metal via the central cavity [57,60]. The
Pc can be substituted accordingly at the a (non-peripheral) and as B (peripheral) positions (Figure
1.5A), allowing for the design of Pcs with desired electronic and/or solubilizing properties,
depending on the application [56]. Similarly, the core-skeleton of the porphyrin macrocycle as
shown in Figure 1.5B, can be directly functionalized at the meso- and/or B-positions, altering the

physicochemical properties to suit desired application [61,62].
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Figure 1.5. Typical structures of (A) phthalocyanines and (B) porphyrins, both free base and
metalated are demonstrated. Possible structural substitution sites and ring numbering is also

shown [56,62].

In electrochemical biosensing, metallophthalocyanines and metalloporphyrins are used for
electrode modification both for signal amplification via electron mediation and
immobilization of biomolecules for sensitive analyte detection. Pcs and porphyrins can
improve the kinetic parameters of electrochemical reactions by increasing the peak intensity
and also reducing the peak potential [63,64]. Furthermore, both molecules allow for low cost
and rapid analysis of analytes, which is essential in biosensor design. These molecules are

structurally flexible, and allow for structural modification for enhanced properties, varied
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applications and interaction with other compounds and/or biological molecules. However,
porphyrins as electrocatalysts have proven to be unstable, are easy to deactivate, and difficult
to recycle, which limits its application in electrochemical sensor development [63]. To
overcome these drawbacks, porphyrins have been integrated as organic ligands into
controllable, highly designed and structurally stable frameworks, consisting of more than a
single porphyrin, Figure 1.6 [65—67]. Porphyrin based frameworks provide a very attractive
platform and make porphyrin molecular catalysts promising for electrocatalytic applications.
These porphyrin-based frameworks have found application in biomedical applications [67],
energy conversion [68], photocatalysis [69] and oxygen evolution [70]. The resulting
frameworks have shown great stability, electron transfer properties and recyclability [71,72].
On that account, this thesis reports on a cobalt porphyrin binuclear framework (CoP-BNF)

towards the detection of HER2 for the first time.
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Figure 1.6. An example of a porphyrin-based framework based on a porphyrin monomer [65].

1.2.2. Synthesis

1.2.2.1. Phthalocyanines

Asymmetric MPcs are synthesized by using phthalonitrile derivatives with different
substituents in rationed amounts, Scheme 1.1. The most common approach, which was used
in this work, involves the cross condensation between two phthalonitrile components or
diiminoisondolines in a ratio that favours the product, in the presence of a metal salt and a
catalyst. The ratio 3: 1 favours the A3B formation, with a few other isomers. Chromatography
is used to obtain the desired mono substituted MPcs, usually obtained in small yields.
Symmetric tetra substituted MPcs are obtained through cyclotetramerization of phthalic acid
derivatives. The commonly used substituted phthalic acid derivatives are either 3 or 4
phthalonitrile. The cyclotetramerization occurs at high temperatures, in the presence of a
solvent, a catalyst, metal of choice as well as the substituted phthalic acid derivative. The

yields of each isomer are determined by the nature of the substituent.
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Scheme 1.1. Synthetic route towards asymmetric and symmetric MPcs.

1.2.2.2. Porphyrins and related structures

The route for the synthesis of porphyrins, which was followed in this thesis, involves the
mixing of pyrrole with a benzaldehyde under acidic conditions, followed by oxidation of the
intermediary product to form a porphyrin, Scheme 1.2A [73,74]. Porphyrin based
frameworks; are nanostructures whose synthesis uses a porphyrin as a backbone to design a
stable framework. There are several strategies reported for synthesizing porphyrin-based

frameworks. Among which, the most common and utilized in this thesis is the hydrothermal

14



method, which involves reacting a porphyrin moiety in a solvent, with a chosen metal salt sealed in
a reactor under hydrothermal conditions, Scheme 1.2B. The coordination patterns in these solids
fall into three different categories according nuclearity (polynuclear, tetranuclear and

binuclear) of the interporphyrin metal.

Scheme 1.2. (A) Alder-Longo procedure for the synthesis of meso substituted porphyrins and (B)

Procedure towards the solvothermal synthesis of a porphyrin-based framework [65,74].
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1.2.3. Phthalocyanines and Porphyrins used in this work

1.2.3.1. Metallophthalocyanines, Table 1.1

This thesis reports for the first time on the use of cobalt-based Pc complexes (1 — 6) towards
the electrochemical detection of HER2. The cobalt based phthalocyanines [Co tetra carboxy
phenoxy phthalocyanine {CoTCPPc} (1) [75], Co tetra phenoxy propionic acid {CoTPPc} (2), Co
tetra phenoxy acetic acid {CoTPAPc} (3), Co tetra acetylphenoxy phthalocyanine {CoTAcPhPc}
(4) [76], Co tris-(acetylphenoxy)-mono-phneoxyacrylic acid phthalocyanine {CoMPhAaPc} (5)
and Co tris-3,5- dimethyl — phenoxy pyridine (5) -oxy- (2)- carboxylic acid phthalocyanine
{CoMPhPyPc} (6), were used for electrode modification towards the electrochemical
detection of HER2, Table 1.1. The cobalt as the choice metal is accredited to its transition
metal status, excellent redox and catalytic properties. Complex 1 was used alone and in the
presence of the conductive polymer, polypyrrole towards HER2 detection. Complexes 2 and
3 (both novel), were used to investigate the effect of functional groups on the electron
transfer properties of phthalocyanines in biosensor design. These two MPcs were coupled
with cerium oxide nanoparticles for improved sensitivity and signal generation towards HER2
detection. Complex 3 was additionally studied with gold nanoparticles and graphene
guantum dots, to explore the effect of nanoparticles on its activity towards the detection of
HER2. Complexes 4 and 5 (the latter novel), were coupled with graphene quantum dots via nt-
nt stacking and applied for HER2 detection. Complexes 1-5, were all used in label free
detection of HER2 using an HB5 aptamer as biorecognition element, Table 1.1. Complex 6
(novel), in combination with graphene quantum dots and a novel HB5-bioconjugate was used
to design a single and sandwich aptamer assay for the electrochemical detection of HER2. The
use of complexes 5 and 6 was influenced by their bulky substituents, which have been

reported to reduce aggregation. Furthermore, reports have shown that asymmetric MPcs
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have higher electron transfer properties compared to their symmetric counterparts [77].
Complexes 1, 2, 3, 5 and 6, all contain carboxylic acid functional groups, to which the amino
functionalized HB5-aptmer was linked via amide bond formation, and applied towards HER2
detection. Complexes 4 and 5 have acetophenone ligand, to which the HB5 aptamer was

linked via acid catalysed imine bond formation, and applied towards HER2 detection.

The following trends using Pc complexes 1 — 6 were explored:

(i) Effect of addition of polypyrrole polymer to complex 1 sequentially and premixed

during polymerisation

(ii) Effect of substituents of complex 2 and 3 alone, and when combined with cerium

oxide nanoparticles

(iii) Effect of nanoparticles; graphene quantum dots, cerium oxide nanoparticles and

gold nanoparticles on the activity of complex 3

(iv) Effect of symmetry for complex 4 and 5 coupled with graphene quantum dots

(v) Effect of bulky substituents on the complex 6 compared to all complexes 1 -5
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1.2.3.2. Porphyrin related structures

This thesis reports on the use of a cobalt porphyrin binuclear framework (CoP-BNF) towards
the electrochemical detection of HER2 for the first time. The CoP-BNF is endowed with
carboxylic groups to which the biorecognition elements are linked via amide bond formation.
The activity of CoP-BNF alone, and in the presence of graphene quantum dots doped with
gold nanoparticles towards the electrochemical detection of HER2 is studied. Two
bioreceptors are used and compared: HB5 aptamer and Trasmatuzab antibody for sensing
towards HER2 detection. The comparative performance of the HB5 aptamer and Trastuzumab
antibody towards HER2 detection is reported in this thesis for the first time. The synergistic
effects of the CoP-BNF and graphene quantum dots doped with gold nanoparticles towards

HER2 detection is also reported herein, for the first time.
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Table 1.1. List of MPcs used in this thesis, with the respective NPs that each complex was

coupled, as well as the bioreceptor used, for HER2 detection.

MPc/Porphyrins Used

NPs used

Aptamer/ Antibody (a)*

COOH

~
g
N= @’ T

paiesg Sevy

N Mg N
8

\ . 7/

\

é

COOH [75]

/©/COOH
o)

[Co tetra carboxy phenoxy phthalocyanine {CoTCPPc} (1)

COOH

OOH [New]

Co tetra phenoxy propionic acid {CoTPPc} (2)

Polypyrrole

SNGQDs

CeO2NPscooH

HB5-aptamer (amide)

HB5-aptamer (amide)
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Co tetra phenoxy acetic acid {CoTPAPc} (3)
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/%’ [76]

Co tetra acetylphenoxy phthalocyanine {CoTAcPhPc} (4)

"0‘5 [New]

Co tris-(acetylphenoxy)-mono-phneoxyacrylic acid

phthalocyanine {CoMPhAaPc} (5)

CeO2NPscoon

SNGQDs

AuNPs

SNGQDs

SNGQDs

HB5-aptamer (amide)

HB5-aptamer (imine)

HB5-aptamer (amide)

HB5-aptamer (imine)
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carboxylic acid phthalocyanine CoMPhPyPc} (6)

[New]

Cobalt porphyrin binuclear framework (CoP-BNF)

SNGQDs@CeO2NPs

SNGQDs@AuNPs

HB5-aptamer (amide)

Single aptamer s.

sandwich assay

HB5-aptamer (amide)

Trastuzumab (amide)

* (a) = specifies the type of bond formed between Pc complex with the relevant

biorecognition element.
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1.2.4. Phthalocyanines and Porphyrins used for biomarker detection

MPcs have been employed in sensing of various cancer biomarkers such as the prostate
specific antigen (PSA) [78-80], and the epidermal growth factor receptor (EGFR) [81-83],
Table 1.2. The complexes reported in this thesis (complexes 1 - 6) as shown in Table 1.1 are
structurally different from any phthalocyanines reported for biomarker detection, Table 1.2.
One report exists where a ZnPc was linked to an H2-ul aptamer towards HER2 targeting and
photodynamic therapy (PDT) [84]. This thesis reports for the first time on the use of cobalt-
based Pc complexes (1 — 6) towards the electrochemical detection of HER2, using the HB5
aptamer. The superior qualities of the HB5 compared to other aptamers for the detection of
HER2 has been demonstrated [85]. The use of porphyrins and porphyrin related structures in
biomedical applications is well documented: Most commonly porphyrins are used for
theranostics related studies [86,87], Table 1.2. Not much work has been done on their

application towards electrochemical detection of cancer biomarkers [87,88].
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Table 1.2. Reported MPc towards the detection of various cancer biomarkers

MPc/Porphyrin in Literature

Analyte

References

PSA

PSA

EGFR

[78,79]

[80]

[81]
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EGFR [82]
EGFR [83]
HER2, applied
in PDT.

[84]

H2-ulL aptamer

[86]

HER1, CEA
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[87,88]

PSA, dopamine

Where, PSA = prostate specific antigen, EGFR = epidermal growth factor, HER = human
epidermal growth receptor, CEA = carcinoembryonic antigen, MOF = metal organic

framework and PDT = photo dynamic therapy.

1.3. Nanoparticles (NPs) used in this work
1.3.1. Graphene Quantum Dots (GQDs)

GQDs are zero-dimensional nanocrystals of sp2-bonded carbon atoms that are arranged in a
honeycomb crystal lattice of carbon atoms in rings of six atoms [89]. Each atom is covalently
bonded to three other carbon atoms, which gives the sp? hybridized characteristic and results
in m-orbitals perpendicular to the plane of the sheet, Figure 1.7 [90,91]. The applicability of
GQPDs in electrochemical biosensing lies in the following properties: quantum confinement,
excellent transduction, high electron transfer rate, unique electrocatalytic properties and
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specific surface area, chemical inertness [90,92]. Furthermore, the existence of carboxyl and
hydroxyl functional groups on their edges results in their ease of functionalization, variable

bandgap energy, water solubility and high biocompatibility [93-95].

HOOC ‘
HOOC ‘

Figure 1.7. Typical structure of GQDs with the possible edges.

The presence of functional groups on GQDs allow for better immobilization of biomolecules
for biorecognition in biosensor design [96]. GQDs can be linked to other nanomaterials via
covalent or non-covalent interactions for improved catalytic or sensing abilities [97]. Even
further, sp?framework can be doped or infused with various atoms for enhanced properties:
most commonly, heteroatoms such as N and/or S have been used due to comparable atomic
sizes and sufficient valence electrons for bonding with the carbon atoms of the GQDs without
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disturbing the sp? carbon framework [98—-100]. The structure, edges and surface defects of
the GQDs is dependent on the synthetic route [101]. There are two common routes through
which GQDs can be obtained namely, top down and bottom-up route [102—104]. The top-
down approach for GQDs involves the cleaving or cutting down of carbon-based materials
with a graphitic structure under mild conditions. The main disadvantage of this approach is
that there is limited control of the GQDs morphology and size, and gives rise to GQDs with
surface defects. Moreover, some routes usually require the use of laborious and multistep
procedures, such as strong acids and high temperatures [105,106]. The bottom-up approach,
uses small aromatic carbon-based compounds such as L-cysteine, in a controlled process to
produce high quality graphene quantum dots. Pyrolysis of these small compounds is the most
commonly used approach [107,108]. Compared to the top-down approach, there is better
control of the size, morphology, shape, and surface state achieved with bottom-up

approaches [109].

This thesis explores the bottom up synthesis of sulfur and nitrogen doped graphene quantum
dots (SNGQDs) as surface modifiers towards the detection of HER2. The SNGQDs were also
used as platforms for the growth of gold nanoparticles and cerium oxide nanoparticles to
form the composites: SNGQDs@AuNPs and SNGQDs@CeO:NPs respectively. The effect of the
SNGQDs and its composite on the electrocatalytic activity of selected CoPc derivatives is
investigated and reported. Owing to the fact that both SNGQDs and the CoPc derivatives are
catalytic, it is expected that the synergistic effect between the two materials, will result in
enhanced sensitivity and signal amplification. There are reports on the electrochemical
detection of HER2 using graphene quantum dots: GQDs-magnetic nanoparticles [110],
GQDs/Rhodium nanoparticles [111], reduced graphene oxide/chitosan [112], the rest are

listed in Table 1.3 [113,114]. A report on the combination of graphene oxide and gold
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nanoparticles added sequentially on the electrode towards the detection of HER2 exists [115].
This thesis reports for the first time, on the growth of gold nanoparticles and cerium oxide
nanoparticles on SNGQDs surface to form SNGQDs@AuNPs and SNGQDs@CeO;NPs
composites, respectively, and their application towards the detection of HER2. Even further,
this work explores for the first time, on the combination of SNGQDs and related composites
with CoPcs towards the electrochemical detection of HER2. Table 1.3 shows a list of graphene
based electrochemical sensors towards HER2 detection. As shown, none of them used doped
GQDs alone, or in combination with AuNPs, CeO,NPs nor cobalt phthalocyanines. This renders
the GQDs nanomaterials combination reported in here new, thereby emphasizing the novelty

of the reported work.

1.3.2. Cerium Oxide Nanoparticles (CeONPs)

Cerium oxide nanoparticles, are based on the lanthanide group metal cerium [116]. Cerium
exhibits exceptional character of cycling between the two ionic states, which is Ce3* and Ce**,
and this is possible due to the presence of ground-state electron in the 4f (Xe 4f'5d'6s?) orbital
which enables it to exhibit redox properties [116,117]. Among other NPs, CeO;NPs have been
exploited owing to their unique surface chemistry, high stability and biocompatibility
[118,119]. Synthetic methods are important because they determine the solubility, size,
surface condition, charge, structural arrangement and morphology of nanoparticles, thus
affecting their properties, including catalytic activities. Various synthetic methods for
CeO2NPs include physicochemical methods such as solution precipitation, hydrothermal and
solvothermal methods, which tend to be done under harsh conditions, where toxic organic
solvents are required accompanied by high temperatures [119,120]. Another method, and

mostly preferred is the green synthesis approach; which is environmentally friendly, simpler,
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cheaper and can produce nanoparticles of smaller sizes and increased biocompatibility
[121,122]. This thesis explores a non-toxic synthesis of CeO;NPs nanoparticles in aqueous

media, at room temperature with no additional surfactant.

CeO;NPs have been applied in electrochemical sensing owing to their fast electron transfer
kinetics, their ability to accelerate electron transfer, low-cost production, high surface area
and can improve sensor sensitivity [123,124]. This thesis presents for the first time, the
combination of CeO2NPs with CoPc derivatives towards the electrochemical detection of
HER2. This work demonstrates the enhanced sensitivity and signal amplification abilities
towards HER2 of selected CoPc derivatives in the presence of CeO;NPs. The CeO;NPs were
explored as immobilization platforms for biomolecules for enhanced sensitivity and enhanced
signal towards HER2 detection. A report on the use of CeO;NPs to form CeO;NPs-antibody
bioconjugate towards the electrochemical detection of HER2 exists [125], Table 1.3. For the
first time, this thesis reports on the use of a CeO,NPs-aptamer bioconjugate towards the

electrochemical detection of HER2.

1.3.3. Gold Nanoparticles (AuNPs)

Gold nanoparticles are the most commonly used nanoparticles owing to their good
biocompatibility, excellent conductivity, effective catalysis, high density, and high surface-to-
volume ratio [126]. Relevant to this work, is their applicability in bioassay related studies and
design. AuNPs play an important role in biosensors, not only electrocatalytically but also
structurally; these nanoparticles are stable and can easily be modified with biomolecules via
S-Au and Au-N bonds while preserving biomolecule integrity [127,128]. AuNPs have been
widely reported for their ability to enhance analytical performance of various biosensors

towards certain analytes [129,130]. AuNPs have been shown to be structurally flexible and
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compatible with a wide range of nanomaterials, and therefore allow for Au-nanomaterial
composite formation [131]. AuNPs have shown good sensitivity towards HER2 detection
[132-135]. Table 1.3 lists the electrochemical sensors towards HER2 based on gold
nanoparticles. This thesis reports on the seed growth method of AuNPs on sulphur and
nitrogen doped graphene quantum dots to form SNGQDs@AuNPs, towards the
electrochemical detection of HER2. The use of AuNPs is presumed to prevent restacking of
the graphene sheets, to impede aggregation. This thesis further reports for the first time,
coupling of AuNPs with the previously mentioned cobalt based framework (CoP-BNF) and a

CoPc derivative (complex 3) respectively, towards the electrochemical detection of HER2.
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Table 1.3. Table summary of graphene materials, CeO2NPs, AuNPs materials towards HER2

detection.

GQDs composite References

GQDs/MNPs-antibody [110]
GQDs/RhNPs-aptamer [111]
GQDs/Chitosan-antibody [112]
Graphene/AgNPs/PANI-aptamer [113]
GNM-aptamer [114]
GO/DNA/AuUNPs [115]
CeO;NPs-antibody [125]
AuNPs/MW:-ILE-antibody [132]
AuNPs-aptamer [133]
AuNPs-CN-aptamer [134]
AuNPs-CuMOF-antibody [135]

MNPs= magnetic nanoparticles, RhNPs= Rhodium nanoparticles, PANI=polyaniline,
GNM=graphene nanomesh, MW=multiwall, ILE= ionic liquid electrode, CN= carbon

nanotubes, Cu-MOF=copper metal organic framework.
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1.4. Polypyrrole (PPy)

Polypyrrole (PPy) is an organic polymer obtained by oxidative polymerization of pyrrole [136].
PPy is electrically conductive and electroactive in nature with unique chemical and
electrochemical properties [136,137]. PPy is by far the most extensively studied among the
numerous conducting polymers because of its easy synthesis, stability in oxidized form, high
electrical conductivity, and good redox properties [138,139]. The intrinsic properties of PPy
are highly dependent on electropolymerization conditions [140]. PPy is commonly
synthesized through electrochemical oxidation of pyrrole monomer using an oxidizing agent.
The electrochemical oxidation method, allows for an inexpensive and controlled synthesis of
PPy [141-143]. As such, the electrochemical method was adopted in this work for PPy
synthesis. Despite these excellent properties, PPy also suffers from certain drawbacks,
namely, poor solubility and low mechanical stability [144]. These drawbacks can affect the
response characteristics and sensitivity of the electrochemical sensor. PPy has been applied
in biosensor design for the detection of various analytes, where the compatibility of
polypyrrole with different nanomaterials was demonstrated accompanied by enhanced
biosensor signals and sensitivities [145-149]. This thesis reports for the first time on
electrochemical polymerization of PPy in the presence of SNGQDs and CoPc derivatives
respectively. The advantage of the synergetic combination of the properties of
phthalocyanines, polypyrrole and SNGQDs as electrode modifiers for the electrochemical

biosensing of HER2 is reported.
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1.5. Electrode Modification

All electrochemical reactions occur at the electrode/solution interface. Hence, the surface
structure of the electrode at the interface plays a distinct role in the electrode reaction and it
promotes the pathway for the transfer of electrons at the interface which in turn gives the better
electrode kinetics [150]. In biosensor design, it is on a nanomaterial modified surface that the
biorecognition element can be immobilized to allow for analyte detection [151]. Furthermore,
signal transduction and sensor stability are highly dependent on the successful modification of
an electrode using a selected technique [152]. Various electrode modification routes include
electropolymerization, self-assembled mono layers, adsorption (dip-dry and drop-dry), click
chemistry and electrografting [152,153]. These methods are easily amenable in low-cost
biosensor fabrication because they do not require complicated instruments. This thesis reports
on adsorption/drop casting as the major method of modification Figure 1.8, for the coating of the
glassy carbon electrode (GCE) with various nanomaterials. The GCE is used as a working electrode
owing to its broad potential window, low background current, low cost, chemical inertness and

suitability for various sensing applications [154].
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Figure 1.8. A schematic showing the drop-dry method for electrode modification [155]. BGCE

= bare glassy carbon electrode

The drop casting method involves, a drop of a solution containing the modifier of interest being
drop casted on to the electrode for modification; ideally confined on the conductive electrode
area, Figure 1.8. The electrode is then subjected to drying, which involves the evaporation of
particular solvent used. Drying can be under vacuum or oven, it all depends on the type and

polarity of the used solvent [152,155].
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1.6. Thesis Summary and Aims
The aim of this work is to develop surface engineering strategies in biosensor design: Towards
the design and development of novel biosensor surfaces, with enhanced signal and sensitivity for
the electrochemical detection of HER2 biomarker. The strategies employed in this work are

divided into two classes and are listed below:

1.6.1. Signal Based Amplification
Signal-based amplification methods are methods applied in biosensor design, that lower the
limit of detection (LOD) by modifying the transducer system to improve the signal-to-noise

ratio

. Impedimetric Aptasensor For HER2 Biomarker Using Graphene Quantum Dots,

Polypyrrole and Cobalt Phthalocyanine Modified Electrodes

For the first time, the electropolymerization of pyrrole in the presence of SNGQDs and
complex 1 is investigated towards the electrochemical detection of HER2 on a glassy carbon
electrode. The synergetic combination of the properties of phthalocyanines, polypyrrole and

SNGQPDs as electrode modifiers for the electrochemical biosensing of HER2 is investigated.

1. Effect of linking a MPcs to CeO2NPs

Two novel phthalocyanines: complex 2 and complex 3 are coupled with cerium oxide
nanoparticles as electrode modifiers for immobilization support and signal amplification
towards the electrochemical detection of HER2. The two phthalocyanines, differentiated only
by the oxygen atom on the hydrocarbon chain part were investigated towards the
electrochemical detection of HER2 as surface modifiers, first alone and when coupled with

the CeO,NPs.
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1. Effect of nanomaterial on MPc

A cobalt phthalocyanine, complex 3 is employed for the first time in the presence of three
different types of nanoparticles: carbon based (SNGQDs), metallic (AuNPs) and metal oxide
(CeO2 NPs). This is also the first time that an MPc is studied for HER2 detection in the presence
of AuNPs. Both SNGQDs and complex 3 contain 1t electrons and can interact with each other
through m-nt stacking forming SNGQDs(mt)3. The nanoparticles and complex 3 contain
carboxylic groups to allow for the covalent immobilization of the amino functionalized HB5
aptamer on the electrode surface. The effect of the nature of the nanoparticle on the sensing
ability of complex 3, bearing in mind that size and defects of the nanoparticle affect the

conducting abilities was investigated.

IV. Symmetry and Substituent Effect on MPcs

The effect of symmetry and substituent on the electrocatalytic properties of two
phthalocyanines; complex 4 and complex 5 (new) is reported. The effect of replacing one
acetylphenoxy ligand in the tetra substituted complex 4, with a phenoxyacrylic acid ligand to
form the complex 5 is investigated. The two complexes are compared as surface modifiers
and signal amplifiers in the design of novel human epidermal growth factor receptor 2 (HER2)
electrochemical biosensors. The performance of both complexes is further investigated in the
presence of SNGQDs via m-m interactions, for enhanced electron transfer and signal

amplification.

1.6.2. Target Based Amplification Strategies
Target based amplification strategies can be defined as methods that increase the number of
detectable targets on the electrode surface. These methods are aimed at improving antigen-

receptor interactions for enhanced sensitivity, precision and accuracy of the sensor.
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V. Aptamer versus antibody as probes for the impedimetric biosensor for human

epidermal growth factor receptor

This thesis reports on a comparative of aptamer and antibody as biorecognition elements
towards the detection of HER2. On a glassy carbon electrode modified with a cobalt porphyrin
binuclear framework (Co-BNF) and sulfur/nitrogen doped graphene quantum dots
functionalized with gold nanoparticles (SNGQDs@AuNPs) both the HB5 aptamer and
Trastuzumab were covalently immobilized under equivalent conditions and investigated as

biorecognition elements towards HER2 detection.

VI. Single vs Sandwich Aptamers: Towards the Sensitive Detection of HER2 Using

Composites of Phthalocyanine, Graphene Quantum Dots and CeO2 Nanoparticles

This thesis explores the effect of arrangement of biorecognition elements on the electrode
surface in biosensor design. For the first time, the comparative performance of a single vs. a
sandwich aptamer-based assay towards the electrochemical detection of HER2 on an
electrode modified with complex 6 and SNGQDs@CeO,NPs nanocomposite. The sandwich
assay was completed by a novel bioconjugate; HB5-SNGQDs@CeO;NPs for signal

amplification strategy.
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2. Materials, Equipment and
Experimental

This chapter outlines the materials and equipment used in the work reported. It also

outlines the synthesis, conjugation and electrode modification protocols followed.
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2.1. Materials

2.1.1. General materials and solvents

The following chemicals were purchased from Sigma Aldrich: dimethyl sulfoxide,
tetrahydrofuran, ethanol, dimethyl formamide, Aluminium oxide powder, Hexane, sodium
phosphate dibasic, monobasic potassium phosphate, Potassium hexacyanoferrate (ll) and
potassium hexacyanoferrate (lIl). Millipore water, Type Il was obtained from an Elga PURELAB
Chorus 2 (RO/DI) system. Phosphate buffer saline (PBS, pH 7.4) was prepared using weighed

amounts of Na;HPO4, NaH2PO4 and NaCl dissolved in Type Il water.

2.1.2. MPc/Porphyrin synthesis and conjugates

N-hydroxy succinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC),
pyrrole, N, N’-dicyclohexylcarbodiimide (DCC), 1-pentanol, 1, 8-diazabicyclo (5.4.0) undec-7-
ene (DBU), cobalt chloride, cobalt (acetate)s, potassium hydroxide, and pyridine were
purchased from Sigma Aldrich. The free base porphyrin (H2P) was synthesized according to

literature [73].

2.1.3. Nanoparticle Synthesis

The following chemicals were purchased form Sigma Aldrich: ethanol, hydrogen
tetrachloroaurate (lll) tetrahydrate, diethylamine, trisodium citrate, cerium sulphate (IV) and
oleylamine was purchased from Sigma Aldrich. The nitric acid, sulphuric acid, and 25 %

ammonia were purchased from B and M Scientific.
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2.1.4. Biological Samples

The human serum (AB male plasma, H6914), the protein (HER2), and the monoclonal antibody
HER2 (Trastuzumab) were purchased from Sigma Aldrich. The HB5 DNA aptamer (5'-/5
AmMC6/AAC CGC CCA AAT CCC TAA GAG TCT GCA CTT GTC ATT TTG TAT ATG TAT TTG GTT
TTT GGC TCT CAC AGA CAC ACT ACA CAC GCA CA-3’) was purchased from Integrated DNA
Technologies, South Africa. The HB5 DNA aptamer solution was prepared according to the
manufacturer's instructions for 100 uM in 10 mM PBS of pH 7.4. HER2 protein (specific target)
was sold as a solution, with concentration of 4.4 mg/mL: necessary dilutions were made using
PBS (pH 7.4). Similarly, the Trastuzumab antibody was diluted with PBS (pH 7.4) where
necessary to obtain desired concentrations. The 1% bovine serum albumin (BSA) for non-
specific binding was made using PBS solution (pH 7.4). All stock solutions were made using

Millipore water and were kept at 4 °C during the course of the study.
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2.2,

Instrumentation
Ground state electronic absorption spectra were recorded on a Shimadzu UV-2550

spectrophotometer.

The elemental analysis was conducted using a Vario-Elementar Microcube ELIII.

Infrared spectra were recorded on a Bruker® Alpha IR (100 FT-IR) spectrophotometer.

X-ray powder diffraction (XRD) patterns were recorded on a Bruker D8 Discover

equipped with a Lynx-Eye Detector, using CuKa radiation (= 1.5405 A, nickel filter).

The morphologies of nanoparticles were determined by transmission electron

microscopy (TEM) using a Zeiss Libra 120 TEM operating at 80 kV.

The surface of the modified electrodes was assessed using scanning electron
microscopy (SEM), the TESCAN Vega TS 5136LM model. Glassy carbon plates (GCP,

Goodfellow, UK) of 1 x 1 cm and 2 mm thick were used as a substrate for SEM.

Mass spectral data were obtained on a Bruker Auto FLEX Ill Smart-beam TOF/TOF
mass spectrometer, using a-cyano-4-hydrocinnamic acid as the matrix in the positive

ion mode.

A Bruker Vertex 70-Ram Il Raman spectrometer (equipped with a 1064 nm Nd: YAG
laser and liquid nitrogen cooled germanium detector) was used to collect Raman

spectral data.

X-ray photoelectron spectroscopy (XPS) spectra were collected using a Kratos Axis
Ultra delay-line detector, using an Al (monochromatic) anode, equipped with charge

neutralizer and the operating pressure kept below 5.0 x 107 Torr. For wide/survey
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XPS scans, the following parameters were used: emission current was kept at 5 mA
and the anode voltage at 15 kV. The resolution used to acquire wide/survey scans was
at 160 eV pass energy using a hybrid lens in the slot mode. For high resolution scans,
the resolution was changed to 40 eV pass energy in the slot mode. Curve fitting was
performed using Gaussian-Lorentzian peak shape after performing a linear

background correction. Glassy carbon plate was used for XPS.

Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) studies
were performed using an Autolab Potentiostat PGSTAT30 equipped with Nova
software version 2.1. The EIS experiments were performed between 0.1 and 100000
Hz, using 0.01 VRMS sinusoidal modulation. A non-linear least squares (NLLS) method
based on the EQUIVCRT programme was used for automatic fitting of the obtained EIS

data.
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2.3.  Synthesis
2.3.1. Nanoparticles
2.3.1.1. Gold nanoparticles (AuNPs) on SNGQDs surface to form composite -

(SNGQDs@AuNPs), Scheme 3.1

The synthesis of sulphur-nitrogen doped graphene quantum dots (SNGQDs) and oleylamine
capped AuNPs has been reported in literature [156, 157]. Novel composites based on SNGQDs
and AuNPs were designed and are reported in this work. The surface functionalization of the
SNGQDs with gold nanoparticles was achieved following a seed growth method previously
reported [158] as follows: SNGQDs (10 mL, 1 mg/mL in H;0) solution was sonicated for 10
min to ensure dissolution, followed by heating at 80 °C. To the heated SNGQDs solution, an
aqueous solution of trisodium citrate (10 mL, 2.2 mM) was injected. Following that, a HAuCl4
(1 mL, 25 mM) aqueous solution was quickly added to the mixture of SNGQDs and sodium
citrate. The temperature of the reaction was increased to 90 °C, and the solution was left to
boil for a further 20 min before being cooled down to room temperature. Prior to rotatory
evaporation, ethanol was added to the particles to dissolve any unreacted material. The

particles (SNGQDs@AuNPs) were dried in an oven overnight.

2.3.1.2. Cerium oxide nanoparticles (CeO2NPs)

The cerium oxide nanoparticles were synthesized using the coprecipitation method reported
in literature [159] as follows: cerium (IV) sulfate (6.5 g, 19.56 mmol) was dissolved in 10 mL
of water. The mixture was stirred during dissolution of the salt, to prevent hydrolysis of the
cerium salt which can occur when water is in excess. The solution was left to stir for a further
30 min at room temperature. Then, 25 % aqueous ammonia (1.4 M) solution was added

dropwise until precipitation occurred. The solution was left under stirring conditions for a
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further 2 h. The resultant nanoparticles were washed with Millipore water, followed by

centrifugation to remove the ammonium sulfate as the only coproduct of the reaction.

Carboxylation of the CeO; nanoparticles: CeO2NPscooH

The modification of the bare CeO2NPs with the carboxylic groups was essential, to allow for
the covalent immobilization of the amino functionalized HB5 aptamer on the glassy carbon
electrode (GCE) during biosensor design. The carboxylation of the nanoparticles was achieved

using the acidic oxidation method, following literature methods [159].

2.3.1.3. CeO2NPs growth on SNGQDs to form nanocomposite SNGQDs@CeO:;NPs,

Scheme 3.1

A novel nanocomposite was synthesized in this work, where the CeO;NPs are grown onto the
sp? framework of the SNGQDs as follows: SNGQDs (15 mg) were dissolved in Millipore water
(10 mL) followed by sonication to ensure dissolution, Scheme 3.1. In an empty flask (1 g, 0.003
mmol) of cerium (IV) sulphate was added, followed by the addition of the SNGQDs solution,
the mixture was then immediately subjected to stirring. The brownish yellow mixture, was
left to stir for another 30 min at room temperature. To form the nanoparticles, 25 % aqueous
ammonia (1.4 M) was added dropwise until precipitation occurred. The resultant mixture was
left under continuous stirring for another 2 h. The resulting SNGQDs@CeO;NPs were washed
with water and centrifuged to ensure purification. To speed up the drying process, the
nanocomposite was further washed with ethanol. The SNGQDs@CeO;NPs were dried under

vacuum.
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2.3.2. Synthesis of CoPc derivatives

The following CoPc derivatives: [Co tetra carboxy phenoxy phthalocyanine {CoTCPPc} (1), Co
tetra phenoxy propionic acid {CoTPPc} (2), Co tetra phenoxy acetic acid {CoTPAPc} (3), Co tetra
acetylphenoxy phthalocyanine  {CoTAcPhPc} (4), Co tris-(acetylphenoxy)-mono-
phneoxyacrylic acid phthalocyanine {CoMPhAaPc} (5) and Co tris-3,5- dimethyl — phenoxy
pyridine (5) -oxy- (2)- carboxylic acid {CoMPhPyPc} (6) were synthesized. All molecules are

new except for molecules 1 and 4, whose synthetic method shall be omitted [75,76].

2.3.2.1. Co tetra phenoxy propionic acid {CoTPPc} (2), Scheme 3.2

The starting material 3-(4-(3,4-dicyanophenoxy) phenyl) propionic acid was synthesized as
reported in literature [160]. Complex 2 was synthesized as follows: a mixture of 1-pentanol
(5 mL), 3-(4-(3,4-dicyanophenoxy) phenyl) propionic acid (860 mg, 2.94 mmol), cobalt
chloride (44 mg, 0.25 mmol), and DBU (0.2 mL) was heated at 160 °C for 9 h under nitrogen
atmosphere. The resulting product complex 2, was precipitated out using hot ethanol (100
%). The product was further purified using chromatographic methods on a Sieo column with
THF. Yield: 55 g (43.8%) UV/Vis (DMSO): Amax, nm, (log €), 671 (4.85), 617 (4.41) and 376 (5.19).
IR (Platinum ATR): Vmax, cm™, 3071 (OH), 1750 (C=0) and 2885 (C-H). Calculated for
CesHagCoNgO12-3H,0: C; 63.65, H; 4.25, N; 8.74 Found: C; 62.80, H; 4.60, N; 7.88. MALDI-TOF

MS m/z: Calcd.: 1228, Found: ([M] *) 1228.78.

2.3.2.2. Co tetra phenoxy acetic acid {CoTPAPc} (3), Scheme 3.2

The synthesis of the 2-(4-(3,4-dicyanophenoxy) phenoxy) acetic acid phthalonitrile has been
reported [161]. Complex 3 was synthesized as described for complex 2 except 2-(4-(3,4-
dicyanophenoxy) phenoxy) acetic acid (860 mg, 2.92 mmol) was used instead. The amounts

of all the other reagents as well as purification procedure were the same. Yield: 55 g (43.8%)
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UV/Vis (DMSO): Amax, nm, (log €), 697 (5.20), 629 (4.81) and 331 (5.72). IR (Platinum ATR): Vmax,
cm?, 3313 (OH), 1589 (C=0), 2928 (C-H) and 1231 (C-O-C). Calculated for Cs4H10CoNgO1s: C;
62.14, H; 3.24, N; 9.06, Found: C; 61.34, H; 3.76, N; 8.14. MALDI-TOF MS m/z: Calcd.:

(IM + H] *) 1236 Found: ([M] *) 1236.67.

2.3.2.3. Co tris-(acetylphenoxy)-mono-phenoxyacrylic acid  phthalocyanine

{CoMPhAaPc} (5), Scheme 3.3

The compounds (E)-3-(3-(3,4-dicyanophenoxy) phenyl) acrylic acid [162], 4-(3-acetylphenoxy)
phthalonitrile [163], were synthesized as reported in literature. In a reaction flask containing
cobalt acetate (44 mg, 0.25 mmol), a stoichiometric mixture (1:3) of (E) -3-(3-(3,4-
dicyanophenoxy) phenyl) acrylic acid (0.25 g, 0.861 mmol) and 4-(3-acetylphenoxy)
phthalonitrile (0.67 g, 2.583 mmol) was added. The contents were then dissolved in 1-
pentanol (5 mL), accompanied by dropwise addition of DBU (0.2 mL). The mixture was
subjected to heating at 160 °C for 9 h under nitrogen atmosphere. The resulting product
complex 5, was precipitated out using methanol (100 %). The product was further purified
using chromatographic methods on a Sigo column with methanol/THF (1: 5 ratio). Yield: 0.48
g (48.9 %). UV/Vis (DMSO): Amax, Nm, (log €), 666 (5.32), 600 (4.96) and 376 (5.55). IR (Platinum
ATR): vmax, cm™2, 3005 (OH), 1750 (C=0) and 2925 (C-H). MALDI-TOF MS m/z: Calcd.: 1135.99
Found: ([M + 3H]) * 1139.20. Elemental Anal. Calc. for CesHa0CoNgO9 C:68.72, N:9.86 Found C:

67.21 N: 9.52.
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2.3.2.4. Co tris-3,5- dimethyl — phenoxy pyridine (5) -oxy- (2)- carboxylic acid

{CoMPhPyPc} (6), Scheme 3.3

The compounds 4 - (3, 5- dimethoxy-phenoxy) phthalonitrile [164] and pyridine (5) oxy (2)-
carboxylic acid phthalonitrile [165] were synthesized as reported in literature. Complex 6,
similar to complex 5 is an asymmetric CoPc complex and as such the synthesis is similar. A
stochiometric mixture (1:3) of 4 - (3, 5- dimethoxy-phenoxy) phthalonitrile and (0.25 g, 0.94
mmol) and pyridine (5) oxy (2)- carboxylic acid phthalonitrile (0.67 g, 2.83 mmol) was added
to a flask containing cobalt acetate (44 mg, 0.25 mmol). The contents were then dissolved in
1-pentanol (5 mL), accompanied by dropwise addition of DBU (0.2 mL). The solution was
subject to heating at 160 °C for 9 h under nitrogen atmosphere. The desired product (complex
6) was precipitated out using methanol (100 %). The product was further purified using
chromatographic methods on a Sigo column with methanol/THF (1: 5 ratio). Yield: 0.42 g (38.2
%). UV/Vis (DMSO): Amax, N, (log €), 675 (5.30), 610 (4.97) and 311 (5.55). IR (Platinum ATR):
Vmax, €M™, 3067 (carboxylic OH), 1762 (carboxylic C=0), 1594, 1432 (C=C, pyridine C=N).
Elemental Analysis for Cs2012N9H43C0.2H,0: Calc. C: 62.17, N:10.49 Found. C: 61.26, N: 8.25.

MALDI-TOF MS m/z: Calcd.: 1164.24 Found: ([M]) 1164.83.

2.3.3. Non-covalent nt-it stacking of SNGQDs to complexes 3, 4 and 5 to form conjugates,

Scheme 3.5

The SNGQDs are sp? hybridized and are a highly it - conjugated type of nanomaterial which
can undergo m-m interactions with any similarly conjugated nanomaterial. MPcs are m-
electron rich molecules and therefore qualify for m-it stacking with the SNGQDs. Various
reports have demonstrated that, the combination of MPcs with various nanomaterials results

in improved physicochemical properties [64]. Non-covalent m-interactions in particular, are a
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selected method due to the fact that the involved molecules can interact to form a
supramolecule, while the structural integrity of the involved individual molecules is

preserved.

The -1t stacking of the SNGQDs with the complexes 3, 4 and 5 was done as follows: SNGQDs
(5 mL, 1 mg/mL in H20) were independently added to: complex 3 (5 mL, 8.086 x 10* mmol in
DMSO), complex 4 (5 mL, 4.55 x 10~ mmol in DMF) and complex 5 (5 mL, 4.424 x 10~ mmol
in DMF) solutions, respectively as shown in Scheme 3.4 (showing 3(rt)SNGQDs as an example).
Three mixtures were formed, each containing the said Pc complex and SNGQDs for
interaction. The resulting mixtures were subject to stirring to ensure complete mixing of the
SNQGDs and the respective Pc complex solutions. The m-it interactions were induced by
sonication for 4 h, at room temperature of the three mixtures to form 3(m)SNGQDs,

4(r)SNGQDs and 5(rt)SNGQDs, respectively.

2.3.4. Synthesis of the cobalt binuclear framework — CoP-BNF, Scheme 3.5

The cobalt porphyrin binuclear framework was synthesized as reported in [166]: A free base
porphyrin, H2P (9.2 mg, 0.012 mmol) was dissolved in 2 mL of DMF, followed by addition of
aqueous KOH (1 mL, 0.2 M) to assist in the deprotonation of some of the COOH groups in H2P.
To this solution, Co(acetate)s (8.6 mg/mL aq.) was added followed by pyridine (0.1 mL) to
increase solubility. The contents were placed in a 400 mL Teflon lined autoclave and the
reaction temperature was set at 150 °C for a period of 50 h, followed by cooling to room
temperature. The resultant sample was centrifuged at 24000 rpm at 5 min intervals using
ethanol to wash off any unreacted material. The binuclear framework was dried under
vacuum overnight. Yield: 7.6 mg (82.6%), IR (Platinum ATR): Vmax, cm™* (-OH) 3434 cm™2, v(c=0)

1797 cm™ and v(c=c) 1674 cm™. UV-Vis (in H20): Amax (log €) nm Soret band: 419 (4.87), Q-
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bandi: 544 (4.01), Q-band,: 580 (3.70). Elemental analysis for CogHs7C03NgO1s calc.: C, 64.98;
H, 3.14; N, 6.18. Found: C, 63.02; H, 3.41; N, 5.98. MS (MALDI-TOF) (m/z): Calculated: 1811.34

Found: 1814.32 [M + 3H+].

2.4. Electrode Modification

A three-electrode electrochemical cell consisting of Ag|AgCl (3 M KCl) as reference electrode,
a glassy carbon electrode (GCE) (geometric area of 0.071 cm?) as the working electrode and a
platinum wire as the counter electrode was used. All the solutions were freshly prepared in
Milli-Q water and stored at the temperature of 4 °C until use. The GCE was first polished with
Al,O3 powder (Aldrich, 0.1, 0.05 mm) using Metrohm polishing kit, and rinsed with deionized
water, followed by sonication in ethanol and deionized water. Finally, the electrode was

allowed to dry at room temperature. All the GCEs were modified by the drop dry method.

2.4.1. Drop and Dry Modification

The synthesized materials (Section 2.3) were all used for electrode modification, using the
drop and dry method. Each nanomaterial was dissolved in an appropriate solvent to form a
solution. For each modifier, 10 uL of solution was placed on the GCE surface, followed by
drying in the oven at 60 °C. The GCE electrode was modified with a single nanomaterial,
two/more nanomaterials by sequential adsorption and Pc/nanomaterial conjugates as a unit.
Sequential adsorption refers to an organized layering of various nanomaterials on the
electrode surfaces following a sequence, (electrodes labelled seq.). In most cases the
particular nanoparticle is added first, followed by the MPc or CoP-BNF. Table 2.1 lists the

modifiers used, solvent and amounts of each modifier on the GCE surface.
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Table 2.1. Summary of amounts of modifiers dispersed in different solvents in preparation for

electrode surface modification.

Modifier Solvent Concentration
1 DMSO 4.6 x 10* mmol
2 DMSO 0.81 mmol
3 DMSO 0.81 mmol
4 DMF 9.09 x 10™* mmol
5 DMF 8.85 x 107 mmol
6 DMF 8.57 x 10" mmol
CoP-BNF H,0 1.75 x 103 mmol
SNGQDs H,O 1mg
CeO2NPscooH H,O 1mg
AuNPs Hexane 1mg
SNGQDs@AuNPs H,O 1mg
SNGQDs@CeO;NPs H,O 1mg
CeO2NPscoon/2(seq.) H,0/DMSO 1 mg/0.81 mmol
Ce02NPscoon/3(seq.) H,0/DMSO 1 mg/0.81 mmol
SNGQDs/3(seq.) H.0/DMSO 1 mg/0.81 mmol
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AuNPs/3(seq.) Hexane/DMSO 1 mg/0.81 mmol

3(mt)SNGQDs DMF 1mg

4(m)SNGQDs DMF 1 mg

5(mt)SNGQDs DMF 1mg
SNGQDs@CeO;NPs/6(seq.) H,O/DMF 1 mg/8.57 x 10* mmol
SNGQDs@AuNPs/CoP-BNF (seq.) H.0 1 mg/1.75 x 10> mmol

2.4.2. Electrochemical polymerization

This process involves the deposition of a polymer onto the surface of an electrode. This occurs
through a generally accepted mechanism that involves the formation of cationic radical by
the oxidation of the monomer on the solid electrode material. A known potential is usually
applied on the electrode to induce polymerisation. First, the glassy carbon electrode was
modified with polypyrrole film by electrochemical deposition of a non-functionalized pyrrole
monomer, GCE/PPy. The solution of pyrrole monomer (0.15 mM) was scanned from -0.6 V to

0.8 V vs Ag/AgCl, at a scan rate of 100 mV/s in 10 mM PBS (pH 7.4).
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2.4.2.1. Electrodes modified by polymerization of pyrrole in the presence of SNGQDs

(i)

(i)

(i)

(iv)

or CoPc, followed by adsorption

GCE/PPy@SNGQDs: To the electrochemical cell, a pyrrole monomer solution
(0.15 mM, 1 mL) was added together with 100 uL SNGQDs (1 mg/mL), followed by

mechanical stirring and purged with argon.

GCE/PPy@1: To the electrochemical cell, 100 pL of complex 1 (1 mg/mL, DMSO) was

added to pyrrole monomer (0.15 mM, 1 mL) solution, followed by stirring.

GCE/PPy@SNGQDs/1: To the surface GCE/PPy@SNGQDs, 10 pL of the complex 1

solution was added and electrode allowed to dry.

GCE/PPy@1/SNGQDs: To GCE/PPy@1 surface, 10 pL of SNGQDs (1 mg/mL) were

added. The electrode was then left to dry.

2.4.2.2. Sequential electrode modification

The following electrodes were modified via sequential adsorption on GCE/PPy, they are

represented with (seq.) at the end:

(v)

(vi)

GCE/PPy/SNGQDs(seq.): To a freshly prepared GCE/PPy electrode, 10 pL of SNGQDs
(1 mg/mL) was added. The electrode was left to dry in the oven for 30 min, 60 °C to
give GCE/PPy/SNGQDs (seq.)

GCE/PPy/1(seq.): To a freshly prepared GCE/PPy electrode, 10 pL of complex 1 (1
mg/mL in DMSO) was added. The electrode was left to dry in the oven for 30 min, 60

°C to give GCE/PPy/1(seq.)
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(vii)  GCE/PPy/SNGQDs/1 (seq.): To the surface GCE/PPy/SNGQDs(seq.), 10 uL of complex
1 (1 mg/mL), was added. The electrode was left to dry in the oven for 30 min, 60 °C to
achieve GCE/PPy/SNGQDs/1(seq.)

(viii)  GCE/PPy/1/SNGQDs(seq.): To the surface GCE/PPy/1 (seq.) an aliquot of the SNGQDs
(1 mg/mL in PBS) was added. The electrode was left to dry in the oven for 30 min, 60

°C to achieve to achieve GCE/PPy/1/SNGQD (seq.)

Table 2.2. Summary of GCE surfaces modified by electropolymerization of pyrrole to form

(PPy)

Modified GCE surfaces

GCE/PPy

GCE/PPy@SNGQDs

GCE/PPy@1

GCE/PPy@SNGQDs/1

GCE/PPy@1/SNGQDs

GCE/PPy/SNGQDs(seq.)

GCE/PPy/1(seq.)

GCE/PPy/SNGQDs/1(seq.)

GCE/PPy/1/SNGQDs/(seq.)
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2.5. Sensor Fabrication

2.5.1. Aptamer Immobilization

The HB5 aptamer used in this work was strategically designed, and endowed with an NH;
terminal. The different nanomaterials listed were used as immobilization platforms of the HB5
aptamer onto the GCE surface. The chemistry of immobilization was governed by the
functional groups present in each nanomaterial. The amounts, concentration and incubation
time of the HB5 on each surface was decided by various optimization experiments. Table 2.3
lists all the nanomaterials, key functional groups and immobilization chemistry to the HB5
aptamer on the GCE surface. The most common chemistry used is amide bond formation via
EDC/NHS and DDC/NHS coupling; the former for water soluble nanomaterials (e.g. SNGQDs)
and the latter used otherwise (e.g. MPcs). Ligand exchange and acid catalysed imine bond

formation techniques was applied for selected nanomaterials.
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Table 2.3. List of nanomaterials used for GCE modification, key functional groups and

immobilization chemistry to the HB5 aptamer on the GCE surface.

Modifier Key Functional Groups Nanomaterial-HB5 aptamer bond
1 -COOH amide

2 -COOH amide

3 -COOH Amide

4 Ketone Imine

5 Ketone and -COOH imine and amide
6 -COOH Amide
CoP-BNF -COOH Amide
SNGQDs -COOH Amide
CeO2NPscooH -COOH Amide
AuNPs Ligand ligand Exchange
SNGQDs@AuNPs -COOH Amide
SNGQDs@CeO2NPscooH -COOH Amide
CeO2NPscoon/2(seq.) -COOH Amide
CeO2NPscoon/3(seq.) -COOH Amide
SNGQDs/3(seq.) -COOH Amide
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AuNPs/3(seq.)

3(mt)SNGQDs

4(rt)SNGQDs

5(rt)SNGQDs

SNGQDs@CeO;NPs/6(seq.)

SNGQDs@AuNPs/CoP-BNF (seq.)

GCE/PPy@SNGQDs

GCE/PPy@1

GCE/PPy@SNGQDs/1

GCE/PPy@1/SNGQDs

GCE/PPy/SNGQDs(seq.)

GCE/PPy/1(seq.)

GCE/PPy/SNGQDs/1(seq.)

GCE/PPy/1/SNGQDs/(seq.)

-COOH

-COOH

-COOH

-COOH

-COOH

-COOH

-COOH

-COOH

-COOH

-COOH

-COOH

-COOH

-COOH

-COOH

Amide

Amide

Imine

amide and imine

Amide

Amide

Amide

Amide

Amide

Amide

Amide

Amide

Amide

Amide
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2.5.1.1. HB5-aptamer immobilization on compound 1, PPy and related surfaces,

Scheme 4.1

First, different aptamer concentrations (0.1-1.25 uM) were immobilized on the modified
electrodes, at room temperature for 30 min for optimization purposes. The optimization was
performed on the GCE/PPy@SNGQDs surface, and the optimum concentration of 1 uM was
(to be discussed in Ch 4, Fig. 4.15) obtained. The aptamer was immobilized onto the 10
individual electrodes surface through a covalent amide linkage via EDC/NHS coupling, owing
to the carboxylic group rich SNGQDs and complex 1 interacting with the amine modified HB5

aptamer.

The following freshly modified electrodes: GCE/SNGQDs, GCE/1, GCE/PPy@SNGQDs,
GCE/PPy@1, GCE/PPy@SNGQDs/1, GCE/PPy@1/SNGQDs, GCE/PPy/SNGQDs (seq.),
GCE/PPy/1(seq.), GCE/PPy/SNGQDs/1 (seq.) and GCE/PPy/1/SNGQDs (seq.) were all
immersed in a solution of EDC (0.0116 mmol, 0.0018 g) and NHS (0.0304 mmol, 0.0034 g)
respectively, for 30 min. Following this, the EDC/NHS activated electrodes were immersed in
a HB5 aptamer solution (at the optimum concentration of 1 uM) and left for 30 min at room
temperature. In order to remove the unbound aptamer molecules on the electrode surface,

the electrodes were washed with PBS (pH 7.4). The electrodes were allowed to air dry.

The following surfaces were formed: GCE/SNGQDs/HBS, GCE/1/HBS5,
GCE/PPy@SNGQDs/HBS, GCE/PPy@1/HBS, GCE/PPy@SNGQDs/1/HBS,
GCE/PPy@1/SNGQDs/HBS, GCE/PPy/SNGQDs (seq.)/HB5, GCE/PPy/1(seq.)/HBS5,

GCE/PPy/SNGQDs/1 (seq.) /HB5 and GCE/PPy/1/SNGQDs (seq.)/HB5.
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2.5.1.2. Amide Linkage

2.5.1.2.1. DCC/NHS coupling for amide bond formation: Complex 2, 3, 5 and 6. Scheme 4.2

Using the MPc based electrode GCE/3 for optimization: five different concentrations 0.25 uM,
0.5 uM, 0.75 uM, 1.0 uM and 1.25 uM were prepared in PBS at pH = 7.4. The GCE/3 surface
was prepared as outlined in Section 2.4. On the electrode DCC (6.0 mg, 0.029 mmol) and NHS
(4.0 mg, 0.035 mmol) were added. The electrodes were left at room temperature for 1 h.
Following which, 10 pL of each of the HB5 prepared concentrations was dropped on the
modified electrode respectively. The HB5 amount (0.75 uM, to be discussed in Ch 4, Fig. 4.16)
was observed as the optimum concentration, and was used for Pc and their related

conjugates. The materials used contain COOH groups and are not water soluble, Table 2.3.

The following freshly prepared surfaces: GCE/2, GCE/3, GCE/5, GCE/6, GCE/3(rm)SNGQDs,
GCE/5(t)SNGQDs, GCE/Ce02NPscoon/2 (seq.), GCE/SNGQDs/3 (seq.) and GCE/AuNPs/3 (seq.),
GCE/CeO2NPscoon/3 (seq.) and SNGQDs@CeO:NPs/6 (seq.): were activated using DCC
(6.0 mg, 0.029 mmol) and NHS (4.0 mg, 0.035 mmol), for an hour at room temperature.
Following which, 10 yL the HB5 optimum amount (0.75 uM) was dropped on the respective
modified electrodes. The following surfaces were formed: GCE/2/HB5, GCE/3/HB5,
GCE/5/HB5 (amide), GCE/6/HB5, GCE/3(r)SNGQDs/HB5, GCE/5(rmr)SNGQDs/HB5(amide),
GCE/Ce0:NPscoon/2(seq.)/HB5,  GCE/SNGQDs/3(seq.)/HB5,  GCE/AuNPs/3(seq.)/HBS5,

GCE/Ce02NPscoon/3(seq.)/HB5 and SNGQDs@CeO,NPs/6(seq.)/HB5.
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2.5.1.2.2. EDC/NHS coupling: SNGQDs, CeO.NPscoon, SNGQDs@AuNPs, CoP-BNF and

SNGQDs@CeO2NPs modified electrodes

All said nanoparticles are water soluble and have carboxylic acid functional groups, with which
the HB5 aptamer was covalently linked via amide bond formation using EDC/NHS coupling.
The following modified surfaces: GCE/SNGQDs, GCE/CeO2NPscoon, GCE/SNGQDs@AuNPs and
GCE/SNGQDs@CeO;NPs were treated with EDC/NHS: EDC (0.0116 mmol, 0.0018 g) and NHS
(0.0304 mmol, 0.0034 g) for carboxylic group activation. After this 10 plL of HB5 aptamer (1.0
uM) was added onto the activated surface to form: GCE/SNGQDs/HBS5,
GCE/CeO;NPscoon/HB5, GCE/SNGQDs@AuNPs/HBS5 and GCE/SNGQDs@CeO,NPs/HB5, Table

2.3.

The surface GCE/CoP-BNF/HB5 was formed by immersing the probe GCE/CoP-BNF in a
solution of NHS (0.3 mL, 100 mM) and EDC (0.1 mL, 50 mM) and were stored for 8 h at 4 °C.
In the next step the HB5 aptamer (10 pL) was drop cast onto the activated electrode and left

at4 °Cfor 8 h.

2.5.1.2.3. Conjugation of the SNGQDs@CeO;NPs with the HB5 aptamer to form HB5-

SNGQDs@CeO:NPs bioconjugate (Free or not on GCE), Scheme 4.6

The SNGQDs@CeO;NPs contain graphene quantum dots and as a result has carboxylic acid
functionalized edges. The HB5-SNGQDs@CeO:NPs (free/not on GCE) bioconjugate was
formed by amide bond formation between the NH,-HB5 aptamer and carboxylated
SNGQDs@CeO,NPs. The conjugate was formed as follows: 1 mg of SNGQDs@CeO,NPs was
dispersed in PBS (300 pL, pH 7.4). Then, EDC and NHS (1.0 mmol-L™) were added to activate

the —COOH groups followed by shaking (using a shaker) for 4 h. Following this, 100 uL of the
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HB5 aptamer (0.75 uM) was added onto the SNGQDs@CeO2NPs to induce nucleophilic attack
onto the activated carbonyl carbons of the SNGQDs@CeO,NPs. The resulting mixture was
kept for 2 h under moderately shaking in the dark to allow successful amide bond formation.
To remove the nonconjugated SNGQDs@CeO;NPs, the mixture was centrifuged (5000 rpm
for 20 min) and subsequently washed with phosphate buffer (pH 7.4). The precipitate was
suspended in PBS (100 uL, pH 7.4) and stored at 4 °C. The synthesized HB5-SNGQDs@CeO,NPs

bioconjugate is ready for modification of electrode.

2.5.1.3. Imine Bond: complex 4 and 5 based, Scheme 4.3

Complex 4, contains only ketone groups; the immobilization of the HB5 aptamer on the GCE/4
was achieved following the acid catalysed imine formation reaction. Imine bonds typically
form upon reaction of a ketone (e.g., complex 4) and a primary amine (e.g., HB5 aptamer) in
the presence of a mild acid, Scheme 4.3. Considering that the complex 5 has one carboxylic
and three ketone functional groups: immobilization of the HB5 aptamer on the GCE/5 via its
ketone ligands was also explored. The same methodology was applied for complex 4 and 5

related conjugates.

The following modified surfaces: GCE/4, GCE/5, GCE/4(rt)SNGQDs and GCE/5(rt)SNGQDs were
treated with 10 plL of HB5 aptamer, followed by addition of 10 pL of (dilute H,SO4, pH = 4.5),
and then the electrodes were left to dry in the oven. The resulting aptasensors are labelled
GCE/4/HB5, GCE/5/HB5 (imine), GCE/4(rt)SNGQDs/HB5 and GCE/5(rt)SNGQDs/HB5 (imine).
The complex 5 based electrodes are denoted with amine/imine to differentiate on the

mechanism of HB5 immobilization.
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2.5.1.4. HB5-aptamer immobilization on AuNPs modified electrode via ligand

exchange

The procedure for the formation GCE/AuNPs/HB5 was done following a ligand approach
method reported in [167 - 169]: the HB5 aptamer (10 pL, 1.0 uM) was placed on the
GCE/AuNPs to allow the N-Au bond to form. The GCE/AuNPs was first immersed in 500 pL of
diethylamine (DEA) solution for 1 h, to displace and replace the oleylamine ligand on the
AuNPs surface. The DEA was then removed by rinsing the electrode surface with dilute acetic
acid. DEA is a small amine molecule, which can be conveniently removed from the metal
surface by protonation with an acid [168]. Following that, 10 uL of the HB5 solution was added

onto the GCE/AuNPs to form the GCE/AuNPs/HB5 surface.

2.5.2. Antibody Immobilization -Trasmatuzab, Scheme 4.4 & 4.5

Another biorecognition element used in this work is the Trastuzumab monoclonal antibody,
which is HER2 specific. Like any other antibody, the Trastuzumab consist of a heavy chain and
a light chain both bound together by disulfide bonds. Most significantly, Trastuzumab is

endowed with an -NH, moiety at the heavy chains arising from lysine residues, Figure 2.1.
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Figure 2.1. Structure of the Trastuzumab antibody [170]

The amino group allows for protein modification and conjugation to various nanomaterials.
This work reports on the immobilization of the said antibody on a GCE electrode modified
with CoP-BNF and/or SNGQDs@AuNPs. The immobilization was via an amide bond formation
using EDC/NHS coupling. Both the CoP-BNF and the SNGQDs@AuNPs have carboxylic groups
which were activated using the EDC/NHS coupling reaction as follows: The
GCE/SNGQDs@AuNPs/CoP-BNF (seq.), GCE/SNGQDs@AuNPs and GCE/CoP-BNF were
separately immersed in an aqueous solution of NHS (0.3 mL, 100 mM) and EDC (0.1 mL, 50
mM) and were stored for 2 h at 4 °C. The activation made it possible for covalent attachment
of the Trastuzumab antibody (which has amino groups) onto the electrode surface via an
amide bond as follows: Trastuzumab (10 plL) was added separately to GCE/CoP-BNF,
GCE/SNGQDs@AuNPs and GCE/SNGQDs@AuNPs/CoP-BNF (seq.) and the electrodes were
left for 8 h at 4 °C. The resulting immunosensors: GCE/CoP-BNF/Trastuzumab,
GCE/SNGQDs@AuNPs/Trasmatuzab and GCE/SNGQDs@AuNPs/CoP-BNF (seq.)/Trastuzumab

were formed.
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2.5.3. Non- Specific Binding

In order to limit non-specific binding on the free surface sites on the electrode, 1 % Bovine
serum albumin (BSA) was added to the modified electrodes in Sections 2.5.1 and 2.5.2.
Finally, aptasensors and immunosensors with the BSA blocking layer were ready for capturing

the HER2 analyte.

2.5.4. HER2 detection

2.5.4.1. HER2 detection in PBS buffer

The electrochemical response of the electrodes in the presence of varying concentrations of
the HER2 antigen was measured using the electrochemical impedance spectroscopy (EIS).
Two HER2 concentration ranges of 0-10 ng/mL and 0 - 21 pg/mL for complexes 1-5; CoP-BNF
and complex 6 based probes, respectively were used. The EIS measurements were conducted
under the stable open circuit potential with the frequency from 0.1 to 100000 Hz, using 0.01

Vrws sinusoidal modulation.

2.5.4.2. HER2 detection in Human Serum

Preliminary experiments for the determination of HER2 protein in human serum samples
were also performed. The designed aptasensors were tested in 1/500 diluted (in 0.1 M PBS
buffer, pH 7.4) serum samples spiked by standard addition of HER2 protein. For complex 1-5
and CoP-BNF based probes {[HER2] = 1 ng/mL, 3 ng/mL, 5 ng/mL and 7 ng/mL} and for
complex 6 based probes {[HER2] = (1 pg/mL, 3 pg/mL, 5 pg/mL and 7 pg/mL)}. The response
of the aptasensors and immunosensors was then determined by EIS measurements, under

the same conditions used for HER2 calibration curve.
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2.5.4.3. Repeatability and stability

The repeatability of the designed probes was investigated by running successive
measurements at each HER2 concentrations in triplicate and the standard deviation was
calculated. The relative standard deviation (RSD) for all electrodes was determined at each
concentration. The stability of the designed sensors was investigated using the shelf-life estimation

method. Where, the sensors were stored at 4 ° C over 96 h. The response of each probe was analysed

daily over the 96-hour period.

2.5.4.4, Surface Regeneration and Reusability

The surface regeneration and reusability of the designed sensors was investigated following
the chemical regeneration approach. In particular, the regeneration of the biosensor surfaces
was focused on the different biorecognition elements used, as well as their arrangement on
the electrode surface. The successful regeneration of the electrode surfaces was investigated
based on three conditions: (i) the stability of the surface chemistry of the biosensor before
and after dissociation, (ii) the ability of the antibody-HER2 or aptamer-HER?2 interaction to
dissociate fully under the set conditions, and (iii) the stability of the capture probes
(aptamer/antibody) and their ability to retain activity and detect the analyte after

regeneration.
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3. Characterization

This chapter covers the characterization of Pcs, the nanomaterials and their conjugates. The

success of the proposed synthetic routes in Chapter 2 is assessed and confirmed herein.

Using various analytical techniques, the physicochemical properties of the synthesized

materials alone, and in conjugation are discussed.
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3.1. Characterization of SNGQDs, CeO,NPs and AuNPs and related conjugates

Scheme 3.1. shows the synthesis of SNGQDs@AuNPs and CeO;NPs@SNGQDs conjugates. The
well-known affinity of gold to S and N was exploited for the in-situ synthesis of the AuNPs
onto SNGQDs, a process which merely involves their self-assembly onto the SNGQDs surface
owing to the presence of sulfur and nitrogen groups in the as-synthesized GQDs, Scheme
3.1(i). Similarly, SNGQDs were used as a platform for the growth of CeO2NPs, to form a stable

SNGQDs@CeO;NPs conjugate, Scheme 3.1(ii).

Scheme 3.1. Synthetic strategy towards the synthesis of (i) SNGQDs@AuNPs and SNGQDs@CeO;NPs

(ii) nanoconjugates.

68



3.1.1. UV-Vis Spectroscopy

The UV-Vis spectra of the three nanoparticles: SNGQDs, AuNPs and CeO,NPs alone are shown
in Figure 3.1A. The AuNPs had an absorption peak at 599 nm (Table 3.1), corresponding to
the surface plasmon resonance (SPR) band of gold nanoparticles, [171] Fig. 3.1(i). The
SNGQDs, showed an n-it transition absorption peak at 358 nm, which is typical of graphene
guantum dots [172], Fig. 3.1 (ii). Absorbance peaks at 305 nm and 349 nm were observed for
the prepared CeO,NPs and CeO2NPscoon, respectively, Table 3.1. The spectral shift might be
an indication of possible structural change, and therefore successful carboxylation, Fig. 3.1
(iii) & (iv). The absorption spectra of the SNGQDs@AuNPs, SNGQDs@CeO2NPs and SNGQDs
(for reference) are shown in Figure 3.1B. The SNGQDs@AuNPs spectrum showed a typical
GQDs absorption peak at 350 nm [171], accompanied by a new peak at 539, at the SPR region
for gold nanoparticles [172] further suggesting the successful synthesis of AuNPs on the
SNGQDs surface to form the conjugate SNGQDs@AuNPs. The SNGQDs@CeO;NPs composite,
showed an absorption peak at 349 nm, which is around the region where both the SNGQDs

and CeO2NPs absorb, suggesting the presence of both materials within the sample, Table 3.1.
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Figure 3.1. UV-Vis spectra of A: AuNPs (i), SNGQDs (ii), CeO2NPs (iii) and CeO2NPscoon (iv) and
B: SNGQDs (i) and SNGQDs@AuNPs (ii) and SNGQDs@CeO,NPs. The AuNPs were recorded in

toluene, all others in water. All run at room temperature.
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Table 3.1. Summary of absorbance in nm for all nanoparticles, CoPc’s, CoP-BNF and relevant
conjugates.

Nanomaterials Solvent Absorbance (nm)
AuNPs Toluene 599
SNGQDs Water 358
CeONPs bare Water 305
CeO2NPscooH Water 349
SNGQDs@AuNPs Water 350, 539
SNGQDs@CeO2NPs Water 349
Complex 1 DMSO 658, 321
Complex 2 DMSO 671, 329
Complex 3 DMSO 697, 330
3(rm)SNGQDs DMSO 697, 368
Complex 4 DMSO 677,331
4(rt)SNGQDs DMSO 677, 332
Complex 5 DMSO 664, 327
5(rt)SNGQDs DMSO 664, 329
Complex 6 DMSO 675, 311
CoP-BNF Water 580, 544, 419
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3.1.2. X-ray Diffractometry (XRD)

XRD was used to study the crystalline phase and components of the various nanoparticle
samples, Fig. 3.2A. For the SNGQDs sample, a typical XRD pattern for carbon-based
nanomaterials was observed, with the 002 peak at around 26 ~ 21-,[173] Fig. 3.2(i). Five
diffraction peaks were observed for AuNPs which indexed to the (111), (200), (220), (311) and
(222) reflections of face cantered cubic structure of metallic gold [174], Fig. 3.2(ii). The
diffractogram of the bare CeO2NPs showed peaks with indices (111), (200), (220), (311), (222)
and (420), Fig. 3.2(iii). The diffractogram of the CeO;NPscoon showed similar peaks, which
were more defined with increased in intensity, Fig. 3.2(iv). Moreover, two additional peaks
were observed with indices (400) and (331). More importantly, the characteristic peaks did
not change; other than the intensity and a minor variation in width after the surface
modification process, implying a preserved structural integrity. The effect of combining
SNGQDs with AuNPs or with CeO2NPscoon was investigated and is demonstrated in XRD data
for the respective SNGQDs@AuUNPs and SNGQDs@CeO;NPscoon conjugates, Figure 3.2B. The
conjugate SNGQDs@AuNPs had the amorphous carbon peak at ~ 20 = 18° symbolic of its
graphitic nature, accompanied by crystalline peaks: {(111), (200), (220), (311) and (222)}
attributed to the presence of gold nanoparticles in the sample, Fig. 3.2B(i). Similarly, the XRD
pattern for the SNGQDs@CeO;NPs conjugate, showed an amorphous broad peak at 26 = 22
°. Additional peaks were observed and identified and corresponded to those obtained for the
CeO;NPcoon, Fig. 3.2A (ii). The obtained results further confirm the successful synthesis of
both conjugates, and that in each conjugate, the resulting structure is a combination of the

individual materials combined.
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Figure 3.2. XRD data A: (i) SNGQDs (ii) AuNPs, (iii) bare CeO2NPs and (iv) CeO2NPscoon and B:

(i) SNGQDs@CeO;NPs and (ii) SNGQDs@AuNPs.
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3.1.3. Raman Spectroscopy

The various nanomaterial samples were also analysed using Raman Spectroscopy, Figure
3.3A. Graphene quantum dots are known to exhibit two characteristic Raman peaks termed
the D (disorder/breathing mode, sp3) band and G (sp?, tangential mode) band [175]. The
synthesized SNGQDs had D-band and G-band occurring at 1297 cm™ and 1573 cm™
respectively, Fig. 3.3A (as labelled). The Raman data obtained for the CeO2NPscoon alone is
shown in Fig. 3.3A (as labelled): a first order Raman peak (F2g) at 449 cm™ and five second
order Raman peaks prominent at 595 cm~ 823 cm~ 895 cm™ 989 cm~tand 1051 cm~*were
observed [176, 177]. The feature at 595 cm™! originates from O?~ replacement of cerium (1V)
atoms by cerium (lll) atoms or impurity atoms in the bulk [177, 178]. The features at 823 cm™
and 895 cm™ are attributed O—0 stretching vibration of peroxides. The bands at 989 cm™ and
1051 cm™ are as a result of second order scattering, with the former emanating from the
combination of the Alg, Eg, and Fog modes [179]. A typical Raman spectroscopy for AuNPs was
obtained and is shown in Fig. 3.3A (as labelled), with peaks at 382 cm™, 521 cm™, 627 cm™,
792 cm™, 1008 cm™, 1207 cm™, 1215 cm™, 1383 cm™ and 1608 cm™. The peaks observed
are in good agreement with what has been reported in previous literature reports for gold
nanoparticles [180, 181]. The Raman spectroscopy data obtained for the conjugates
SNGQDs@AuNPs and SNGQDs@CeO2NPs conjugates is shown in Figure 3.3B. The surface
functionalization of GQDs introduces defects onto the graphene framework. The defects are
quantified by the ratio of the intensities of the D and G bands (Io/ls). The Ip/ls ratio for SNGQDs
and SNGQDs@AuNPs was found to be 1.38 and 0.85 respectively. The varied ratio might be
due to the synthetic method for SNGQDs@AuNPs, which involved heating leading to the

alteration of the GQD framework during decoration with AuNPs. Furthermore, the Raman
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spectrum of SNGQDs@AuNPs showed broadened D-band and some additional unidentifiable
peaks. Appearance of many peaks in the Raman spectra of GQDs has been observed and was
attributed to nanosized GQDs with large edge defects [182]. The Raman data obtained for the
SNGQDs@Ce0O,NPs exhibited characteristic Raman modes of both the SNGQDs and CeO2NPs,
Fig.3.3B (as labelled). The first three peaks are of CeO2NPs character, whilst the last two are
of the SNGQDs character within the SNGQDs@CeO;NPs composite. These results further
confirm the successful synthesis of CeO;NPs on the SNGQDs surface, to form

SNGQDs@CeO,NPs.
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Figure 3.3. Raman Spectra A: SNGQDs, AuNPs, CeO;NPscoon, B: SNGQDs@AuNPs and

SNGQDs@CeO3NPs, all labelled accordingly.
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3.1.4. Transmission Electron Microscopy (TEM)

The shape, size and spatial distribution of the different NPs is shown in Figure 3.4. Both the
SNGQDs and AuNPs showed, spatially dispersed nanoparticles with a spherical shape, Fig.
3.4(i) & (ii). The successful conjugation of SNGQDs with AuNPs to form the composite
SNGQDs@AuNPs (not shown) was demonstrated by an observed particle size increase:
moving from SNGQDs (2.8 nm) and SNGQDs@AuNPs (5.4 nm), suggestive of successful
modification of SNGQDs surface. The unmodified CeO,NPs (iii), showed more aggregation
compared to the surface functionalized CeO;NPsCoon (iv). Furthermore, the bare CeO2NPs
had a spherical shape while the CeO2NPscoon had a rod like shape, Fig. 3.4. It has been
reported that the shape of cerium oxide nanocrystals can be changed by controlling the
reaction time [183] with the change in morphology between nanorod and nanospheres

occurring within a short time.
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Figure 3.4. TEM images for (i) SNGQDS, (ii) AuNPs, (iii) CeO2NPs and CeOQ2NPscooH (iv).
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3.1.5. FT-IR Spectroscopy

The structural composition of the resulting SNGQDs@AuNPs was investigated using FT-IR
spectroscopy, Figure 3.5. Graphene quantum dots are known to contain polar groups on their
edges including -OH, -COOH, epoxy. This was the case for the SNGQDs and SNGQDs@AuNPs
nanoparticles: a broad peak in the 3200-3500 cm™ region was observed for both SNGQDs
and SNGQDs@AuUNPs. The synthesized SNGQDs and SNGQDs@AuNPs both had bands in the
1400 cm™ - 1800 cm™ region which were associated with vibrational stretch of the carbonyl
(C=0) in COOH and O=C-NH (from cysteine as a starting material during synthesis of SNGQDs).
Two additional peaks at 1260 cm™ and 1384 cm™ which are due to CS and CN bonds in the
SNGQDs were observed, Fig. 3.5(i). The peaks shift to 1249 cm™ and 1395 cm~ and decrease
drastically in intensity for SNGQDs@AuNPs, Figure 3.5(ii). The -OH stretch of the
SNGQDs@AuUNPs is intensified compared to that of the SNGQDs alone. A significant shift in
the functional groups related bands mentioned, on the SNGQDs@AuNPs compared to the
SNGQDs might be suggestive of structural changes and successful decoration on the SNGQDs.
Similarly, for SNGQDs@CeO:NPs; a peak at 3368 cm™ ! was attributed to the —OH groups
present at the SNGQDs edges within the composite, slightly shifted compared to SNGQDs
alone at 3400 cm™ . The peaks at 1749 cm™ and 1624 cm™ for SNGQDs@CeO;NPs can be
attributed to the C=0/C=C carbons from the carboxylic edges as well as the sp? hybridized
graphene carbon framework, respectively. The shift to higher wavenumbers might suggest
the weakening of aromatic ring stacking due to the cerium nanoparticles being intercalated
into the SNGQDs sheets [184]. The peaks at 1419 cm™, 1065 cm™ and 997 cm™ were
attributed to —OH bending, C-O stretch and C-H bending all from the SNGQDs in
SNGQDs@CeO;NPs composite, Figure 3.5 (iii). The successful synthesis of the CeO;NPs on the

SNGQDs surface, can be confirmed by the 488 cm™ and 546 cm™ peaks which can be
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attributed to the O-Ce-O stretching mode of vibration. The IR data suggests the successful

synthesis of the CeO;NPs on the SNGQDs surface, while preserving the structural integrity of

the SNGQDs framework.
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Figure 3.5. FT-IR spectra of SNGQDs (i), SNGQDs@AuNPs (ii) and SNGQDs@CeO;NPs (iii). All

run in powder form, at room temperature
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3.2.  Synthesis and Characterization of MPcs and relevant conjugates

3.2.1. Synthesis

The MPc complexes 1 and 4 are known, while complexes 2, 3, 5 and 6 are new hence discussed

here.

3.2.1.1. Symmetrically substituted complexes 2 and 3 (Scheme 3.2)

The phthalocyanine ring systems for both complexes 2 and 3 are known for Zn as a central
metal [160,161], and Co is employed as a central metal for the first time in these ring systems.
The two complexes are structurally differentiated by the oxygen atom on the hydrocarbon
chain part and additional aliphatic bonds. Complexes 2 and 3 were synthesized following the
method shown in Scheme 3.2. and are soluble in DMSO. Mass spectrometry and elemental
data were obtained for the products and the results were as expected for both complexes 2
and 3. NMR spectra were not recorded due to the paramagnetic nature of the central metal

(Co). The elemental analysis data for complex 2 has hydrates as can happen to many Pcs [185]
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Scheme 3.2. Schematic representation of the synthetic method towards the synthesis of complex

2and 3

83




3.2.1.2. Asymmetrically substituted complexes 5 and 6 (Scheme 3.3)

Complex 5 and 6 were synthesized following the method shown in Scheme 3.3 and are both
soluble in DMSO. Mass spectrometry and elemental data were obtained for the products and
the results were as expected for both complexes 5 and 6. The elemental analysis data for

complex 6 has hydrates as can happen to many Pcs [185]

Scheme 3.3. Steps towards the synthesis of the complex 5 and 6.
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3.2.1.3. Synthesis of Pc/SNGQDs nt-1t conjugates, Scheme 3.4

Non-covalent n—t stacking interactions, are non-destructive and occur between two or more
molecules that contain m-electrons. This type of conjugation is especially preferred, because
it does not alter the structural or functional properties of the individual materials involved.
The said 18 m-electron containing Pc complexes 3 -5 were therefore combined with the sp?
hybridized SNGQDs, to form stable nanocomposites with improved physicochemical
properties. Scheme 3.4 depicts the conditions towards the formation of the conjugates,
showing 3(rt)SNGQDs as an example. The 3(t)SNGQDs conjugate was soluble in DMSO, while

4(rn)SNGQDs and 5(rt)SNGQDs were soluble in DMF.

Scheme 3.4. Steps towards the formation of the conjugates, 3(m)SNGQDs, 4(m)SNGQDs and

5(r)SNGQDs, showing 3(t)SNGQDs as an example.
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3.2.2. Characterization

3.2.2.1. UV-Vis Spectroscopy

The UV-Vis spectroscopy of selected Pc complexes is shown in Figure 3.6. Complex 1 had a Q-
band at 658 and a Soret band at 321 nm, Table 3.1. Complexes 2 and 3 showed a characteristic
Q band at 671 nm and 697 nm, respectively in DMSO. The spectra showed a monomeric
behaviour evidenced by a single and narrow Q band, typical of metallated phthalocyanine
complexes [186]. The Q band of complex 3 was red shifted compared to that of complex 2
and 1. The Soret band is observed at 329 nm for complex 2, while is observed at 330 nm for
complex 3, Fig 3.6A. The electronic absorption spectra of phthalocyanines are highly
dependent on solvent, with broad peaks being observed in some cases [187]. Complexes 4
and 5 showed Q- bands at 677 nm and 664 nm, and Soret bands at 331 nm and 327 nm,
respectively, Table 3.1. The Q bands are broad, typical of CoPc derivatives [188]. The Q band
of complex 4 was red shifted due to the presence of four acetyl phenoxy groups which are
electron donating, instead of only three of these groups in present in complex 5. Complex 6,
showed a Q-band and Soret band at wavelengths 675 nm and 311 nm, respectively. The Q

band is broad suggesting aggregation in DMSO, Fig 3.6B.
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Figure 3.6. UV-Vis spectroscopy of the Pc complexes (A) complex 1-3 and (B) complexes 4-6.

Solvent = DMSO
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Figure 3.7 shows the UV-Vis spectra of the conjugates 3(rt)SNGQDs (3.7A), 4(rt)SNGQDs and
5(t)SNGQDs (3.7B) together with the corresponding Pc complex, Table 3.1. The same
absorption spectra were obtained for the conjugates as the respective complexes. The Q-
bands remained the same; there were no significant spectral shifts except for broadening.
This confirms that nt-it stacking conjugation did not compromise the structural integrity of the
Pcs. In all cases the Soret band intensified and broadened with absorption maxima at 368 nm,
332 nm and 329 nm for conjugates 3(rt)SNGQDs, 4(t1)SNGQDs and 5(rt)SNGQDs, respectively.
The changes in the Soret-band can be attributed to the presence of the SNGQDs in each

conjugate sample.
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Figure 3.7. UV-Vis spectra of the conjugates 3(m)SNGQDs (in DMSO), 4(rt)SNGQDs and

5(rt)SNGQDs (in DMF).

3.2.2.2. Raman Spectroscopy

The structural integrity of the SNGQDs before and after conjugation to complexes 3, 4 and 5
was assessed, focusing on the two GQDs Raman modes, the D-band and the G-band, Figure
3.8. As stated above, the G-band is the primary mode in graphene and represents the planar
configuration sp? bonded carbon, while the D-band is the defect or disorder band originating
in structural defects, edge effects and dangling sp? carbon bonds that break the symmetry
[189, 190]. The D and G bands for the SNGQDs was positioned at 1297 cm™ and 1573 cm™
respectively. For the conjugates the D and G bands were obtained at (1299 cm™; 1600 cm™),
(1308 cm™; 1507 cm™) and (1262 cm™; 1432 cm™) for 3(r)SNGQDs, 4(r)SNGQDs and
5(r)SNGQDs, respectively. Raman peaks for graphene quantum dots occurring at ~1260 cm™
and 1430 cm™ have been reported and associated with edge functional groups, COOH or C=0

groups [191]. Thus, the presence of the extra COOH groups in 5(rt)SNGQDs arising from
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complex 5 compared to the acetophenone groups in complex 4 might have resulted in the
obtained spectral shifts. The Ip/ls ratio was calculated for SNGQDs, 3(rt)SNGQDs, 4(rt)SNGQDs
and 5(rt)SNGQDs to be 1.39, 1.44, 0.23 and 0.56, respectively. The higher Ip/ls ratio of the
3(mt)SNGQDs implies that the sample had more out of plane vibrations attributed to the
presence of structural defects, compared to 4(t)SNGQDs and 5(rt)SNGQDs. It is evident from
the data, that the conjugates had the graphitic nature which implies that the -t stacking

preserved the structural integrity involved nanostructures.
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Figure 3.8. Raman spectra of: 3(rm)SNGQDs (i), 4(rt)SNGQDs (ii) and 5(rt)SNGQDs (iii). All

samples run in water, at room temperature.
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3.3.  Synthesis and Characterization of the CoP-BNF, (Scheme 3.5).

3.3.1. Synthesis

The CoP-BNF was prepared by the hydrothermal technique, which involves the metal free
tetracarboxy phenoxy porphyrin, dilute KOH for deprotonation of the H;P carboxylic groups
in the presence of Co(acetate)s. The resulting CoP-BNF, is shown in Scheme 3.5, with the
cobalt ion connecting to two different carboxylate groups (with 6 O atoms including two from
the acetate ligand) of two porphyrins. Mass spectra confirmed the formation of a binuclear

structure with expected mass of 1811.34 a.u. and found 1814.32 a.u.

Scheme 3.5. Synthetic route towards the synthesis of the cobalt porphyrin based organic

framework (CoP-BNF).
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3.3.2. Characterization of CoP-BNF
3.3.2.1. UV-Vis Spectroscopy
The UV-Vis spectroscopic spectra of cobalt tetracarboxyphenyl porphyrin (CoP) and cobalt
porphyrin binuclear framework (CoP-BNF) are shown in Figure 3.9. The CoP-BNF showed a
single Soret band at 419 nm with two Q bands at 544 nm and 580 nm (the latter weak) typical

of metalated porphyrin molecules, Table 3.1.

Figure 3.9. UV-Vis spectra of CoP-BNF and the equivalent tetracarboxyphenyl porphyrin (CoP). All

in water at room temperature.
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3.3.2.2. XRD

The structure of the synthesized CoP-BNF was further explored using XRD, the results are
shown in Figure 3.10. The CoP-BNF alone showed an XRD pattern similar to that of cobalt
tetraphenyl porphyrin (CoP) with a broad peak at 26 = 21°, confirming the amorphous in
nature of the porphyrins. Additional weaker peaks were observed at 26 = 42° (for CoP) and
20 = 60° for CoP-BNF [192], for the latter. The XRD patterns of CoP and CoP-BNF are basically
similar showing that the n-conjugated structure is retained after the formation of CoP-BNF as

observed before [192].

Figure 3.10. XRD data for the mononuclear metalated CoP and the CoP-BNF, as labelled.
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3.3.2.3. FT-IR spectroscopy

The FT-IR spectrum of the CoP-BNF is compared to that of an unmetalated
tetracarboxyphenyl porphyrin (H2P), Figure 3.11. An unmetalated porphyrin has the inner ring
—NH groups, which were confirmed by the peak at 3319 cm™, Figure 3.11(i). In addition, an
expected broad peak at 3349 cm™ was observed, which is due to the —OH of the carboxylic
groups in the porphyrin. Peaks at 1685 cm™ and 1606 cm™ associated with the -C=0 stretch
and -C=C stretch, respectively, were observed. Similar vibrational stretches were observed for
the CoP-BNF. There is a shift of the broad carboxylic peak at 3349 cm™ for H,P to 3434 cm™
for CoP-BNF and the disappearance of the —NH stretch symbolizing successful metalation,
Figure 3.11(ii). The presence of the carboxylic acid groups (3434 cm™) confirms that not all of

them were used for the coordination of Co.
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Figure 3.11. FT-IR spectroscopy of (i) unmetalated tetracarboxyphenyl porphyrin (H2P) (a) and

CoP-BNF (ii).
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3.4. Conclusion

The desired MPc complexes 1-6 were successfully synthesized, purified and characterized
using various techniques. The different optical properties of the Pc complexes as shown by
the UV-Vis data, further confirms the different molecular structures of the Pc complexes. The
FT-IR, XRD and Raman Spectroscopy data confirmed the successful synthesis of the desired
SNGQDs, CeO2NPscoon and AuNPs. Successful surface modification of these nanoparticles was
confirmed by TEM, as shown by the different size, shape and dispersibility shown. The non-
covalent conjugation of MPc complexes to SNGQDs was confirmed using Raman spectroscopy
and UV-Vis absorption spectroscopy. Similarly, the successful synthesis of the CoP-BNF was

confirmed.
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4. Electrode Modification and
Characterization

This chapter deals with electrode modification and immobilization of biorecognition

elements towards biosensor design. First the electrodes were modified with porphyrin/Pc
complexes and/or Pc/NPs conjugates. Electropolymerization and the drop dry method were
used as core electrode modification techniques. Immobilization of either the HB5 aptamer
and/or Trasmatuzab antibody (biorecognition elements) using DCC/NHS coupling, EDC/NHS
coupling and/or acid catalysed imine bond formation coupling methods where appropriate
was explored. Characterization of the modified surfaces include surface characterization
techniques and electrochemical methods. The modified electrodes are given numbers for

ease of reference; the numbers are in blue. Table 4.1 lists all electrode numbers
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Table 4.1. List of Modified Electrodes accompanied by their designated electrode numbers

used throughout the thesis.

Modified Electrodes Electrode Number
GCE/PPy (1)
GCE/1 (2)
GCE/SNGQDs (3)
GCE/PPy@SNGQDs (4)
GCE/PPy@1 (5)
GCE/PPy@SNGQDs/1 (6)
GCE/PPy@1/SNGQDs (7)
GCE/PPy/SNGQDs(seq.) (8)
GCE/PPy/1(seq.) (9)
GCE/PPy/SNGQDs/1(seq.) (10)
GCE/PPy/1/SNGQDs(seq.) (11)
GCE/2 (12)
GCE/3 (13)
GCE/Ce02NPscoon (14)
GCE/CeO;NPscoon/2 (seq.) (15)
GCE/CeO;NPscoon/3 (seq.) (16)
GCE/SNGQDs/3 (seq.) (17)
GCE/ 3(r)SNGQDs (18)
GCE/AuNPs (19)
GCE/AuNPs/3 (seq.) (20)
GCE/4 (21)
GCE/4(r)SNGQDs (22)
GCE/5 (23)
GCE/5(r)SNGQDs (24)
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Table 4.1 continued...

GCE/SNGQDs@CeO;NPs

GCE/6
GCE/SNGQDs@CeO2NPs/6 (seq.)
GCE/SNGQDs@AuNPs
GCE/CoP-BNF

GCE/SNGQDs@AuNPs/CoP-BNF (seq.)

(25)
(26)
(27)
(28)
(29)

(30)
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4.1. Effect of polymerization of pyrrole to form polypyrrole (PPy) in the presence of

SNGQDs and Complex 1

The electropolymerization of pyrrole in the presence of complex 1 and SNGQDs, respectively
on a glassy carbon electrode is investigated. Scheme 4.1(i) shows the representation of the
steps involved towards electrode modification. Onto the then modified electrodes, the HB5

aptamer was then immobilized as a biorecognition element, Scheme 4.1(ii).

Scheme 4.1. Graphic representation of the GCE modification by PPy/nanomaterial copolymerization for
the fabrication of the GCE/PPy@SNGQDs, GCE/PPy@SNGQDs/1 (i) and GCE/PPy@SNGQDs/1/HB5

probes (ii). Where BGCE= bare glassy carbon electrode
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4.1.1. Optimization and Electropolymerization

The optimization of pyrrole was performed using CV and EIS, Figure 4.1. An increase in current
with increasing pyrrole concentration was observed; the plots were stopped at 0.15 mM,
since there was measurable current. Four different concentrations of the SNGQDs were
explored to investigate the optimum concentration (used for electropolymerization), for the
PPy@SNGQDs composite. It was observed that the current decreased with increase in
SNGQDs concentration. The highest current was obtained for the lowest concentration of 1
mg/mL, this maybe because GQDs are prone to aggregation at higher concentration. In this
study the chosen lowest concentration was 1 mg/mL for SNGQDs and was used throughout.

A low concentration of the complex 1 (4.6 x 10** mmol) was used.
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Figure 4.1. CV (A) and EIS (B) data obtained for polymerization of pyrrole using different
monomer concentrations. CV (C) and Nyquist plots (D) obtained for pyrrole polymerization in
the presence of SNGQDs (pyrrole monomer concentration = 0.15 mM) in the presence of
SNGQDs (varied concentrations). All studies were conducted in PBS pH 7,4. All in K3[Fe(CN)g]*

/4 (1 mM in 0.1 mol-L™* KCl in 10 mM PBS (pH 7.4).
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First, the glassy carbon electrode was modified with polypyrrole film by electrochemical
deposition of a non-functionalized pyrrole monomer, GCE/PPy (1). The solution of pyrrole
monomer (0.15 mM) was scanned from - 0.6 V to 0.8 V vs Ag/AgCl, at a scan rate of 100 mV/s
in 10 mM PBS (pH 7.4) using cyclic voltammetry. Pyrrole polymerization is evidenced by the
increase in current with scan number as reported in literature [193]. The observations in
Figure 4.2A are consistent with deposition of additional layers of polypyrrole on the layer
formed by the first scan, resulting in steadily increasing currents [193]. Secondly, the
electrodes GCE/PPy@SNGQDs (4) and GCE/PPy@1 (5) were constructed. This was performed
by electropolymerization of pyrrole onto the GCEs in a mixed solution of 0.15 mM pyrrole
with SNGQDs (1 mg/mL) in 0.1 PBS (pH, 7.4) or complex 1 (4.6 x 10* mmol in DMSO), and
scanning from - 0.6 V to 0.8 V, 10 cycles at 100 mV/s. Figure 4.2B, shows the cyclic
voltammetry changes, when pyrrole was polymerized in the presence of 1. Cyclic
voltammograms similar to those observed during the polymerization of pyrrole alone were
observed accompanied by an increased current, hence confirming the formation of PPy in the
presence of 1. The same was observed for polymerization in the presence of the SNGQDs,
Figure 4.2C. Following this, complex 1 was added on top of GCE/PPy@SNGQDs surface form
GCE/PPy@SNGQDs/1 (6). Similarly, SNGQDs were added on top of GCE/PPy@1 to form
PPy@1/SNGQDs (7). Electrodes were also modified with just polymerization of pyrrole alone,
followed by sequential addition of either SNGQDs or complex 1 and are represented as
follows: GCE/PPy/SNGQDs (seq.) (8), GCE/PPy/1 (seq.) (9), GCE/PPy/SNGQDs/1 (seq.) (10) and

GCE/PPy/1/SNGQDs (seq.) (11). Where seq. is abbreviation for sequential adsorption.
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Figure 4.2. CV diagrams for the generation of (A) GCE/PPy in 0.15 M pyrrole, (B) GCE/PPy@1 {in

0.15 M pyrrole and 4.6 x 10 mmol complex 1 (in DMSO)} and (C) GCE/PPy@SNGQDs (in 0.15 M

pyrrole and 1 pg/mL SNGQDs). All studies were done in PBS pH 7.4, 10 cycles at 100 mV/s.
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4.1.2. Cyclic Voltammetry in K3[Fe(CN)s] 374, Table 4.2

A total of 11 modified electrodes: GCE/PPY (1), GCE/1 (2), GCE/SNGQDs (3), GCE/
PPy@SNGQDs (4), GCE/PPy@1 (5), GCE/PPy@SNGQDs/1 (6), GCE/PPy@1/SNGQDs (7),
GCE/PPy/SNGQDs (seq.) (8), GCE/PPy/1 (seq.) (9), GCE/PPy/SNGQDs/1 (seq.) (10) and

GCE/PPy/1/SNGQDs (seq.) (11) were studied.

Figure 4.3A shows CV diagrams obtained for a selected modified electrode: (i) GCE/PPy (1),
(ii) GCE/PPy@SNGQDs (4) and (iii) GCE/PPy@SNGQDs/1 (6). Furthermore, the electrode 4 is
also used to demonstrate the change in AE, upon addition of the HB5 aptamer:
GCE/PPy@SNGQDs (4)/HB5, on the surface in preparation for analyte detection. The CV
diagrams for the rest of the probes is shown in Figure 4.3B. Cyclic voltammetry was used to
characterize the electron transfer properties of each surface, Table 4.2. The electron transfer
properties of the different modified surfaces was compared in terms of AE, for which the
values increased in the following trend: bare GCE (68 mV) < GCE/SNGQDs (3) (73 mV) <
GCE/PPy@SNGQDs (4) (80 mV) < GCE/PPy (1) (154 mV) < GCE/PPy@SNGQDs/1 (6) (166 mV)
< ~GCE/1 (2) (165 mV) < GCE/PPy/1/SNGQDs(seq.) (11) (246 mV) < GCE/PPy/SNGQDs(seq.)
(8) (288 mV) < GCE/PPy@1 (5) (361 mV) < GCE/PPy@1/SNGQDs (7) (428 mV) < GCE/PPy/1
(seq.) (9) (467 mV) < GCE/PPy/SNGQDs/ 1 (seq.) (10) (515 mV). A AEp value close to or lower

than ~ 70 mV is synonymous with desirable electron-transporting abilities.

The GCE/PPy@SNGQDs (4) (80 mV) showed better electron transfer properties compared to
the GCE/PPy (1) (154 mV) surface. This might be attributed to SNGQDs containing functional
groups (sp? carbon, S and N atoms, carboxylic, hydroxyl groups) which promote electron
transfer between electrolyte and electrode. Also, the structure of the SNGQDs encourage

electron transfer via m-mt interaction with the pyrrole structure, hence the improved
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conductivity. The polymerization of PPy in the presence of complex 1 and SNGQDs
(GCE/PPy@1 (5) and GCE/PPy@SNGQDs (4), respectively) gave better electron transfer
properties compared to the sequentially modified GCE/PPy/1(seq.) (9) and
GCE/PPy/SNGQDs(seq.) (8) counterparts. This may be due to the arrangement and interaction
of the nanomaterials on the electrode surface upon modification. During the fabrication of
the GCE/ PPy@1 (5) and GCE/PPy@SNGQDs (4) surfaces, the nanomaterials are mixed in
solution and a potential is applied on the electrode. The interaction of the components is
governed by each of their structural properties, which then determines how the
nanomaterials are arranged on the electrode surface. The applied potential aids for m-m
interaction between the pyrrole, SNGQDs and complex 1, and all this takes place on the
electrode [194]. Whereas, for the GCE/PPy/1(seq.) (9) and GCE/PPy/SNGQDs(seq.) (8), the
nanomaterials are layered on top of each other. Their interaction and arrangement on the
electrode surface are uncontrolled (no applied or external energy) and may sometimes result
in passivation of the electrode surface, hence the decreased electron transfer properties. The
same trend was observed for the GCE/PPy@SNGQDs/1 (6) (166 mV) and
GCE/PPy/SNGQDs/1(seq.) (10) (515 mV) surfaces, where the sequential adsorption modified
surface had poor electron transfer properties compared to polymerization. For the
GCE/PPy@1/SNGQDs (7) (428 mV) and GCE/PPy/1/SNGQDs(seq.) (11) (246 mV), the surface
by sequential adsorption had better electron transfer properties. Shifts observed for
oxidation peaks towards the negative values for some electrodes could be attributed to
sluggish charge transfer reaction rates, potential shift due to solution resistance, as well as
instrumental delay. The electrodes 2-11, all modified as outlined above were then treated
with DCC/NHS to activate the carboxylic groups on the surfaces to allow for immobilization of
the HB5 aptamer, which is the biorecognition element, Scheme 4.1.
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Figure 4.3. CV diagrams of A: (i) GCE, (ii) GCE/PPy (1), (iii) GCE/PPy@SNGQDs (4), (iv)
GCE/PPy@SNGQDs (4)/HB5 and GCE/PPy@SNGQDs/1 (6). B: (i) GCE/PPy@1 (5), (ii)
GCE/PPy@1/SNGQDs (7), (iii) GCE/PPy/SNGQDs(seq.) (8), (iv) GCE/PPy/i(seq.), (9), (v)
GCE/PPy/SNGQDs/1(seq.) (10) and (vi) GCE/PPy/1/SNGQDs (seq.) (11). All in 1mM Ks[Fe(CN)s] 374 in
0.1 mol-L"™ KCl in 10 mM PBS (pH 7.4).
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4.1.3. Electrochemical Impedance Spectroscopy (EIS) in Ks[Fe(CN)e] 3/+

EIS is well known as an effective tool for studying the interface properties of surface modified
electrodes [195, 196]. A typical impedance spectrum, presented in the form of the Nyquist
plot, includes a semicircle portion at higher frequencies corresponding to the electron
transfer limited process and a linear part at lower frequency range representing diffusion
limited process. EIS measurements were carried out for the various electrodes. Figure 4.4A
shows the Nyquist plots obtained for the electrodes (i) GCE, (ii) GCE/PPy (1), (iii)
GCE/PPy@SNGQDs (4) and (iv) GCE/PPy@SNGQDs/1 (6) and (v) GCE/PPy@SNGQDs (4)/HBS5.
While Figure 4.4B shows the Nyquist plots obtained for the rest of the electrodes, labelled
accordingly on the figure. The data obtained were fitted using an equivalent modified circuit,
Figure 4.4C. The key parameter used to differentiate and characterize the modified electrodes
was the charge transfer resistance (Rct), which increases with decrease in conductivity and
vice versa. The Rt values obtained for the different electrodes are further outlined in Table

4.2.

The successful immobilization of the HB5 aptamer, Scheme 4.1 (ii) on all the modified surface
to form aptasensors: GCE/1 (2)/HB5, GCE/SNGQDs (3)/HB5, GCE/ PPy@SNGQDs (4)/HB5,
GCE/PPy@1 (5)/HB5, GCE/PPy@SNGQDs/1 (6)/HB5, GCE/PPy@1/SNGQDs (7)/HB5,
GCE/PPy/SNGQDs (seq.) (8)/HB5, GCE/PPy/1 (seq.) (9)/HB5, GCE/PPy/SNGQDs/1 (seq.)
(10)/HB5 and GCE/PPy/1/SNGQDs (seq.) (11)/HB5, was further confirmed by increase in Ret

values, Table 4.2 (values in brackets).
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Figure 4.4. Nyquist plots of A: (i) GCE, (i) GCE/PPy (1), (iii) GCE/PPy@SNGQDs (4),
(iv)GCE/PPy@SNGQDs (4)/HB5 and (v) GCE/PPy@SNGQDs/1 (6) and (v). B: (i) GCE/PPy@1 (5), (i)
GCE/PPy@1/SNGQDs (7), (iii) GCE/PPy/SNGQDs(seq.) (8), (iv) GCE/PPy/i(seq.), (9), (v)
GCE/PPy/SNGQDs/1(seq.) (10) and (vi) GCE/PPy/1/SNGQDs(seq.) (11). All in 1mM Ks[Fe(CN)s] 3/4 in

0.1 mol-L"t KCl in 10 mM PBS (pH 7.4). Insert in B: Equivalent circuit adopted to fit data.
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Table 4.2. Peak potential separations and R values in K3[Fe(CN)s] 374 obtained for relevant

surfaces.
Electrode Surface Electrode AE (mV) Rct (kQ) 2
number

GCE 68 244

GCE/PPy 1 154 224
GCE/1 2 165 287 (468)
GCE/SNGQDs 3 73 180 (495)
GCE/PPy@SNGQDs 4 80 207 (923)
GCE/PPy@1 5 361 708 (1230)
GCE/PPy@SNGQDs/1 6 166 215 (2190)
GCE/PPy@1/SNGQDs 7 428 660 (1680)
GCE/PPy/SNGQDs(seq.) 8 288 522 (2410)
GCE/PPy/1 (seq.) 9 467 800 (220)
GCE/PPy/SNGQDs/1 (seq.) 10 515 929 (384)
GCE/PPy/1/SNGQDs (seq.) 11 246 347 (2010)

(@ Values in brackets represents Re values of the corresponding probes with aptamer

(concentration 1 uM) prior HER2 detection.
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4.2. Amide bond formation with HB5 aptamer, Scheme 4.2

The protocol followed for electrode modification using all Pc complexes 2-6 is shown in
Scheme 4.2, using complex 2 as an example. Adsorption was used as a method of modification
for all mentioned complexes, either alone or in combination with the relevant nanoparticles.
CoPc complexes based GCEs (except complex 4), were used as immobilization platforms for

the HB5 aptamer using the DCC/NHS coupling to form an amide bond.

Scheme 4.2. Schematic representation of the steps towards the fabrication of the desired electrode modifications.

Showing the probe GCE/2/HBS5, as an example.

112



4.2.1. Cyclic Voltammetry

4.2.1.1. Complex 2 and 3 in the presence of cerium oxide nanoparticles, Table 4.3

All electrochemical measurements were performed in 10 mM PBS of pH 7.4 containing 0.1 M
KCl and 1 mM Ks[Fe(CN)e] 374. The CV of ferricyanide was chosen as a marker to investigate
the electron transfer properties of each modified surface. Figure 4.5A shows the CV plots
obtained for the electrodes containing complexes 2 and 3, data shown in Table 4.3.
Phthalocyanines are well known for their great redox properties, and hence their domineering
performance compared to the CeO2NPscoon alone. Reports have shown that the synergistic
combination of the properties of phthalocyanines and metal nanoparticles tend to improve
various properties of their hybrid materials [64]. However, AE,increased for complex 2 in the
presence of CeO2NPscoon. The performance of complex 3 will be discussed in the next section.
Extra peaks near 0.5V observed for CoPcs alone are due to Co(lll)/Co(ll) redox

process according to literature [197].

4.2.1.2. Complex 3 in the presence of AuNPs, SNGQDs and CeO;NPs: Effect of

nanoparticles.

Figure 4.5B shows the obtained CV diagrams for the different electrode containing complex
3, combined with AuNPs and SNGQDs, respectively. The calculated AEp values of 71 mV, 73
mV, 70 mV and 80 mV for GCE/3 (13), GCE/SNGQDs (3), GCE/CeO2NPscoon/3 (seq.) (16),
GCE/3(m)SNGQDs (18) respectively, thus showing good electron transporting abilities. The
rest of the electrodes had AEp value as follows: (20) GCE/AuNPs/3 (480 mV) > (14)
GCE/Ce02NPscoon (122 mV) > (17) GCE/SNGQDs/3 (seq.) (105 mV) > (19) GCE/AuNPs (100
mV). Of the NPs alone the lowest AEp value was obtained for SNGQDs followed by AuNPs,

with CeO2NPscoon having the larges AEp value. The varying performance of the various
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nanoparticles in the same redox media can be attributed to their different structural and
physicochemical attributes. The process of electron transfer in nanoparticles can be explained
considering the following factors. First, the contact between the electrode and the particular
nanoparticle. This is determined by the spatial distribution of the nanoparticles on the
electrode, which is dependent on the dispersion and behaviour of the nanoparticles in
guestion when in solvent. Secondly, the nanoparticle’s chemical nature, shape and size which
determines how the nanoparticle interacts with the electrolyte as well as its stability on the
electrode. The sheet structure of the SNGQDs allows for the successful deposition of the
nanomaterials on the electrode, forming stable modified electrode. The SNGQDs were
monodispersed with a size of 2.8 nm, as shown by TEM image in Fig. 3.4(i). A high catalytic
activity is generally expected for small particle size because of the increase of the surface-to-
volume ratio [198]. In addition, spherical NPs are known to show better electrocatalytic
activity than shaped ones, hence good charge transfer abilities and a low AEp value for
SNGQDs. The AuNPs used in this work were monodispersed with a spherical morphology, Fig.
3.4(ii). The electron transfer properties of cerium oxide nanoparticles (CeO2NPscoon) are
derived from the quick and expedient mutation of the oxidation state between Ce** and Ce3".
The morphology of the COOH containing CeO;NPs reported here exhibited a rod like shape,
Fig. 3.4(iii). Hence the shape of the CeO;NPscoon could have resulted in poor electron transfer
(higher AEp value) compared to SNGQDs and AuNPs. AE, values for complex 3 increased in
the presence of SNGQDs and AuNPs, but was unaffected when combined with CeO2NPscoon,
Table 4.3. Higher AEp values were obtained for the GCE/AuNPs/3 (seq.) (20), compared to
either the GCE/3 and GCE/AuNPs. This might be due to the arrangement of the two
nanomaterials on the surface when combined. The AuNPs being added first, followed by the
layer of the Pc 3 might have resulted in limited interaction of the AuNPs with the electrolyte
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to actually have an impact on the electrode’s electron transfer properties. Furthermore,
passivation of the electrode is a possibility when now adding the complex 3 layer on top of

the GCE/AuUNPs surface to form GCE/AuNPs/3 (seq.).
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Figure 4.5. CV diagrams of A: (i) GCE/2 (12), (ii) GCE/3 (13), (iii) GCE/CeO2NPscoon (14), (iv)
GCE/Ce02NPscoon/2 (seq.) (15) and (v) GCE/CeO2NPscoon/3 (seq.) (16) B: (i) GCE/SNGQDs (3),
(i) GCE/SNGQDs/3 (seq.) (17), (iii) GCE/3(m)SNGQDs (18) and (iv) GCE/AuNPs (19) and (v)
GCE/AuNPs/3 (seq.) (20). Allin 1 mM Ks[Fe(CN)g] >/# (in 0.1 M KCI) in 10 mM PBS. Scan rate

=100 mV/s. Inserts in, A = BGCE,

4.2.1.3. Complex 6 in the presence of SNGQDs@CeO:NPs: Table 4.3

Figure 4.6 shows the CV diagrams obtained for the relevant modified electrodes: GCE (insert)
GCE/SNGQDs@CeO;NPs (25), GCE/6 (26) and GCE/SNGQDs@CeO2NPs/6 (seq.) (27). The bare
GCE showed a reversible peak pair, with oxidation and reduction peak separation (AE,) = 68
mV, Table 4.2. The GCE/SNGQDs@CeO:NPs (25) showed two oxidation peaks. The peaks
labelled I'in all CVs in Fig. 4.6A are due to the ferro/ferricyanide. The peak labelled Il could be
due to SNGQDs, this peak was also be observed for SNGQDs@CeO;NPs alone in buffer

(without K3[Fe(CN)e] 37*) though weaker in Figure 4.6B. The peak labelled Il in GCE/6 (26) is
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due to Co (ll1)/Co (1) redox process according to literature [197]: this was confirmed by the
same peak being present in the buffer for GCE/6, Fig. 4.6B. The same Co (lll)/Co (Il) was
observed for the probe GCE/SNGQDs@CeO;NPs/6 (seq.) (27), and was accompanied by a
broad peak at around 0.3 V which could be due to CeO2NPs which are known to show CV
peaks in this region [199]. The modification of the bare GCE, with the various nanomaterials
to form the electrodes (25-27) resulted in increased redox peak separation (AEp). The
GCE/SNGQDs@CeO;NPs/6 (seq.) (27) showed a smaller peak separation (110 mV) compared
to that of GCE/6 (120 mV), accompanied by an increased oxidation peak current. This further
demonstrates the synergistic effect of combining a particular complex 6 with

SNGQDs@CeO;NPs for enhanced electron transfer in sensor design.
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Figure 4.6. CV diagrams for substrates (a) GCE/SNGQDs@CeO;NPs (25), (b) GCE/6 (26) and (c)
GCE/SNGQDs@CeO,NPs/6 (seq.) (27) obtained in (A) Ks[Fe(CN)e] 374 (1 mM in 0.1 mol-L™* KCl

in 10 mM PBS (pH 7.4) and (B) phosphate buffer (pH 7.4). Insert in A = BGCE
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4.2.1.4. Surface Coverage

The competitiveness of the various nanomaterials where electrode modification is concerned
was further demonstrated by calculating the active surface area coverage of each modified
surface. The effective electrode surface area (Aeff) of the modified GCE was determined in 1

mM Ks[Fe(CN)s] 374 by applying the Randles—Sevcik Equation:

3 1 1
ip = (2.69 x 105) nz Dz CA,f; v2 (4.1)

where iy is the peak current, n is equal to the number of electrons transferred (n ~ 1), D is the
diffusion coefficient of the analyte in solution (7.6 x 107 cm? s ~1) [200] and C is the solution
concentration in (mol/cm™3), Aet is the effective surface area and v is the scan rate (V/s™).
Figure 4.7 shows plots of the different modified electrodes in PBS buffer alone. Peaks near
0.5 V for Pc 3 containing electrodes are due to Co"'Pc/Co'"Pc oxidation process in comparison
with literature [197]. Ce nanoparticles are known to show cyclic voltammetry peaks around
0.3V [199]. Peaks due to Au NPs are usually observed at about 1V [201]. By using the effective
area of the modified electrodes determined using Egn. (4.1) and the total charge determined
by integrating peaks in Fig. 4.7 (anodic peaks), and then by employing Eqn. (4.2) [202], surface

coverages were calculated.
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I' = QnFAgy (4.2)

Where n is the number of electrons transferred (~1), F the Faraday constant (96.485C mol™),
A is the effective surface area obtained from Eqn. (4.1) and T is the surface coverage. The
higher surface coverages imply the increase in the electrode surface area which offers more
electrocatalytic surface. The highest surface coverage was observed for GCE/AuNPs (19) (1.82
x 107 mol.cm2) and the lowest surface coverage obtained for the GCE/3 (13) was 1.11 x 10~
mol.cm™. The T value for the GCE/SNGQDs (3) was undetermined because no peak was
observed. A peak was only observed upon incorporation with the complex 3. In the presence
of complex 3, the highest surface coverage was obtained for the GCE/AuNPs/3 (seq.) (20)
(3.99 x 107 mol.cm™) compared to GCE/CeO2NPs/3 (seq.) (16) (2.65 x 107*° mol.cm™),
GCE/SNGQDs/3 (seq.) (17) (9.76 x 1071° mol.cm™2) and GCE/3(r)SNGQDs (18) (1.49 x 1073
mol.cm™2) surfaces. The highest surface coverage is for GCE/AuNPs (19) and the lowest is for
GCE/3 (13). The same study was conducted for complex 6 based electrodes. The
SNGQDs@CeO;NPs modified electrode, GCE/(25) and the complex 6 based GCE/(26) had a
surface coverage of 2.45 x 10® mol.cm™ and 5.94 x 101° mol.cm™2 respectively, Table 4.3.
Upon combination of the SNGQDs@CeO,;NPs and complex 6 on the electrode to form the
surface GCE/(27), a surface coverage of 2.89 x 10° mol.cm™2, hence the surface coverage is
higher for the composite compared to the phthalocyanine alone. This result further
demonstrates the significance of combining MPcs with various nanomaterials for enhanced

electrocatalytic behaviour.
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Figure 4.7. Cyclic voltammograms of modified surfaces: (i) GCE/SNGQDs (3), (ii)
GCE/CeO2NPscoon (14), (iii) GCE/CeO2NPscoon/3 (seq.) (16), (iv) GCE/SNGQDs/3 (seq.) (17), (v)
GCE/AuNPs (19) and GCE/AuNPs/3 (seq.) (20). All in 10 mM phosphate buffer solution of pH

7.4.Scan rate =100 mV. s 1.
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4.2.2. Electrochemical Impedance Spectroscopy

The electrochemical properties of the modified electrodes were further characterized using
EIS. The impedance spectra were recorded first for the bare glassy carbon electrode (BGCE),
and then the various modified surfaces. The EIS data was fit using the modified equivalent
circuit, previously shown earlier above. The electrodes were differentiated by the resistance
to charge transfer (Rct) offered by electrode surface. The characterization of the GCE, upon
modification with the various nanomaterials (electrodes 12-20), is shown in Figure 4.8A. The
bare glassy carbon electrode had exhibited an almost straight line in the Nyquist plot of
impedance spectroscopy (lower insert in Fig 4.8A), indicating that a diffusion-limited
electron-transfer process was dominant for the frequency range explored. The effect of each
nanoparticle: SNGQDs, AuNPs and CeO;NPs on the electron transfer properties of complex 3,
is further shown by the Nyquist plots in Figure 4.8B. In all cases, the charge transfer resistance
(Ret), which increases with decrease in conductivity and vice versa, was used as a
differentiation parameter. The obtained data for the EIS data were in agreement with that
obtained in cyclic voltammetry: the surface with the lowest AEp had the lowest

Rct values, Table 4.3.

The modified electrodes were then used as platforms for the immobilization of the HB5
aptamer to form aptasensors: GCE/SNGQDs (3)/HB5, GCE/2 (12)/HB5, GCE/3 (13)/HBS5,
GCE/CeO2NPscoon (14)/HB5, GCE/CeO2NPscoon/2 (seq.) (15)/HB5, GCE/CeO2NPscoon/3 (seq.)
(16)/HB5, GCE/SNGQDs/3 (seq.) (17)/HB5, GCE/3(r)SNGQDs (18) /HB5, GCE/AuNPs (19) /HB5

and GCE/AuNPs/3 (seq.) (20) /HB5.
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Figure 4.8. Nyquist plots A: (i) GCE/2 (12), (ii) GCE/3 (13), (iii) GCE/CeO2NPscoon (14), (iv)
GCE/CeO2NPscoon/2 (seq.) (15) and (v) GCE/CeO2NPscoon/3 (seq.) (16) B: (i) GCE/SNGQDs (3),
(i) GCE/SNGQDs/3 (seq.) (17), (v) GCE/AuNPs (19) and (vi) GCE/AuNPs/3 (seq.) (20). All in

1mM Ks[Fe(CN)s] 3/* (in 0.1 M KCl) in 10 mM PBS. Scan rate = 100 mV/s. Insert in A = BGCE.
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Similarly, higher R« values were obtained for all substrates (electrodes 25 - 27), upon
introduction of the HB5 aptamer on all surfaces, Figure 4.9, Table 4.3. This might be due to
the fact that the aptamer is an oligonucleotide and is not redox active, as a result might have

partly blocked the electron/ion transport between the electrode and the electrolyte.

Figure 4.9. EIS data obtained for GCE (25 — 27), A: Nyquist plots for GCE/SNGQDs@CeO;NPs
(25), (b) GCE/6 (26) and (c) GCE/SNGQDs@Ce0O2NPs/6 (seq.) (27), insert = BGCE. B: A graph
showing the change in the R« values of each substrate (GCE 25-27), before and after

immobilization of the HB5 aptamer.
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4.2.3. Scanning Electron Microscopy (SEM)

The SEM analysis of the modified surfaces (i) GCE/ (25), (ii) GCE/ (26) and (iii) GCE/ (27) was
performed, the obtained results are shown in Figure 4.10. A dispersed distribution of the
SNGQDs@CeO;NPs is observed for GCE/ (25). Complex 6 based GCE/ (26) shows a grey
surface, with little to no visibility of particles; this is due to the small MPc size ~ 1 nm. When
the SNGQDs@AuNPs and complex 6 were added to the GCE (SNGQDs@AuNPs first), to form

GCE/ (27) a uniform grey layer was formed on the electrode. The GCE surface for GCE/ (27) is

well covered with no bare spots.

SEM HV: 5,00 kV SEM MAG: 1.34 kx 1 5 VEGAWTESCAN SEM HV: 5,00 kV SEM MAG: 1.33 kx VEGAW TESCAN EM HV: 5.00 kV SEM MAG: 1.34 kx VEGAW TESCAN

WD: 9.454 mm Det: SE 7 WD: 10.87 mm Det: SE 20 ym 7 WD: 10.79 mm Det; SE 20 pm
SEM MAG: 1.34 kx Date(m/d/y). 05/18/23 Rhodes University SEM n SEM MAG: 1.33 kx Date(m/d/y): 05/18/23 Rhodes University SEM u SEM MAG: 1.34 kx Date(m/d/y): 05/18/23 Rhodes University SEM "

Figure 4.10. SEM images of (i) GCE/SNGQDs@CeO;NPs (25), (ii) GCE/6 (26) and (iii)

GCE/SNGQDs@CeO02NPs/6 (seq.) (27).
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Table 4.3. Electrochemical parameters of the modified electrodes.

Modified Electrode” Electrode Number AEp (mV) Rct (Q)? I, mol cm?
GCE/SNGQDs 3 73 1580 (1700) No peak
GCE/2 12 70 1270 (4393)  1.28 x 1074
GCE/3 13 71 1520 (4083) 1.11 x 107
GCE/CeO;NPscooH 14 122 1750 (2173) 4.49 x 10°
GCE/CeO;NPscoon/2 (seq.) 15 90 1600 (9640) 5.88 x 101!
GCE/CeO2NPscoon /3 (seq.) 16 70 827 (8305) 2.65 x 1010
GCE/SNGQDs/3 (seq.) 17 105 1700 (2200)  9.76 x 10'1°
GCE/3(m)SNGQDs 18 80 1600 (2630) 1.49 x 10713
GCE/AuNPs 19 100 1680 (8700) 1.82 x 10”7
GCE/AuNPs/3 (seq.) 20 480 3900 (4080) 3.99 x 10°
GCE/SNGQDs@CeO;NPs 25 201 34 000 (41000) 2.45 x 108
GCE/6 26 120 19800 (24500) 5.94 x 1010
GCE/SNGQDs@CeO,NPs/6(seq.) 27 110 13500 (20400) 2.89 x 107

Values in brackets represents Re values of the corresponding probes with aptamer

(concentration 1 uM) prior HER2 detection.
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4.3. Imine bond formation with HB5 aptamer, Scheme 4.3

The two complexes 4 and 5, structurally related and differentiated by their symmetry were
used for electrode modification, and their electron transfer properties were compared. Both
complexes were then used as immobilization platforms for the HB5 aptamer. Two techniques
were employed (i) DCC/NHS coupling and/or (ii) acid catalysed imine bond formation,
depending on the functional groups present on each CoPc complex, Scheme 4.3A. The Pc
complexes were also combined with SNGQDs to form conjugates: 4(m)SNGQDs and

5(r)SNGQDs, which were also used for electrode modification, Scheme 4.3B.
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Scheme 4.3. Electrode modification strategies towards complex 4 and 5 based electrodes. A:
complex 5 based (i) DCC/NHS coupling and/or (ii) acid catalysed imine bond formation,
depending on the present functional groups on each CoPc complex. B: steps towards the

formation of the m-it stacked conjugates, using 4(mt)SNGQDs as an example. Dil. = dilute.
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4.3.1. Cyclic Voltammetry

Figure 4.11A. shows the obtained CV diagrams obtained for the modified electrodes listed in
Table 4.4. The electron transfer properties of the various surfaces were investigated by
comparing the AEp values (anodic to cathodic peak potential separation). The AE, values for
the designed sensors were 73 mV, 710 mV, 882 mV, 1180 mV and 1307 mV for the GCE/SNGQDs
(3) (Table 4.2), GCE/4(m)SNGQDs (22), GCE/4 (21), GCE/5(rt)SNGQDs (24) and GCE/5 (23),
respectively. The varying AE, obtained for the CoPcs in particular, can be attributed to the
different substituents, symmetry and in turn their ability to mediate electron transfer on the
GCE, Table 4.4. The symmetric complex 4 based GCE/ (21) and GCE/ (22) had lower AE, values
compared to their asymmetric complex 5 based GCE/ (23) and GCE/ (24), counterparts. The
conjugate-based electrode showed better electron transfer properties compared to both the
respective Pc based electrodes. This speaks to the SNGQDs, as highly m-conjugated
nanomaterials and electrocatalysts on their own, and their ability to improve the electron
transfer of the Pcs in the conjugate. There were no peaks observed in the presence of HB5 on

all surfaces.

4.3.2. Electrochemical Impedance Spectroscopy

EIS measurements were carried out for all modified electrodes. The Nyquist plots obtained
are shown and labelled accordingly in Figure 4.11B, with the obtained R values obtained
listed in Table 4.4. The obtained data for the EIS data were in agreement with that obtained
in cyclic voltammetry for the modified electrodes: the modified surface with the lowest AE,
had the lowest Rct values, Table 4.4. Furthermore, Rt values increased in the presence of HB5

on all modified surfaces.
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Figure 4.11. (A) CV at the scan rate of 100 mV/s and (B) EIS Nyquist plots for the probes: (i)
GCE/4 (21), (ii) GCE/4(rt)SNGQDs (22), (iii) GCE/5 (23) and (iv) GCE/5(t)SNGQDs (24) and All
experiments were conducted in Ks[Fe(CN)s] 374 (1 mM in 0.1 mol-L™ KCl in 10 mM PBS (pH

7.4). Inserts = (A) CV and (B) EIS (bottom insert) for BGCE.
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Table 4.4. Peak potential separations and R values in K3[Fe(CN)s] 374 of the relevant

electrodes.

Modified Electrodes Electrode Numbers AEp (mV) Rct (Q)
GCE/SNGQDs 3 73 1580

GCE/SNGQDs/HB5 GCE/(3)/HB5 - 1700

GCE/4 21 882 30300
GCE/4/HB5 GCE/ (21)/HB5 - 32100
GCE/4(n)SNGQDs 22 710 11400
GCE/4(rt)SNGQDs/HB5 GCE/ (22)/HB5 - 12000
GCE/5 23 1307 26400
GCE/5/HB5 (imine) GCE/ (23)/HB5 - 28000
GCE/5(mt)SNGQDs 24 1180 34500
GCE/5(r)SNGQDs/HB5 (imine) GCE/ (24)/HB5 - 36200
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4.4. Cobalt binuclear framework (CoP-BNF) based electrodes: Table 4.5

This thesis investigates the use of a CoP-BNF in the presence of SNGQDs@AuNPs for electrode
modification, towards the development of both an aptasensor (HB5 aptamer-based sensor)
and immunosensor (Trastuzumab antibody-based sensor) towards the detection of HER2,

Scheme 4.4.

Scheme 4.4. Steps towards the fabrication of the sensing platforms on the GCE, using

GCE/COP-BNF (29) as an example.
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4.4.1. CVandEIS

Figure 4.12A and B shows the CVs and EIS, respectively, of different modified electrodes
without the biorecognition elements (HB5 or Trastuzumab) in 1 mM Ks[Fe(CN)s]3*/* (in 0.1 M
KCl). The bare GCE had an anodic to cathodic peak separation (AEp) = 68 mV, which is closer
to the theoretical Nernst value, Table 4.5. Higher AE, were obtained upon modification:
GCE/SNGQDs@AuNPs  (28) (386 mV), GCE/CoP-BNF (29) (555 mV) and
GCE/SNGQDs@AuNPs/CoP-BNF (seq.) (30) (437 mV). This might be due to passivation of the
electrode by the nanomaterials used which might undergo aggregation on the electrode
surface. The CVs shows the ferricyanide peaks near 0.35 V - 0.40 V. The peaks near 0.6 are
due CoP based processes and occur only for CoP-BNF containing electrodes [197]. The
additional peaks present in the CV of the GCE/SNGQDs@AuNPs surface, might be as a result
of the oxidation of gold on the surface of the SNGQDs@AuNPs. There were no peaks due to

K3[Fe(CN)s]37* in the presence of HB5 or Trastuzumab, hence data not shown.

The EIS response for the three modified electrodes is shown using Nyquist plots obtained,
labelled accordingly in Figure 4.12B. The obtained data for the EIS data were in agreement
with that obtained in cyclic voltammetry for the modified electrodes: the modified surface
with the lowest AE, had the lowest Rc values, Table 4.5. The surface-binding of non-
conductive molecules blocks the electron transfer, causing an increase in Ret values. This held
true; Rctvalues increased in the presence of both HB5 and Trasmatuzab, respectively on all

modified surfaces GCE/(28-30), Table 4.5.
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Figure 4.12. Cyclic voltammogram (A) and Nyquist plots (B) for (i) GCE/SNGQDs@AuNPs (28),
(ii) GCE/CoP-BNF (29) and (iii) GCE/SNGQDs@AuNPs/CoP-BNF (seq.) (30). All in 1mM

Ks[Fe(CN)s] 374 in 0.1 mol-L™X KCl in 10 mM PBS (pH 7.4).
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The aptamer containing electrodes had better electron transfer compared to those with the
antibody, except for GCE/SNGQDs@AuNPs, Table 4.5, Figure 4.13. This is due to the known

fact that aptamers are more conductive than the antibodies [203].

Figure 4.13. Bar graphs showing comparative Rc: for GCE/SNGQDs@AuNPs (28), GCE/CoP-BNF
(29) and (iii) GCE/SNGQDs@AuNPs/CoP-BNF (seq.) (30). All experiments were run in 1 mM

K3[Fe(CN)s] 3/* in 0.1 mol-L"* KCl in 10 mM PBS (pH 7.4).
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4.4.2. Scanning Electron Microscopy (SEM)

The SEM analysis of the bare and modified glassy carbon plate (GCP) of the various steps
towards immunosensor fabrication was performed, Figure 4.14. A typical bare glassy carbon
plate surface is shown in Fig. 4.14(i); a clean grey surface is observed. The surface for
GCP/CoP-BNF show coating of the carbon plate with white crystalline material which might
be attributed to the CoP-BNF, Fig. 4.14(ii). The GCP/SNGQDs@AuNPs/CoP-BNF (seq.) surface
is shown in Fig. 4.14(iii); this surface is formed from the addition of the SNGQDs@AuNPs onto

the GCP/CoP-BNF. A blanket of grey particles was formed on top of the previously formed

white CoP-BNF particles.

SEMHV. 2000KY  SEMMAG. 101 x VEGALTESCAN SEMHV.2000KV  SEM MAG. 101x : 17 VEGANTESCAN SEMHV.2000KV  SEMMAG. 101 x VEGAN TESCAN
WO: 21 05 mm Det SE 200 ym WO 2067 mm Det SE WO 1942 mm Det SE 200 pm
SEMMAG. 101 X Date(dhy): 07/0519 SEMMAG: 101 X Date(midhy: 01721120 SEM MAG. 101 x Dato(midt): 01727120

.
Rhodes Universiy SEM n

. .
Rhodes University SEM n Rhodes University SEM n

Figure 4.14. SEM images of the modified electrode surfaces: BGCE (i), GCE/CoP-BNF (29) (ii)

and GCE/SNGQDs@AuNPs/CoP-BNF (seq.) (30) (iii).
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Table 4.5. Data obtained for the relevant probes in 1 mM Ks[Fe(CN)s]** in 0.1 mol-L" KCl in

10 mM PBS (pH 7.4).

PROBES Electrode Number AEp (mV) Rt (Q)
GCE - 68 95
GCE/SNGQDs@AuNPs 28 386 381
GCE/SNGQDs@AuNPs/HB5 (28)/HB5 - 2170
GCE/SNGQDs@AuNPs/Trastuzumab (28)/Trastuzumab - 1923
GCE/CoP-BNF 29 555 838
GCE/CoP-BNF/HB5 (29)/HB5 - 943
GCE/CoP-BNF/Trasmatuzab (29)/Trastuzumab - 1770
GCE/SNGQDs@AuNPs/CoP-BNF (seq.) 30 437 808
GCE/SNGQDs@AuNPs/CoP-BNF (seq.)/HB5 (30)/HB5 - 1230
GCE/SNGQDs@AuNPs/CoP-BNF (seq.)/Trastuzumab (30)/Trastuzumab - 3080
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4.5. Biosensor Fabrication: Immobilization of biorecognition elements

The modified electrodes (2-30) were used as immobilization platforms for the immobilization
of biorecognition elements for the selective detection of the HER2 analyte. The HB5 aptamer
was immobilized on all surfaces GCE/ (2)—(30), while Trasmatuzab antibody was used only for

the CoP-BNF electrodes {GCE (28)—(30)}.

The adsorption of the aptamer or Trasmatuzab antibody on all the electrodes resulted in an
increase in the R values. This newly formed layer acted as a mass-transfer blocking barrier,
thereby further insulating the conductive support and hindering the access of redox probe

toward the electrode surface.

4.5.1. Optimization of HB5 aptamer amounts on GCE modified surfaces.

4.5.1.1. Complex 1, PPy based modified GCE surfaces

There were six different aptamer concentrations explored: 0.1 uM, 0.25 uM, 0.5 puM, 0.75
uM, 1.0 uM and 1.25 uM using GCE/PPy@SNGQDs. An increase in Ret with an increase in
aptamer concentration was observed, Figure 4.15. This trend was observed until at
concentration 1.0 uM, and it did not increase significantly 1.25 uM. Therefore, 1.0 uM was
regarded as the optimum aptamer concentration. Important to note, prior to use the aptamer

was denatured following the manufacturers protocol.
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Figure 4.15. Aptamer optimization done on the surface GCE/PPy@SNGQDs. All in Kz[Fe(CN)e]

/% (1 mM in 0.1 mol-L™* KCl in 10 mM PBS (pH 7.4).

4.5.1.2. CoPc (complex 2-6) based electrodes

In the optimization of the HB5 aptamer concentration, five different concentrations 0.25 uM,
0.5 uM, 0.75 uM, 1.0 uM and 1.25 uM were prepared in PBS at pH = 7.4, Figure 4.16. The
complex 3 based surface GCE/3 (13) was used as an example, for HB5 immobilization
platform. The GCE/ (13) surface was prepared as outlined in Scheme 4.2; the electrode was
then treated with DCC/NHS for an hour at room temperature. Following which, 10 pL of each
of the HB5 prepared concentrations were dropped on the modified electrode respectively.
The Rt values obtained for each concentration were recorded and compared. An increase in
Ret with an increase in aptamer concentration was observed, Figure 4.16. This trend was
observed until at concentration 0.75 uM, where a sudden drop in Rt was observed for 1.0

UM. The small Rt value for the 1.0 uM could be due to an experimental error during loading
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of either the complex 3 on the GCE or the HB5 on the GCE/3 surface. As a result, the chosen
optimum HB5 aptamer concentration was 0.75 uM, lower concentrations are good to also

minimize costs.
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Figure 4.16. Aptamer optimization done on the surface GCE/3. All in K3[Fe(CN)s] 374 (1 mM in

0.1 mol-L™* KCl in 10 mM PBS (pH 7.4).
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4.5.2. Optimization of Trastuzumab amounts on GCE modified surfaces.

The Trastuzumab antibody was used only on the CoP-BNF based electrodes GCE/ (28) — (30).
Scheme 4.5 shows the construction of a particular sensor on the surface

GCE/SNGQDs@AuNPs/CoP-BNF (seq.) (30) modified surface.

Scheme 4.5. Schematic representation of the antibody immobilization on a GCE surface:

showing modification of the GCE (a) with CoP-BNF (b) followed by SNGQDs@AuNPs, (c)
EDC/NHS coupling based activation of the carboxylic groups in both CoP-BNF and

SNGQDs@AuNPs, immobilization of Trastuzumab (d).

To determine the appropriate concentration of Trastuzumab, the surface
GCE/SNGQDs@AuNPs/CoP-BNF (seq.) (30) was used as an example. The said surface was
incubated with various concentration of Trastuzumab overnight (1, 2, 3 and 4 mg/mL). The
EIS response of the various antibody concentrations was recorded. It was observed that the
magnitude of the R value increased with an increase in Trastuzumab concentration, Figure
4.17.To avoid over stacking of the antibody and competition of bonding sites on the electrode

surface, the 1 mg/mL was used.
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Figure 4.17. Varied Trastuzumab concentrations (1-4 mg/mL). All in 10 mM Kz[Fe(CN)s] 3/* in

PBS (0.1 M, pH 7.4) on the GCE/SNGQDs@AuNPs/CoP-BNF (seq.) (30) surface.
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4.5.3. Validation of the coupling methods for successful immobilization HB5 and/or

Trasmatuzab

The HB5 aptamer: (5'-/5 AmMC6/AAC CGC CCA AAT CCC TAA GAG TCT GCA CTT GTC ATT
TTG TAT ATG TAT TTG GTT TTT GGC TCT CAC AGA CAC ACT ACA CAC GCA CA-3'), where

AmM= amino functionalized (-NH>)

All compounds used in this thesis complex 1-6, the CoP-BNF, SNGQDs, CeO;NPs, and the
relevant Pc/NPs conjugates were all designed to have groups that favour covalent conjugation
to both the HB5 aptamer and Trasmatuzab antibody. The HB5-aptamer was immobilized on
all modified electrodes, and as such was used to confirm the viability and success of the
proposed immobilization techniques. The structural and chemical evolution of the modified
glassy carbon plate (GCP) towards the fabrication of the sensors were assessed using X-ray

Photoelectron Spectroscopy (XPS).

The XPS high resolution C1s spectrum for GCP/HB5 aptamer showed three peaks 285.1 eV,
287.1 eV and 288.3 eV which were associated with the functional groups C-C, C-N/C-O and
C=0respectively, Figure 4.18A, Table 4.6. The HB5 aptamer is an oligonucleotide and as such
the presence of the above functional groups is expected. The deconvolution of the N1s levels
gave two peaks at 398.5 eV and 399.7 eV which can be attributed to which correspond to
0=C-N and -NH bonding, thereby confirming the present -NH; group present for interaction

with the various complexes on or off the electrode, Figure 4.18B, Table 4.6.
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Figure 4.18. XPS data showing the high resolution C1s (A) and N1s (B) spectra of the modified

surface GCP/HB5.
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Table 4.6. A summary of binding energy (eV) determined from deconvoluted high resolution

XPS spectra.
Electrode? Cisb N1sP
285.1 287.1 288.3 398.5 (0=C-N)
GCP/HBS (c-C) (C-N/C-0) (C=0) 399.7 (-NH/amine)
_ 398.3 (Pyridinic-N)
corieapspmes  2BALCOame o ama o SRR
' - 400.1 (Pyrrolic-N)
397.8 (Pyridinic-N)
283.1 284.1 286.9 398.6 (graphitic)
GCP/SNGQDs@AuNPs/HB5 -, - (-C-0/-C-N) (0=C-/0=C-0) 399.8 (Pyrrolic-N/ O=C-
NH)
GeP/S 284.5 285.9 287.9 400 (C-N)
(C-C/c=C) (C-0/C-N) (C=0-0) 401 (C=N)
287.6 (0=C- 398 (C=N)
GCP/5/HB5 (amide) o EE_CC)) ey N/0=C) 399.5 (C-N)
A 291 (m-m) 400.3 (0=C-NH)
398.7 (C=N)
399.9 (C-N)
. 284.5 286.2 287.1 )
GCP/5/HBS (imine) (CC/C=C) o) o) 401 (C=N-R)

3GCP = glassy carbon plate.
A single value where more than one functional group is mentioned (e.g. —C=C/-C-C) is

associated with peak overlap.
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4.5.3.1. EDC/NHS coupling for amide bond

4.5.3.1.1. On the electrode based HB5 immobilization: GCP/SNGQDs@AuNPs as an

example

The viability of the EDC/NHS coupling technique for the immobilization of the recognition
elements was investigated using the GCP/SNGQDs@AuNPs (28) as a platform for the
immobilization of the HB5 aptamer. The XPD data obtained is for GCP/(28) is shown in Figure

4.19.

The high resolution C1s spectrum for GCP/SNGQDs@AuNPs showed four peaks at 283.1 eV,
283.6, 284.9 eV and 287.2 eV, which are associated to the functional groups C=C, —-C-C, -C-
N/C-0 and —O-C=0 respectively, Figure 4.19, Table 4.6. The C1s high resolution XPS spectrum
for GCP/SNGQDs@AuNPs/HB5 showed peaks at 283.1 eV (-C=C/-C-C), 284.1 eV (-C-O/-C-N)
and 286.9 (0O=C-), Table 4.6. The HB5 aptamer is an oligonucleotide and as such might on its
own have amine and carboxylic groups, see Figure 4.18. The deconvolution of N1s levels for
the GCP/SNGQDs@AuNPs sample confirmed the presence of the following nitrogen
functional groups: pyridinic-N (398.3 eV), O=C-N (398.5 eV) and pyrrolic-N (400.1 eV). The
same peaks were observed for the surface GCP/SNGQDs@AuNPs/HB5 with varied intensities,
Figure 4.19. The three peaks now appeared at the binding energies 397.8 eV, 398.6 eV and
399.8 eV respectively. The peak at 399.9 eV, in the GCP/SNGQDs@AuNPs/HB5 surface is
associated with the —O=C-NH (amide nitrogen) functional group, thereby confirming the
successful immobilization of the HB5 aptamer on to the modified electrode surface. The high
resolution N1s spectrum for the GCP/SNGQDs@AuNPs/HB5 is similar to that of the
GCP/SNGQDs@AuNPs sample alone. It is evident that the immobilization of the HB5 aptamer

did not alter the structural integrity of the SNGQDs@AuNPs on the GCP plates. The pyrrolic-
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N peak had around 3000 counts for the SNGQDs@AuNPs (400.1 eV) alone, this same peak is
observed in the GCP/SNGQDs@AuNPs/HB5 sample (399 eV) with an increase in
intensity/counts ~3800 symbolic of a new nitrogen atom feature, and hence identified as the

desired —O=C-NH (amide nitrogen).

Figure 4.19. XPS data showing the high resolution C1s (top) and N1s (bottom) spectra of the modified

surfaces GCP/SNGQDs@AuNPs and GCP/SNGQDs@AuNPs/HB5. Where GCP= glassy carbon plate.
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4.5.3.1.2. Free HB5-SNGQDs@CeO;NPs bioconjugate, (not on the GCE)

The SNGQDs@CeO;NPs contain graphene quantum dots and as a result have carboxylic acid
functionalized edges. The HB5-SNGQDs@CeO2NPs bioconjugate was formed by amide bond

between the NH;-HB5 aptamer and carboxylated SNGQDs@CeO;NPs, Scheme 4.6.

Scheme 4.6. Schematic representation for the formation of the HB5-SNGQDs@CeO;NPs

bioconjugate.
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Figure 4.20 shows the FT-IR data of the HB5 aptamer alone (a) HB5 aptamer and the HB5-
SNGQDs@CeO;NPs bioconjugate (b). The HB5-aptamer Fig. 4.20(a), shows various common
functional groups C-N, C-O, C = O and most importantly —NH; stretch, as demonstrated by the
two fangs around the 3409-3221 cm™ region. The functional groups present in the
SNGQDs@CeO,NPs have been discussed in Chapter 3. The successful conjugation of the HB5
aptamer to the SNGQDs@CeO;NPs nanocomposite is confirmed by the IR spectrum obtained
for the resulting bioconjugate HB5-SNGQDs@CeO:NPs, Fig. 4.20(b). The bioconjugate
spectrum, had the same functional groups found in both the HB5 aptamer and
SNGQDs@CeO;NPs. The amide bond formation was confirmed by the collapse of the
previously observed two fangs indicative of the presence of the —NH; in the HB5 aptamer
sample, to now a single peak at 3267 cm™ for the HB5-SNGQDs@CeO2NPs sample implying

successful conjugation via amide bond formation.
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Figure 4.20. FT-IR spectra HB5-aptamer (a) and HB5-SNGQDs@CeO:NPs bioconjugate (b) both in

PBS. Spectra in PBS recorded following background correction for PBS alone.
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4.5.3.2. DCC/NHS coupling and acid catalysed imine formation: Complex 1 — 6 based GCE

platforms.

The DCC/NHS coupling was appropriate for complexes 1, 2, 3, 5 and 6, as they are all
contained carboxylic groups, through which an amide bond was formed with HB5 aptamer
during immobilization. Complex 4 and 5 have ketone groups, to which the HB5 aptamer was
linked using acid catalysed imine bond formation, Scheme 4.3. Complex 5 contains both a
carboxylic acid and acetophenone ligands. Using the complexes 5 based electrodes: GCE/5
(23), the viability of the DCC/NHS coupling and acid catalysed imine formation technique for
the immobilization of the HB5 aptamer on the CoPc based surfaces was investigated. The
structural and chemical evolution of the modified glassy carbon plate (GCP) towards the
fabrication of the GCP/5 based sensors was assessed using X-ray Photoelectron Spectroscopy

(XPS).

Figure 4.21 shows the XPS data obtained for the surfaces GCP/5, GCP/5/HB5 (amide) and
GCP/5/HB5 (imine), labelled accordingly from left to right. The top row of the figure shows
the obtained C1s high resolution spectra for the different surfaces: The Cls high resolution
spectra for complex 5 Cls gave peaks 284.5 eV, 285.99 eV and 287.9 eV, corresponding to
C=C/C-C, C-O/C-N and C=0(0) functional groups respectively. The sample GCP/5/HB5
(amide), has Cls peaks 283.3 eV (C-C), 284.4 eV (C=C), 286.5 eV (C-N, C-0), 287.6 eV (O=C-N,
0=C-0) and 291 eV (rt-it). The C1s spectra of the GCP/5/HB5 (imine) surface had peaks at
284.5 eV (C-C, C=C), 286.2 eV (C=N) and 287.1 eV (0=C) respectively. For both GCP/5/HB5
(amide) and GCP/5/HB5 (imine) a combination of peaks both from the HB5 aptamer and
complex 5 was oberved. Even though the peaks show the same atoms, the difference in

bonding and valence of each carbon atom can be seen in the overall shape of Cls spectra,
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further confirming the different ways in which the aptamer is bonded onto the complex 5 on
the two electrodes. A better differentiating parameter is the N1s high resolution spectra
obtained for the differenet surfaces, Figure 4.21; bottom row. In the surface GCP/5 two peaks
occuring at 400 eV and 401 eV corresponding to the C-N and C=N from the N-atoms in the
ring of the CoPc. The HB5 complex had N1s peaks O=C-N and -NH at 398.5 eV and 399.7 eV,
respectively (Fig. 4.18). The sample GCP/5/HB5 (amide) had N1s had similar peaks at 398 eV
(C=N)and 399.5 eV (C-N), accompanied by a new peak at 400.3 eV (O=C-NH, amide). Similarly,
GCP/5/HB5 (imine) had N1s peaks two peaks 398.7 and 399.9 corresponding to C=N (Pc ring),

C-N, with an additional peak at and 401 eV associated with C=N- (new imine bond).
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Figure 4.21. XPS data showing the high resolution C1s (top) and N1s (bottom) spectra of the

modified surfaces GCP/5 (23), GCP/5/HBS5 (23) (amide) and GCP/5/HBS5 (23) (imine) respectively.
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4.6. Conclusion

The successful modification of each electrode was determined by the varying AE, and Rt
values obtained from cyclic voltammetry and electrochemical impedance spectroscopy,
respectively. The combination of CoPc complexes or CoP-BNF with the relevant nanoparticles
showed improved electron transfer properties as demonstrated by the obtained CV and EIS
data. The successful immobilization of the HB5 aptamer and Trasmatuzab antibody was
demonstrated by a further increase in Re: values, implying passivation due to the adsorption
of the non-conductive protein layers which hindered electron transfer and diffusion of
ferricyanide towards the electrode surface. Apart from electrochemical characterization,
immobilization of the said biorecognition elements was confirmed using XPS (showing HB5
data). The EDC/NHS coupling, DCC/NHS coupling and acid catalysed imine bond formation
were confirmed to be ideal methods where necessary for the successful conjugation of HB5

aptamer and Trasmatuzab to the nanomaterials on or off the electrode.
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5.HER2 DETECTION

The designed aptamer-based and antibody-based sensors fabricated as outlined in
Chapter 4, were then used for the electrochemical detection of HER2. The choice of
CoPcs or CoP-BNF, nanoparticles and CoPc/CoP-BNF conjugate, as well as their
arrangement on the GCE surface was aimed towards the design and development of
novel biosensor surfaces, with enhanced signal and sensitivity for the electrochemical
detection of HER2 biomarker. Two strategies were considered namely, (i) signal-based
amplification methods and (ii) target-based amplification methods. Strategy I: For the
first time, CoPc complexes alone and in combination with different NPs are used for
electrode modification for enhanced signal transduction, sensitivity and low limit of
detection (LOD). Strategy Il, aimed at improving antigen-receptor interactions for
enhanced sensitivity, precision and accuracy of the sensor: The use of an aptamer and
antibody for a label free biosensing strategy is investigated and compared for the first
time. Furthermore, for the first time a single aptamer assay and sandwich aptamer-

based assay, using a novel HB5-based bioconjugate are compared.
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5.1. HER2 detection in PBS: Sensitivity and LOD determination

5.1.1. Complex 1 in combination with SNGQDs and Polypyrrole: Table 5.1

The modified electrodes: GCE/1 (2) /HB5, GCE/SNGQDs (3)/HB5, GCE/ PPy@SNGQDs (4)/HB5,
GCE/PPy@1 (5)/HB5, GCE/PPy@SNGQDs/1 (6)/HB5, GCE/PPy@1/SNGQDs (7)/HBS,
GCE/PPy/SNGQDs (seq.) (8)/HB5, GCE/PPy/1 (seq.) (9)/HB5, GCE/PPy/SNGQDs/1 (seq.)
(10)/HB5 and GCE/PPy/1/SNGQDs (seq.) (11)/HB5 were all tested towards the
electrochemical detection of HER2. The various electrodes were all incubated in PBS solution
containing varying amounts of HER2 (0 to 10 ng/mL), Table 5.1. Figure 5.1, shows EIS Nyquist
plots for the electrodes GCE/PPy@SNGQDs (4)/HB5 (A and B) and GCE/PPy@1 (5)/HB5 (C and
D) as examples, obtained in 10 mM PBS buffer of pH 7.4 containing 0.1 M KCl and 1 mM [Fe
(CN)e]3/*. Immobilization of the aptamer alone on the nanomaterials modified GCE hinders
the access of the redox probe to the electrode surface hence the higher Rc;, Table 4.2. After
interaction of HER2 with aptamer-modified electrode, Rct increases again because of more
hindering of access of the redox couple to the electrode surface resulting in low electron
transfer efficiency. This remained true for all electrode surfaces. An increase in the Ret with
an increase in the HER2 concentration for all electrodes was observed, Table 5.1.

Regression plots were then created using the data of each electrode, the equations of the

regression plots were as follows (eq. 5.1 — 5.10):
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GCE/1 (2)/HB5: y = 1036x + 476, R* = 0.9604 (5.1)

GCE/SNGQDs (3)/HB5: y = 9650x — 5117, R? = 0.9233 (5.2)
GCE/PPy@SNGQDs (4)/HB5: y = 11457x — 2704, R? = 0.9699 (5.3)
GCE/PPy@1 (5)/HB5: y = 4284x — 640,R? = 0.9786 (5.4)
GCE/PPy@SNGQDs/1 (6)/HB5: y = 71584x — 26134, R?> = 0.9833 (5.5)
GCE/PPy@1/SNGQDs (7)/HB5: y = 32086x — 14257,R? = 0.9577 (5.6)
GCE/PPy/SNGQDs (seq.) (8)/HB5: y = 53006x — 33394, R? = 0.9678 (5.7)
GCE/PPy/1 (seq.) (9)/HB5: y = 28741x — 6249, R? = 0.9794 (5.8)
GCE/PPy/SNQGDs/1 (seq.) (10)/HB5: y = 17912x — 10918, R? = 0.9836 (5.9)
GCE/PPy/1/SNGQDs (seq.) (11)/HB5: y = 15498x — 63, R? = 0.9895 (5.10)

There are certain static and dynamic attributes that every biosensor possesses, from which
the biosensor performance is reflected; sensitivity is one of them. The sensitivity of a
biosensor is defined as the relationship between the change in analyte concentration and the
intensity of the signal generated from the transducer [204]. Typically, a biosensor is required
to detect analyte concentration of as low as ng/ml or even fg/ml to confirm the presence of
traces of analytes in a sample. The slope, (m) of the regression plots (eq. 5.1 —5.10) represents
the sensitivity of each aptasensor towards HER2, Table 5.2. To provide a clear discussion for
the sensors designed, the electrodes where pyrrole was polymerized in the presence of either
complex 1 or SNGQDs, and those where pyrrole was polymerized alone followed by
sequential addition of either complex 1 or SNGQDs were compared as follows: GCE/PPy@1
(5)/HB5 vs. GCE/PPy/1 (seq.) (9)/HB5, GCE/PPy@SNGQDs (4)/HB5 vs. GCE/PPy/SNGQDs(seq.)
(8)/HB5, GCE/PPy@1/SNGQDs (7)/HB5 vs. GCE/PPy/1/SNGQDs (seq.) (11)/HB5 for detection

of HER2.
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The highest sensitivity value was obtained for the GCE/PPy@SNGQDs/1 (6)/HB5 (71584 Qng™
mL) which is the probe formed by polymerizing pyrrole in the presence of SNGQDs followed
by adsorption of complex 1. The sensitivity of a biosensor depends on various factors, and
particularly for this work, the role of surface functionalization was investigated. The different
modification techniques play an important role on how the HB5 aptamer is immobilized on
the electrode surface and in turn its interaction with HER2. It has been specified in the method
section, that the HB5 aptamer is immobilized via a covalent amide linkage on the electrode
surface, Scheme 4.1. This immobilization is dependent on the —COOH groups on the
nanomaterials on the electrode surface, which vary in exposure or availability depending on
the electrode modification technique. The sequentially modified probe GCE/PPy/1 (seq.)
(9)/HB5 had a higher sensitivity (28741 Qng™* mL) compared to the pyrrole polymerized
GCE/PPy@1 (5)/HB5 probe (4285 Qng™* mL). While both electrodes contain the complex 1
and PPy, the arrangement of the nanomaterials differ. The CoPc on the GCE/PPy/1 (seq.)
(9)/HB5 is layered on the PPy modified surface; the carboxylic groups and the redox active
cobalt central metal are exposed. This surface modification holds as both an immobilization
and signal amplification platform. The GCE/PPy@1 (5)/HB5 probe is made from the mixing of
both the PPy and complex 1 on the electrode surface. The interaction is unarranged;
aggregation is a possibility as well as shielding of the Co central metal. The Pc 1 can possibly
be wrapped within the polymer and not as exposed, where the surface serves mostly as an
immobilization platform and little signal amplification. Similarly, for the GCE/PPy/SNGQDs
(seq.) (8)/HB5 and GCE/PPy@SNGQDs (4)/HB5 probes. The former showed better sensitivity
(53006 Qng™* mL) compared to the latter (11457 Qng™ mL). It is obvious that the SNGQDs
containing probes showed better sensitivity towards HER2 compared to the CoPc containing
probes regardless of the modification technique. This might be due to the fact that, the
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average size of a phthalocyanine is ~1 nm [205], whilst that of SNGQDs is ~2.8 nm (determined
by TEM in this work, Fig 3.4). Compared to the CoPc, the large particle size of the SNGQDs
allows for more HB5 particles as well as conformational flexibility of the HB5 aptamer. When
all nanomaterials (PPy, SNGQDs and Pc 1) are combined on the electrode surface, the probes
modified by polymerization of pyrrole in the presence of Pc 1 or SNGQDs (electrodes 6 and
7), had better sensitivity values compared to those by sequential adsorption (electrodes 10
and 11). This might be due to aggregation and passivation during the sequential loading of
the nanomaterials, where little signal amplification exists and immobilization platform
support dominates. Whereas, for the electrodes modified by polymerization of pyrrole in the
presence of Pc 1 or SNGQDs the m-mt interaction of either PPy and Pc 1 or PPy and SNGQDs
are governed by the applied potential, which almost affords the nanomaterials an orderly
arrangement on the electrode surface. The lowest sensitivity value was obtained for GCE/1
(2)/HB5. The combination of the SNGQDs with polypyrrole (GCE/PPy@SNGQDs (4)/HB5 or
GCE/PPy/SNGQDs (seq.) (8)/HB5) improved the sensitivity of the GCE/SNGQDs (3)/HBS5.
Similarly, the sensitivity of the Pc based GCE/1 (2) surface, was improved upon combination
with polypyrrole: GCE/PPy@1 (5)/HB5 or GCE/PPy/1 (seq.) (9)/HB5. Reports have shown, that
the combination of various polymers with different nanostructures result in improved
mechanical, thermal and electrical properties [206]. As such, the results demonstrate the
improvement of the electrochemical detection of the HER2 antigen, when polypyrrole is
combined with SNGQDs and/or complex 1 on a glassy carbon electrode. This speaks mainly
to the structural compatibility of the nanomaterials (- interactions), where their interaction
upon combination results in better electrochemical sensors compared to the individual
nanomaterials. This shows the role of combining various nanomaterials in improving sensor

characteristics.
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The limit of detection (LOD) values for all probes were estimated by the equation 3a/s, Table
5.2. In which o is the standard deviation of Rc: values obtained for PBS (without HER2) for all
probes, and s is the sensitivity (m) of the regression plots. The best LOD value was for
GCE/PPy@SNGQDs/1 (6)/HB5 at 0.00141 ng/mL and the highest LOD value was for the GCE/1
(2)/HB5, 0.647 ng/mL. Electrodes where pyrrole is polymerized in the presence of Pc 1 or
SNGQDs followed by their addition on top (GCE/PPy@SNGQDs/1 (6) and
GCE/PPy@1/SNGQDs (7) gave the lowest LOD, with electrode GCE/ (6) being the best, Table
5.2. The reason for the low detection limit for GCE/ PPy@SNGQDs/1 (6) could be a result of

the CoPc on top, allowing for direct interaction with the electrolyte.
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Figure 5.1. Nyquist plots of HER2 concentrations and the corresponding calibration plots of log
HER2 vs. R for (A and B) GCE/PPy@SNGQDs (4)/HB5 and (C and D) GCE/PPy@1 (5)/HB5 using

selected concentrations. All in Kz[Fe(CN)s]>/4 (1 mM in 0.1 mol-L™ KCl in 10 mM PBS (pH 7.4).
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Table 5.1. Rq values obtained for the different electrode surfaces (represented by the
electrode numbers 2-11 (definitions in Table 5.2) at the top of the table, and all containing

HB5) towards detection of HER2.

Ret, Q (%RSD)
[HER2] GCE/(2) GCE/(3) GCE/(d) GCE/(5) GCE/(6) GCE/(7) GCE/(8) GCE/(9) GCE/  GCE/
ng/mL (10) (11)
1 471 540 927 1660 2463 1933 3353 2350 478 2417
2.33 0.53 12.03 7.09 21.66 5.25 10.06 491
(2.85) (2.33)  (0.53) | ) (7.09) ) (5.25) ) (3.25) (4.91)
2 855 829 1200 1863 3690 2833 5430 7250 974 4923
329) (315 (083 (990 (71 (1821) (57) Q1) 0 (797)
3 927 949 2000 2773 7860 2990 5827 7997 1079 7427
0.31 13.82 8.22 6.49 7.24 2.74 17.43 9.79
(0.31) (4.18) ( ) (822) (6.49) (7.24)  (2.74) | ) (12.18) (9.79)
4 1090 1209 4200 3287 15850 6177 6993 11267 1097 8947
(383 (889 (372 (1086) (054) (992) (681) (4195 .. (35)
5 1150 1427 4888 3640 25833 7660 7260 13167 1783 10837
(696) (456 (022) (1241) (359) (0.07) (239 (867) .o (187)
6 1260 2163 6500 3750 30270 10497 7997 14700 2933 12467
(516) (398) (153) (13%) (611) (670) (536) (068) . (304
7 1520 2470 7210 4383 33000 11667 12093 18610 4043 15100
(521) (105 (012 (1207) (735) (1033) (1L74) (240) oo (589)
8 1850 3483 10543 6220 18400 14500 13240 20600 5033 17727
2.59 6.15 7.06 1.63 9.66 1.11 4.63 5.12
(7.43) (2.59) (6.15)  (7.0)  (1.63)  (9.66)  (1.11)  (4.63) (4.25) (5.12)
9 2370 4210 18567 6273 16400 15933 16767 20933 6483 21800
(4.75)  (0.24)  (435) (9.57) (6.19)  (7.49)  (4.97)  (10.86) (3.99)

(5.32)

*Experiments were run in triplicate; the average values are shown in Ohms. The values in
brackets are the RSD (relative standard deviation) obtained for the respective HER2
concentrations.
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Table 5.2. Limit of detection (LOD) and sensitivities for detection of HER2 biosensors for GCE/

(2-11)/HBS. Linear range 1-10 ng/mL in all cases.

Electrode® Sensitivities (QngtmL) LOD (ng/mL)
GCE/1 (2)/HB5 1036 0.647
GCE/SNGQDs (3)/HB5 9650 0.292
GCE/PPy@SNGQDs (4)/HB5 11457 0.143
GCE/PPy@1 (5)/ HB5 4385 0.481
GCE/PPy@SNGQDs/1 (6)/ HB5 71584 0.00141
GCE/PPy@1/SNGQDs (7)/ HB5 32086 0.0255
GCE/PPy/SNGQDs(seq.) (8)/ HB5 53006 0.00513
GCE/PPy/1(seq.) (9)/ HB5 28741 0.0674
GCE/PPy/SNGQDs/1(seq.) (10)/ HB5 17912 0.0716
GCE/PPy/1/SNGQDs(seq.)/ (11)/ HB5 15498 0.0980

@ Electrode numbers in brackets.
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5.1.2. Symmetrical Complexes: Amide Bonded to HB5 aptamer

5.1.2.1. Complex 2 and 3 in the presence of cerium oxide nanoparticles: Table 5.3

The following sensors; GCE/2 (12)/HB5, GCE/3 (13)/HB5, GCE/CeO;NPscoon (14)/HB5,
GCE/CeO2NPscoor/2 (seq.) (15)/HB5, GCE/CeO2NPscoon/3 (seq.) (16)/HB5 were all tested
toward the electrochemical detection of HER2 at varying concentrations 0 ng to 10 ng. The
performance of each sensor was investigated and compared using the electrochemical
impedance spectroscopy (EIS). The EIS response for the designed probes is shown in Figure
5.2, using the probes: GCE/2 (12)/HB5 (A and B) and GCE/CeO;NPscoon/2 (15)/HB5 (C and D)
as examples. The obtained Nyquist plots demonstrate a clear increase in Rt with an increase
in HER2 concentration for both probes. This is as a result of the blocked electron transfer
properties by the HER2 layer on the electrode surface. The same trend was observed for all
probes based on complex 2 and 3, data shown in Table 5.3 and Table 5.4. Regression plots
were then created using the data of each electrode, the equations of the regression plots

were as follows (eq. 5.11 to 5.15):

GCE/2 (12)/HB5: y = 16441x + 4849,R? = 0.9917 (5.11)
GCE/3 (13)/HB5:y = 16901x — 3131, R? = 0.9698 (5.12)
GCE/Ce02NPscoon (14)/HB5: y = 6001x + 1360, R? = 0.9876 (5.13)
GCE/Ce0;NPscoon/2 (seq.) (15)/HB5:y = 22953x + 3255,R? = 0.9697 (5.14)
GCE/Ce02NPscoon/3 (seq.) (16)/HB5:y = 24122x + 2781, R? = 0.9622 (5.15)

The slopes (m) of the regression plots give the sensitivity of each sensor/modified electrodes.

Based on the regression plots (eq. 5.11 — 5.15), the GCE/3 (13)/HB5 probe showed slightly
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better sensitivity compared to its competitor GCE/2 (12)/HB5, Table 5.5. The nanoparticles-
based probe (GCE/CeO2NPscoon (14)/HB5) had the lowest sensitivity, compared to the rest of
the probes. The combination of the nanoparticles with the phthalocyanines
GCE/CeO;NPscoon/2 (seq.) (15)/HB5 and GCE/CeO2NPscoon/3 (seq.) (16)/HB5 showed better
sensitivity, compared to the Pcs and NPs alone. Synergetic combination of the properties of
phthalocyanines and metal nanoparticles is known to result in the improvement of various
properties of the hybrid materials [64]. The structural similarity of the two Pcs: Pc 2 and Pc 3,
is evident in their comparable sensitivity values. This is the case when used alone, and also
when combined with the nanoparticles. Limits of detection (LOD) were determined as stated
above. The calculated LOD values for all probes are listed in Table 5.5, where the lowest value
was obtained for GCE/CeO2NPscoon/3 (seq.) (16)/HB5 (0.008 ng/mL) and the highest for
GCE/CeO2NPscoon (14)/HB5 (0.19 ng/mL). The LOD values were improved upon conjugation
of each Pc complex to the CeO2NPscoon, further demonstrating the importance of conjugating
the NPs and MPc in electrochemical sensing. The LOD values determined for complex 2 and 3
in the presence of CeO;NPscoon are higher than those obtained for PPy in the presence of the
SNGQDs and the symmetrical complex 1 (Table 5.2), further demonstrating the importance

of PPy.
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Figure 5.2. Nyquist plots and regression plots of log HER2 vs. Rct for the probes GCE/2 (12)/HB5
(A and B) and GCE/CeO,NPscoon/2 (seq.) (15)/HBS (C and D), respectively. All in [K3[Fe(CN)s]37* (1

mM in 0.1 mol-L™* KCl in 10 mM PBS (pH 7.4).
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Table 5.3. Ri: values obtained for the different electrode surfaces (represented by the
electrode numbers 12-16 (definitions in Table 5.5) at the top of the table, and all containing

HB5) towards detection of HER2.

Ret, kQ (% RSD) *

[HER2] GCE/ (12) GCE/ (13) GCE/ (14) GCE/ (15) GCE/ (16)
ng/mL
1 7207 4340 2497 10070 10590
(1.59) (1.99) (3.63) (7.92) (4.02)
2 8103 5400 3267 10833 11327
(1.03) (4.44) (3.48) (1.92) (2.49)
3 13033 5527 4157 12867 14233
(6.91) (5.95) (4.73) (1.62) (2.03)
4 14600 6807 4947 15200 16300
(4.79) (1.44) (1.00) (1.74) (2.67)
5 15967 8103 5333 20167 18167
(3.15) (4.01) (1.69) (0.29) (3.03)
6 17567 10040 6177 21300 20467
(3.13) (1.96) (3.34) (1.69) (2.69)
7 18600 10513 6503 22633 23633
(3.52) (3.81) (1.90) (1.67) (1.99)
8 19967 12400 8077 23733 25700
(3.89) (5.64) (0.56) (2.43) (1.03)
9 20667 13567 11033 24133 26533
(3.91) (0.42) (7.60) (4.39) (2.30)
10 24533 22800 21467 25333 34400
(3.26) (4.02) (3.96) (1.78) (5.24)
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5.1.2.2. Complex 3 in the presence of AuNPs, SNGQDs and CeO.NPs: Effect of

nanoparticles, Table 5.5.

The results obtained and outlined in Section 5.1.2.1; demonstrate the role a particular
nanoparticle plays in the electrochemical behaviour of Pc complexes. The combination of
both complex 2 and 3 with CeO2NPs, resulted in higher sensitivity (almost double) and
therefore lower LOD values compared to when the Pcs are alone. Evidently, Pc complex 3 had
better electrochemical response towards HER2 compared to complex 2. In this section, the
performance of complex 3 in the presence of three different NPs; AuNPs, SNGQDs and

CeO2NPs is outlined, the effect of each nanoparticle is discussed.

To achieve this, the following aptasensors: GCE/SNGQDs (3)/HB5, GCE/CeO,;NPscoon/3
(16)/HB5, GCE/SNGQDs/3 (seq.) (17)/HB5, GCE/3(r)SNGQDs (18) /HB5, GCE/AuNPs (19) /HB5
and GCE/AuNPs/3 (seq.) (20) /HB5 were all tested towards the electrochemical detection of
HER2 at varying concentrations from 0 ng to 10 ng, using EIS. Figure 5.3 shows the EIS
response for the probes GCE/SNGQDs/3 (seq.) (17)/HB5 (A and B), GCE/AuNPs (19)/HBS5 (C
and D) as examples, towards HER2 detection. Similar to the previously mentioned probes, an
increase in Ret with increase in HER2 concentration was observed. This trend held true for all

designed aptasensors; the rest of the data is shown in Table 5.4.

For a more clear and unbiased comparison of the contribution of each nanoparticle to the
performance of the complex 3, regression plots were created using the EIS response of each

electrode, the equations of the regression plots were as follows (eq. 5.16 — 5.23):
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GCE/SNGQDs (3)/HB5: y = 9650x — 5117,R? = 0.9233 (5.16)

GCE/3 (13)/HB5: y = 16901x — 3131, R? = 0.9698 (5.17)
GCE/CeO;NPscoon (14)/HB5: y = 6001x + 1360, R? = 0.9876 (5.18)
GCE/CeO;NPscoon/3 (seq.) (16)/HB5:y = 24122x + 2781, R? = 0.9622 (5.19)
GCE/SNGQDs/3 (seq.) (17)/HB5: y = 6990x + 61,R? = 0.9645 (5.20)
GCE/3(n)SNGQDs (18)/HB5: y = 11633x + 5514, R? = 0.9841 (5.21)
GCE/AuUNPs (19)/HB5: y = 43837x + 10461,R? = 0.9310 (5.22)
GCE/AuNPs/3 (seq.) (20)/HB5: y = 13475x + 5480, R? = 0.9833 (5.23)

The sensitivity of a biosensor depends on various factors, and herein we investigate the role
of three different nanoparticles: SNGQDs, CeO;NPscoon and AuNPs towards enhancing
electrochemical detection of HER2 of Pc 3. Of the individual materials, the highest sensitivity
was observed for AuNPs (eq. 5.18), followed by complex 3 (eq. 5.12), Table 5.5. To make
sense of the obtained results, the structural characteristics of the various nanomaterials and
the way in which they are distributed onto the electrode was considered. Even further, the
manner in which each nanoparticle interacts with the HB5 on the electrode during its
immobilization as guided by the distribution of the nanoparticles on the GCE is taken into
account. In earlier sections (4.2), the GCE/AuNPs had the highest surface coverage (1.82 x
107 mol.cm™2) compared to GCE/CeO2NPscoon (14) and GCE/SNGQDs (3) surface, Table 4.3.
This may imply more HB5 fragments adsorbed on the electrode compared to the
GCE/CeO2NPscoon (14) and GCE/SNGQDs (3) modified surfaces, hence the higher and better

sensitivity. The performance of Pc 3 in the presence of the three nanoparticles will now be
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discussed. The Pc 3 on its own functions as an immobilization platform for the HB5 aptamer,
as well as signal amplification owing to its redox and electrocatalytic properties. Varying
effects on the sensitivities for all electrodes when the nanoparticles are combined with the
Pc 3 for sensor fabrication were observed. In the presence of complex 3, the highest sensitivity
was observed for the probe GCE/CeO,NPscoon/3 (seq.) (16)/HB5 (24122 Qng™mL), followed
by GCE/AuNPs/3 (seq.) (20)/HB5 (13475 Qng'mL) and GCE/SNGQDs/3 (seq.) (17)/HB5 (6990
Qng'mlL), respectively. Based on the results, a much more stable sensing platform for HB5
immobilization in the presence of complex 3, and in turn signal amplification for HER2

detection was achieved for the GCE/CeO;NPs/3 (seq.) (16)/HB5 aptasensor.

The effect of interaction between NP and the Pc complex 3 was investigated, and is
demonstrated by the results obtained for the probe: GCE/SNGQDs(m)3 (18)/HB5, where the
SNGQDs were n-rt stacked to the Pc 3 first, followed by electrode modification. A higher
sensitivity was obtained for GCE/SNGQDs(m)3 (18)/HB5 (11633 Qng-1mL) compared to the
sequentially modified surface GCE/SNGQDs/3 (seq.) (17)/HB5 (6990 Qng-1mL), showing the
advantage of non-covalent arrangement (18), compared to the sequentially modified (17)
electrode. There was no general trend amongst all electrodes where the sensitivity is
concerned. This speaks to the peculiarity of each nanoparticle structure, their interaction with
the complex 3, physicochemical properties and in turn their electrochemical behaviour. The
obtained results solidify the peculiar and comparative nature of each nanoparticle: SNGQDs,
CeO2NPscoon and AuNPs, and in turn their electrochemical activity as either signal amplifiers

and/or immobilization platforms.

The limit of detection (LOD) values were estimated as explained above. The list of the

modified surfaces with their obtained LOD values is shown in Table 5.5. The best LOD value
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was obtained for the probe, GCE/AuNPs (19)/HB5 (0.006 ng/ mL) and the highest LOD value
was obtained for the probe GCE/SNGQDs (3)/HB5 (0.29 ng/mL). The LOD of Pc 3 improved in
the presence CeO;NPs, corresponding the improvement in sensitivity. A lower LOD was
obtained for GCE/SNGQDs(m)3 (18)/HB5 (0.074 ng/mL) compared to the sequentially
modified surface GCE/SNGQDs/3 (seq.) (17)/HB5 (0.19 ng/mL). Still lower LOD values are

obtained for PPy@SNGQDs/1, Table 5.2.
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Figure 5.3. Nyquist plots and regression plot of R« vs log [HER2] for the probes
GCE/SNGQDs/3 (seq.) (17)/HB5 (A and B), GCE/AuNPs (19)/HB5 (C and D) as labelled. All in

K3[Fe(CN)s]*’* (1 mM in 0.1 mol- L™ KCl in 10 mM PBS (pH 7.4).
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Table 5.4. Rct values obtained for the different electrode surfaces (represented by the
electrode numbers 13-20 (definitions listed in Table 5.5) at the top of the table, and all

containing HB5), towards detection of HER2.

Ret, kQ (% RSD) *

[HER2]
ng/mL  GCE (3) GCE (13) GCE (16) GCE (17) GCE (18) GCE (19) GCE (20)
540 4340 10590 437 5837 23733 7293
1 (2.33) (1.99) (4.02) (5.76) (7.43) (1.70) (1.97)
838 5400 11327 1843 8233 24367 9967
2 (3.15) (4.44) (2.50) (1.74) (2.78) (3.13) (3.23)
905 5527 14233 3040 11467 33000 11500
3 (4.18) (5.95) (2.03) (7.98) (4.12) (2.64) (1.74)
1290 6807 16300 4163 12450 33300 13233
4 (8.89) (1.45) (2.67) (5.64) (2.44) (4.06) (1.57)
1360 8103 18167 4777 13800 41167 14767
5 (4.56) (4.01) (3.03) (2.26) (1.26) (6.19) (2.18)
2180 10040 20467 6077 14533 42633 16300
6 (3.98) (1.96) (2.69) (7.91) (2.86) (5.52) (1.62)
2460 10513 23622 6820 20333 50600 17000
7 (1.05) (3.81) (2.00) (5.80) (2.32) (0.71) (1.18)
3570 12400 25700 7780 26700 67800 23333
8 (2.59) (5.64) (1.03) (3.37) (8.11) (5.44) (2.47)
4200 13567 26533 13600 31500 77533 26100
9 (0.24) (0.43) (2.30) (3.89) (4.99) (2.65) (3.77)
5030 22800 34400 16333 33933 84533 28000
10 (1.52) (4.02) (5.24) (5.95) (5.02) (4.68) (4.12)

*RSD = relative standards deviation

Electrodes in full: GCE/SNGQDs (3)/HB5, GCE/3 (13)/HB5, GCE/CeO,NPscoon/3 (16)/HBS,
GCE/SNGQDs/3 (seq.) (17)/HB5, GCE/3(r)SNGQDs (18) /HB5, GCE/AuNPs (19) /HB5 and

GCE/AuNPs/3 (20) /HB5

173



Table 5.5. Limit of detection and sensitivities for detection of HER2 biosensors for GCE/ (13 —

20)/HB5. Linear range 1-10 ng/mL in all cases.

Electrodes @ Sensitivity (QngtmL) LOD (ng/mL)
GCE/SNGQDs (3)/HB5 9650 0.29
GCE/2 (12)/HB5 16441 0.061
GCE/3 (13)/HB5 16901 0.051
GCE/CeO,NPscoon (14)/HB5 6001 0.19
GCE/CeO2NPscoon/2 (seq.) (15)/HB5 22395 0.015
GCE/CeO2NPscoon/3 (seq.) (16)/HB5 24122 0.008
GCE/SNGQDs/3 (seq.) (17)/HB5 6990 0.19
GCE/SNGQDs (rt)3 (18)/HB5 11633 0.074
GCE/AuNPs (19)/HB5 43837 0.006
GCE/AuNPs/3 (seq.) (20)/HB5 13475 0.058

2 Electrode numbers in brackets
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5.1.3. Symmetry and Substituent Effects: Imine Bonded to HB5 aptamer

The sections 5.1.1 and 5.1.2 clearly outline the ability of cobalt-based Pc complexes 1, 2 and
3 to generate a readable signal in the electrochemical detection of HER2. Moreover, these Pc
complexes have shown their excellent performance by their high sensitivities and low LOD
values obtained. The above-mentioned Pc complexes, are all symmetrical and tetra
substituted. In the case of phthalocyanines and related structures, their electrocatalytic
activity and solution redox chemistry has been reported to be dependent on their symmetry
and peripheral substituents [77]. For this reason, the two Pc complexes 4 (cobalt tetra-
acetylphenoxy Pc) and 5 (cobalt tris — (acetyl phenoxy)-mono-phenoxyacrylic acid Pc) are
investigated for electrode modification towards the design of an electrochemical biosensor
for HER2 detection. The effect of replacing one acetylphenoxy ligand in the tetra substituted
Pc 4, with a phenoxyacrylic acid ligand to form the Pc 5 is investigated. In addition,
acetophenone will allow for the formation of imine bond while the presence of acrylic acid
allows for the formation of amide bond with the aptamer, Section 4.3. Hence the activities of
the Pcs will not only be determined by symmetry, but also by the type of bond. Acrylic acid
derivatives are known for their electrocatalytic activity [207] hence this substituent is
employed in this work. To further add value to the study, the two Pc complexes were
combined with SNGQDs via nt-1t stacking. This was done to encourage electron delocalization
and distribution within the Pc complexes which was expected to differ as governed by the
two Pc structures. Non-covalent m-it stacking was chosen based on the obtained results in
5.1.2: higher sensitivities obtained for m-m stacked electrodes compared to sequentially

modified.
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The following HB5 containing electrodes: GCE/4 (21)/HB5, GCE/4(rt)SNGQDs (22)/HB5, GCE/5
(23)/HB5 (amide), GCE/5 (23)/HB5 (imine), GCE/5(m)SNGQDs (24)/HB5 (amide) and
GCE/5(rm)SNGQDs (24)/HB5 (imine) were all tested toward the electrochemical detection of
HER2 at varying concentrations of 0 ng to 10 ng. The performance of the probes was
investigated and compared using EIS. Figure 5.4 shows the obtained Nyquist plots for the
probes: GCE/4 (21)/HB5 (A and B), GCE/4(r)SNGQDs (22)/HB5 (C and D), GCE/5 (23)/HB5
(imine) (E and F) and GCE/5(rt)SNGQDs (24)/HB5 (imine) (G and H), Table 5.6. Figure 5.4 show
that the R values increased with the HER2 concentration in the tested linear range.
Regression plots were then created using the data of each electrode, the equations of the

regression plots (eq. 5.24 - 5.29) are as follows:

GCE/4 (21)/HB5: y = 16414x + 39607, R? = 0.9703 (5.24)
GCE/4(r)SNGQDs (22)/HB5: y = 20553x + 12427, R = 0.9652 (5.25)
GCE/5 (23)/HBS5 (amide): y = 12911x + 29075,R? = 0.9618 (5.26)
GCE/5 (23)/HBS5 (imine): y = 30262x + 15843, R? = 0.9886 (5.27)
GCE/5(m)SNGQDs (24)/HB5 (amide): y = 72253x + 7389,R? = 0.9711 (5.28)
GCE/5(r)SNGQDs (24)/HB5 (imine): y = 34245x + 24472, R? = 0.9623 (5.29)

The sensitivities of the respective aptasensors are listed in Table 5.7. The GCE/4 (21)/HB5
aptasensor had a sensitivity of 16414 Qng~'mL, while the conjugated based aptasensor

GCE/4(r)SNGQDs (22)/HB5 had a sensitivity of 20553 Qng*mL. The aptasensor GCE/5
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(23)/HB5 (amide) had a sensitivity value of 12911 Qng*mL, which increased to 72253
Ong™mL when conjugated to SNGQDs forming the sensor GCE/5(rt)SNGQDs (24)/HB5
(amide). In these two aptasensors the HB5 aptamer was immobilized via an amide bond
formation aided by DCC/NHS coupling, via the single phenoxyacrylic acid ligand, leaving the
three acetylphenoxy groups unoccupied, Scheme 4.3. The improved sensitivity for the
GCE/5(mt)SNGQDs (24)/HB5 (amide), aptasensor could be attributed to increased electron
delocalization between the SNGQDs and Pc 5 in the conjugate. Furthermore, the SNQGDs
have carboxylic groups on their periphery which are also activated when the
GCE/5(mt)SNGQDs (24)/HB5 (amide) probe is treated with DCC/NHS for HB5 immobilization.
This could result in more HB5 aptamers on the surface of the probe for HER2 detection hence
the higher sensitivity observed. The GCE/5 (23)/HB5 (imine) probe had a sensitivity of 30262
Qng~*mL, which was higher than that of GCE/5 (23)/HB5 (amide). For the aptasensor GCE/5
(23)/HB5 (imine), HB5 was immobilized on the three acetylphenoxy ligands via imine bond
formation, while for GCE/5 (23)/HB5 (amide) only one substituent is involved for
immobilization of HB5. The results demonstrate the significance of having more ligands for
HBS5 linking as well as the efficiency of the phenoxyacrylic acid ligand in electron distribution
to the Pc and its interaction with the electrolyte for signal generation. The aptasensor
GCE/5(mt)SNGQDs (24)/HB5 (imine), which is the SNGQDs and Pc 5 conjugate where the HB5
aptamer is linked via imine bond formation had a sensitivity of 34245 Qng™*mL. In which case,
only the Pc partakes as an immobilization platform for HB5, while the SNGQDs sole purpose
is electron delocalization and electron transfer. The effect of symmetry is without bias
demonstrated by the results obtained for the GCE/4 (21)/HB5 and GCE/5 (23)/HBS5 (imine), as
well as their respective conjugates GCE/4(rm)SNGQDs (22)/HB5 and GCE/5(rt)SNGQDs
(24)/HB5 (imine). In which case, the asymmetric Pc 5 based sensors performed better
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compared to the symmetric Pc 4 based sensors. The improvement in sensitivity obtained in
all Pc/SNGQDs probes, further demonstrates the significance of combining various

nanomaterials for signal amplification in sensor design.

The LOD values of the designed aptasensors were then calculated as stated above, results are
listed in Table 5.7. The best LOD was obtained for the GCE/5(rt)SNGQDs (24)/HB5 (amide) at
0.00272 ng/mL, which also had the highest sensitivity. The asymmetrical GCE/5 (23)/HB5
(imine) gave a lower LOD than the symmetrical GCE/4 (21)/HB5, corresponding to the high
sensitivity obtained for the former and further showing the importance of reduced symmetry.
This was true even in the presence of SNGQDs; GCE/4(m)SNGQDs (22)/HB5 and

GCE/5(mt)SNGQDs (24)/HBS5 (imine).
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180



Table 5.6. Rct values obtained for the different electrode surfaces GCE/ (21-24)/HB5 towards

detection of HER2.

Ret, kQ (% RSD) *

[HER2] GCE/ (23) GCE/ (23) GCE/ (24) GCE/ (24)

(ng/mL) GCE (21) GCE/ (22) (amide) (imine) (amide) (imine)
35600 18300 24467 18667 18433 4567

1 (7.29) (4.47) (3.33) (1.12) (4.11) (4.34)
45267 19933 33100 25133 32733 6080

2 (0.84) (0.58) (0.30) (0.61) (0.76) (3.36)
47467 21267 35833 30333 42333 41167

3 (1.06) (1.18) (1.06) (1.37) (0.56) (1.79)
48133 24300 36900 34733 48200 44567

4 (0.98) (1.23) (0.47) (1.16) (2.16) (0.69)
50433 25733 37600 36533 55133 47833

5 (1.20) (1.79) (0.96) (0.84) (3.19) (0.64)
52967 27833 38267 38833 61467 52200

6 (1.04) (1.04) (0.40) (0.54) (0.81) (1.15)
54000 30433 39500 40900 65400 54200

7 (0.19) (1.69) (0.67) (0.49) (0.54) (0.32)
54633 32100 40433 41933 72800 54667

8 (0.56) (0.31) (1.00) (2.57) (0.96) (1.06)
54967 32600 41700 45667 78000 55033

9 (0.46) (1.62) (1.50) (1.26) (2.09) (1.54)
56267 32467 43033 47033 84400 60433

10 (0.41) (1.70) (0.48) (0.12) (2.15) (0.63)

Electrodes in full: GCE/4 (21)/HB5, GCE/4(rt)SNGQDs (22)/HB5, GCE/5 (23)/HB5 (amide),
GCE/5 (23)/HB5 (imine), GCE/5(rt)SNGQDs (24)/HB5 (amide) and GCE/5(rt)SNGQDs (24)/HB5

(imine)
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Table 5.7. Limit of detection and sensitivities for detection of HER2 biosensors for GCE/ (21-

24). Linear range 1-10 ng/mL in all cases.

Probes Sensitivity (QngimL) LOD (ng/mL)

GCE/4(21)/HB5

16414 0.24
GCE/4(r)SNGQDs (22)/HBS 50553 0.042
GCE/5 (23)/HB5(amide
/5(23)/ ( ) 12911 0.33
GCE/5 (23)/HB5(imine)
30262 0.039
GCE/5(r)SNGQDs (24)/HB5(amide)
72253 0.0027
GCE/5(mt)SNGQDs (24)/HB5(imine)
34245 0.014
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5.1.4. Single vs. Sandwiched Aptamer Assay: Amide Bonded onto HB5 aptamer

In a single aptamer-based sensor, the signal is measured upon direct interaction of an
aptamer immobilized on the electrode with the respective antigen [208]. A sandwich based
aptasensor, utilizes signal amplification through a double interaction system: a pair of
aptamers is used where one is immobilized on the surface to capture the analyte and the
second one binds to the captured target for signal generation and enhancement. Using the
complex 6 in the presence of SNGQDs@CeO,NPs based GCE, single and sandwiched aptamer

assay were designed for HER2 detection, Scheme 5.1.

Scheme 5.1. Representation of the different sensing assays: single aptamer assay and a sandwich

assay, using GCE/6 (26) modified surface.
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5.1.4.1. Single aptamer assay

The following designed aptasensors: GCE/SNGQDs@CeO:NPs (25)/HB5, GCE/6 (26)/HB5 and
GCE/SNGQDs@CeO;NPs/6 (seq.) (27)/HB5 were tested towards the electrochemical
detection of HER2 in the concentration range 0-21 pg/mL using EIS. Figure 5.5A&B shows the
obtained EIS data for the single aptamer assay, showing data for the
GCE/SNGQDs@CeO;NPs/6 (seq.) (27)/HB5 probe. The HB5-HER2 interaction was determined
by observing the change in Rt values for [FeCNg]37/4. The figure showed an increase in Ret with
increase in HER2 concentration. This trend held true for all designed aptasensors, Table 5.8.
Regression plots were then created using the data of each electrode excluding outliers. The

equations of the regression plots were as follows (eq. 5.30 - 5.32):

GCE/SNGQDs@CeO>NPs (25)/HB5: y = 55073x + 1290, R? = 0.9272 (5.30)
GCE/6 (26)/HB5: y = 339410x — 198528, R? = 0.9635 (5.31)

GCE/SNGQDs@CeO,NPs/6(seq.)(27)/HB5:y = 596285x — 474994, R? = 0.9787  (5.32)

The phthalocyanine alone based GCE/6 (26)/HB5 aptasensor had a higher sensitivity,
compared to the nanocomposite based GCE/SNGQDs@CeO;NPs (25)/HB5 aptasensor, Table
5.9. These results demonstrate the superiority of the complex 6, compared to the
SNGQDs@CeO;NPs nanocomposite as an electrode modifier in the design of the HER2 specific
aptasensor. This is by means of its superior ability to act as an immobilization platform for the
biorecognition element (HB5) to allow for development of a stable aptasensor, while aiding
in enhanced electron transfer. The highest sensitivity was obtained when Pc 6 and

184



SNGQDs@CeO,NPs were combined (in GCE/(27)/HB5) for electrode modification, with a

sensitivity of 596285 Qpg'mL.

5.1.4.2. Sandwich Assay

On the surfaces: GCE/SNGQDs@CeO,NPs (25)/HB5, GCE/6 (26)/HB5 and
GCE/SNGQDs@CeO;NPs/6 (seq.) (27)/HB5 a sandwich assay was designed and tested
towards the electrochemical detection of HER2 (0-21 pg/mL) range. The obtained EIS data is
shown in Figure 5.5C&D, using the GCE/SNGQDs@CeO:NPs/6 (seq.) (27)/HB5/HER2/HB5-
SNGQDs@CeO;NPs as an example. The figure demonstrates that there was an increase in Rt
with increase in HER2 concentration. This trend held true for all designed aptasensors, Table
5.8. Regression plots were then created using the data of each electrode excluding outliers.

The equations of the regression plots were as follows (eq. 5.33 - 5.35):
GCE/SNGQDs@CeO;NPs (25)/HB5/HER2/HB5-SNGQDs@CeO,NPs:

y = 56485x + 10534, R? = 0.9489 (5.33)
GCE/6 (26)/HB5/HER2/HB5-SNGQDs@CeO;NPs:

y = 738125x — 510027,R? = 0.9750 (5.34)
GCE/SNGQDs@CeO;NPs/6 (seq.) (27)/HB5/HER2/HB5-SNGQDs@CeO;NPs:

y = 773925x — 617741,R* = 0.9728 (5.35)

The highest sensitivity was obtained for the conjugate-based sandwich assay
GCE/SNGQDs@CeO;NPs/6 (seq.) (27)/HB5/HER2/HB5-SNGQDs@CeO:NPs (eq. 5.35). The
major contributing factor is the synergistic effect of Pc 6 and SNGQDs@CeO;NPs for electron
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transfer and signal amplification when combined as electrode modifiers towards biosensor
design. As evidenced by the data, the sandwich assays showed higher sensitivity compared to
single aptamer assays, Table 5.9. An advantage of the sandwich assay, compared to the single
aptamer assay (5.1.4.1), is the two biorecognition system, one on the electrode surface and
the other within the HB5-SNGQDs@CeO,NPs bioconjugate. Furthermore, the bioconjugate
(Scheme 4.6) contains the SNGQDs@CeO,NPs made of SNGQDs and CeO;NPs, which have
been previously shown to have excellent electrocatalytic activity towards the electrochemical

detection of HER2, Section 5.1.2.2.

5.1.4.3. LOD calculation: Single vs Sandwich aptamer assay

The LOD values for the designed aptasensors were estimated by the equation 36/s, Table 5.9.
In the case of single aptamer assay; the lowest LOD was obtained for
GCE/SNGQDs@CeO;NPs/6 (seq.) (27)/HB5, 0.0059 pg/mL, followed by GCE/6 (26)/HB5 and
GCE/SNGQDs@CeO;NPs (25)/HB5, respectively. Various contributors to the aptasensor
performance can be proposed. First, the electron transfer properties and great conductivity
of the used Pc 6 and SNGQDs@CeO;NPs alone and when combined. Secondly, the
applicability of these nanomaterials as electron modifiers to form a fairly stable modified
surface for the immobilization of the biorecognition element (HB5- aptamer) for enhanced
specificity and sensitivity. Similarly, LOD for the sandwich assays were determined, Table 5.9.
Agreeable to the obtained sensitivities, the lowest LOD was obtained GCE/
(27)/HB5/HER2/HB5-SNGQDs@CeO,NPs at 0.00088 pg/mL, and it is lower than any other
aptasensor reported in this thesis. The sandwich assay had a lower LOD value compared to

the single aptamer assay.
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5.1.4.4. Optimization: Sandwich Assay

The sandwich assay is built similar to the single aptamer assay, with an additional step where
the HB5-SNGQDs@CeO:NPs (formed as shown in Scheme 4.6 freely not on the GCE) is added
onto the electrode surfaces to complete the sandwich, Scheme 5.1. The effect of incubation
time of all designed aptasensors with the HB5-SNGQDs@CeO2NPs bioconjugate to form the
sandwich assay was investigated, Figure 5.6 (using GCE/6 (26)/HB5/HER2 as an example).
GCE/6 (26)/HB5/HER2 (at [HER2] = 1 pg/mL) was incubated with the HB5-SNGQDs@CeO,NPs
solution for 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 min at 37 °C. Fig. 5.6A shows that there
was an increase in Rt value with increasing incubation time. This held true until 60 min, where
an equilibrium was reached. As such, the optimum incubation time with the HB5-

SNGQDs@CeO,NPs bioconjugate to complete the sandwich assay was 60 min.

The effect of concentration of the HB5-SNGQDs@CeO,;NPs bioconjugate used was also
investigated, Fig. 5.6B. On the probe GCE/6 (26)/HB5/HER2 (where [HER2] = 5 pg/mL), various
concentrations of HB5-SNGQDs@CeO,NPs were added, and the effect of concentration was
measured in terms of R¢; values. Different concentrations of HB5-SNGQDs@CeO;NPs, in the
range 0.038 — 0.19 uM (dilutions based on aptamer concentration), were used to establish a
sandwich structure. The Rc values increased with increasing the HB5-SNGQDs@CeO;NPs
concentration, up until 0.11 uM there after a subsequent decrease was observed at higher
concentrations. Thus, 0.11 uM was selected as the optimum concentration for the HB5-

SNGQDs@CeO2NPs bioconjugate/secondary aptamer to complete the sandwich, Scheme 5.1.
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EIS Nyquist plots
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GCE/SNGQDs@CeO;NPs/6 (seq.) (27) surface: Single aptamer (A and B) and Sandwich Assay

(C and D), respectively. In K3s[Fe(CN)s]*’* (1 mM in 0.1 mol-L™* KCl in 10 mM PBS (pH 7.4).
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Figure 5.6. (A) Effect of the incubation time of HB5-SNGQDs@CeO2NPs on the R values obtained for
the GCE/6 (26)/HB5/HER2 substrate to form a sandwich aptasensor, [HER2] = 1 pg/mL. (B) Effect of
the concentration of the HB5-SNGQDs@CeO2NPs (UM based on aptamer) bioconjugate (at 60 min)
on the R values obtained for the GCE/6 (26)/HB5/HER2/HB5-SNGQDs@CeO2NPs, [HER2] = 5 pg/mL.

All in K3[Fe(CN)s]*’* (1 mM in 0.1 mol-L™ KCl in 10 mM PBS (pH 7.4).
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Table 5.8. Rct values obtained for the different electrode surfaces GCE/ 25-27 (defined fully,

in Table 5.9)/HB5 towards detection of HER2.

Ret, kQ (% RSD) *

[HER2] GCE (25) GCE (25) GCE (26) GCE (26) GCE (27) GCE (27)
pg/ml Single Sandwich Single Sandwich Single Sandwich
1 45900 45333 29700 25200 27833 22833
(4.47) (6.67) (0.34) (0.79) (5.52) (7.55)
3 47700 50900 72000 86667 40400 26133
(5.76) (5.40) (1.34) (7.05) (5.19) (1.34)
5 49967 53633 90300 103667 55733 68100
(5.61) (4.61) (0.57) (1.47) (1.15) (1.25)
7 51600 59533 140000 118000 46000 68300
(1.08) (0.68) (7.14) (5.29) (9.47) (0.76)
9 52833 66300 146667 193667 97067 103500
(0.61) (1.14) (1.04) (4.79) (7.13) (1.44)
11 55200 67433 166667 258333 131333 175333
(2.37) (0.82) (0.92) (0.22) (6.15) (2.69)
13 61400 71867 189667 316000 174000 219000
(2.46) (2.13) (0.81) (0.32) (5.48) (0.45)
15 65167 75300 224000 363333 207667 297667
(1.66) (1.40) (1.18) (4.2) (0.73) (0.51)
17 68600 77967 231333 375333 259667 316000
(1.86) (0.15) (0.66) (1.26) (3.66) (1.14)
19 71067 83100 265000 407333 302333 393333
(1.06) (2.20) (1.73) (0.93) (3.12) (1.05)
21 78033 89000 349667 503000 326000 421000
(2.24) (1.12) (3.41) (0.53) (4.54) (0.85)
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Table 5.9. Limit of detection and sensitivities for detection of HER2 biosensors developed in

this work. Linear range 1-21 pg/mL in all cases.

Sensitivity LOD
(Q pgimlL) (pg/mL) I, mol
cm?
PROBES Single aptamer Sandwich Single Sandwich
aptamer aptamer aptamer

GCE/SNGQDs@CeO;NPs (25) 55073 56485 0.060 0.035 2.45 x 108
GCE/6 (26)/HB5 339410 738125 0.011 0.0018 5.94 x 1010
GCE/SNGQDs@CeO:NPs/6 (seq.) (27) 596285 773925 0.0059 0.00088 2.89 x 10°
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5.1.5. Cobalt binuclear framework (CoP-BNF) based electrodes: Aptamer vs. Antibody

The distinguishing factor of biosensors compared to any other sensor, is molecular
recognition. Antigen—receptor interaction, is a fundamental step and component in various
biological systems, molecular therapy, clinical diagnosis, biosensors and biotechnologies [209,
210]. A molecular recognition element takes part in the recognition process, and provides a
receptor site for the attachment of an antigenic molecule [211]. Aptamer and antibodies are
part of these recognition elements. For the first time, this thesis reports on the comparative
aptamer (HB5) vs. antibody (Trastuzumab) based detection of HER2 on a CoP-BNF surface,
coupled with SNGQDs@AuNPs for enhanced sensitivity and signal transduction, Scheme 4.4.
The following sensors: GCE/SNGQDs@AuNPs (28)/HB5, GCE/SNGQDs@AuNPs
(28)/Trasmatuzab, GCE/CoP-BNF (29)/HBS5, GCE/CoP-BNF (29)/Trastuzumab,
GCE/SNGQDs@AuNPs/CoP-BNF (seq.) (30)/HB5 and GCE/SNGQDs@AuNPs/CoP-BNF (seq.)
(30)/Trasmatuzab were all tested towards the electrochemical detection of HER2 at varying
concentrations of 0 ng to 10 ng in PBS pH 7.4. The performance of all designed sensors was
investigated using the EIS; R values obtained from the EIS data were used to study
aptamer/antibody-antigen interactions. Figure 5.7 shows Nyquist plots obtained for GCE/(30)
as an example, both aptasensor and immunosensors. As previously demonstrated, an
increase in the concentration of the HER2 antigen resulted in an increase in the Rc values of
a particular surface. This trend held true for both the aptasensors and immunosensors, Table

5.10. The increase in R signifies a decrease in conductivity.

Regression plots were then created using the data of each electrode, the equations of the

regression plots were as follows (eq. 5.36 — 5.41):
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GCE/ (28)/HB5:y = 9592x — 162, R? = 0.9869 (5.36)

GCE/ (28)/Trastuzumab:y = 5882x — 989, R? = 0.9951 (5.37)
GCE/ (29)/HB5: y = 3565x — 1028,R? = 0.9775 (5.38)
GCE/ (29)/Trastuzumab: y = 2895x + 1355,R? = 0.9787 (5.39)
GCE/ (30)/HB5: y = 18979x — 5003, R? = 0.9809 (5.40)
GCE/ (30)/Trastuzumab: y = 15751x + 356, R? = 0.9823 (5.41)

The aptasensors (eq. 5.36, 5.38 and 5.40) showed better sensitivity compared to the
immunosensors (eq. 5.37, 5.39 and 5.41)), Table 5.11. LOD values were determined as stated
above. The aptasensors had lower LOD values, compared to its corresponding immunosensor
electrodes, all listed in Table 5.11. Aptamers compared to antibodies, are synthetic
recognition elements, fine-tuned and designed specifically for the analyte of interest [212].
Their structure is usually optimized to achieve maximum stability, specificity and selectivity.

This is further confirmed by the LOD and sensitivity results obtained.
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Figure 5.7. Nyquist plots and regression plots of log HER2 vs. Rct for GCE/SNGQDs@AuNPs/CoP-BNF
(seq.) (30)/HB5 (A and B) and GCE/SNGQDs@AuNPs/CoP-BNF (seq.) (30)/Trastuzumab (C and D)
based sensors. All experiments run in Ks[Fe (CN)s]34~ (1 mM in 0.1 mol-L-1 KCI in 10 mM PBS (pH

7.4), showing selected HER2 concentrations.

194



Table 5.10. R values obtained for the different electrode surfaces GCE/ (28-30) electrode

numbers defined in Table 5.11) towards detection of HER2.

Ret, Q (% RSD) *

Trastuzumab based - immunosensors

[HER2] ng/mL GCE/ (28) GCE/ (29) GCE/ (30)

1 2480 (11.9) 2200 (14.56) 4298 (4.77)
2 2730 (14.6) 2263 (6.19) 5506 (5.52)
3 3740 (6.91) 2813 (4.15) 7908 (3.62)
4 4640 (5.64) 3000 (6.17) 9642 (2.94)
5 5140 (1.61) 3293 (6.54) 10886 (0.25)
6 5620 (4.56) 3503 (6.85) 11876 (0.69)
7 5840 (7.09) 3880 (7.18) 13666 (0.53)
8 6760 (1.17) 4063 (4.38) 15314 (0.66)
9 7456 (2.15) 5593 (4.50) 15623 (0.75)
10 11800 (3.88) 7190 (4.33) 20973 (1.34)

HB5 aptamer based — aptasensors

1 2663 (4.69) 733 (6.69) 1343 (9.57)
2 2773 (4.56) 769 (3.46) 1360 (2.82)
3 4530 (4.75) 947 (2.60) 4373 (4.29)
4 5633 (9.85) 1015 (2.74) 5763 (6.09)
5 6217 (1.24) 1547 (4.59) 7667 (1.23)
6 7267 (8.03) 1757 (4.84) 8972 (0.08)
7 7720 (0.69) 2053 (3.09) 10537 (0.52)
8 8903 (2.31) 2260 (3.04) 12700 (0.78)
9 12433 (2.82) 2297 (3.8) 13533 (1.86)
10 14567 (1.43) 2487 (3.7) 14567 (0.79)
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Table 5.11. Limit of detection and sensitivities for detection of HER2 biosensors developed

for GCE/ (28-30) surfaces. Linear range 1-10 ng/mL in all cases.

Sensitivity (Q.ng/mL) LOD (ng/mL
Aptasensors Immunosensors | Aptasensors | Immunosensors
Probe? (HB5) (Trastuzumab) | (HB5) (Trastuzumab)
GCE/SNGQDs@AuNPs (28) 9592 5882 0.0489 0.1072
GCE/CoP-BNF (29) 3565 2895 0.0259 0.0454
GCE/SNGQDs@AuNPs/CoP-BNF (seq.) (30) 18979 15751 0.0112 0.0327
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5.2. LOD values obtained in this work compared to reported literature values

The LOD values obtained in this work were compared to literature values for aptamer and

antibody-based detection of HER2 [213-231]. The values herein were found to be mostly

lower than literature values, Table 5.12. Furthermore, the LOD values obtained for each

probe in this work were below the 2-15 ng/mL HER2 cut-off range, this result qualifies these

as possible competitors in HER2 biosensor design as well as potential applicability as

diagnostic tools for early-stage breast cancer.

Table 5.12. Main features comparison between reported HER2 biosensors in literature and

those developed in this work.

Method and electrodes LR (ng/mL) LOD (ng/mL) Reference

GCE/1 (2)/HB5 1-10 0.647 This work
GCE/SNGQDs (3)/HB5 1-10 0.292 This work
GCE/PPy@SNGQDs (4)/HB5 1-10 0.143 This work
GCE/PPy@1 (5) /HB5 1-10 0.481 This work
GCE/PPy@SNGQDs/1 (6) /HB5 1-10 0.00141 This work
GCE/PPy@1/SNGQDs (7) 1-10 0.0255 This work
GCE/PPy/SNGQDs(seq.) (8) /HB5 1-10 0.00513 This work
GCE/PPy/1(seq.) (9) /HB5 1-10 0.0674 This work
GCE/PPy/SNGQDs/1(seq.) (10)/HB5 1-10 0.0716 This work
GCE/PPy/1/SNGQDs(seq.) (11)/HB5 1-10 0.0980 This work
GCE/2 (12)/HB5 1-10 0.061 This work
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GCE/3 (13)/HB5

GCE/CeO;NPscoon (14)/HB5
GCE/CeO;NPscoon/2 (seq.) (15)/HB5
GCE/CeO;NPscoon/3 (seq.) (16)/HB5
GCE/SNGQDs/3(seq.) (17)/HB5
GCE/ 3(r)SNGQDs (18)/HB5
GCE/AuNPs (19)/HB5

GCE/AuNPs/3 (seq.) (20)/HB5
GCE/4(21)/HB5

GCE/4(m)SNGQDs (22)/HB5

GCE/5 (23)/HB5(amide)

GCE/5 (23)/HB5(imine)
GCE/5(r)SNGQDs (24)/HB5(amide)
GCE/5(rt)SNGQDs (24)/HB5(imine)
GCE/SNGQDs@CeO,NPs (25)/HB5
GCE/6 (26)/HB5

GCE/ SNGQDs@CeO02NPs/6 (seq.) (27)/HB5
GCE/ (25)/HB5-sandwich

GCE/ (26)/HB5-sandwich

GCE/ (27)/HB5-sandwich
GCE/SNGQDs@AuNPs (28)/HB5
GCE/ CoP-BNF (29)/HB5
GCE/SNGQDs@AuNPs/CoP-BNF (seq.) (30)/HB5

GCE/ (28)/Trastuzumab

GCE/ (29)/Trastuzumab
GCE/ (30)/ Trastuzumab
Electrochemical aptasensor
Electrochemical Sensor

Electrochemical Sandwich Immunosensor

1-10
0-10
0-10
0-10
0-10
0-10
0-10
1-10
1-10
1-10
1-10
1-10
0-10
0-10
0-10
0-10

0-10

0.051
0.19
0.015
0.008
0.19
0.074
0.006
0.058
0.24
0.042
0.33
0.039
0.0027
0.014
6 x 10°
1x10°
5.9x10°
3.5x 107
1.8 x 10
8.8 x 107
0.0489
0.0259
0.0112

0.1072

0.0454
0.0327
6.0
4.9

0.28

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

This work

This work
This work
[213]
[214]

[215]
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Label Free Immunosensor
Electrochemical Aptasensor
Label Free Immunosensor
Label Free Immunosensor
Label Free Immunosensor
Sandwich assay

Sandwich assay
Electrochemical Aptasensor
Electrochemical Aptasensor
Electrochemical Aptasensor
Sandwich assay

Sandwich assay

Label free aptasensor

Label free aptasensor
Aptasensor

Immunosensor

5x10*-50
10>- 102
0.001-1.0
10-110
0.01-100
5x107° - 50
0.1-32
10-150
5-50

0-4x10%

0.9995

2.47x10°3
7.4
0.01
2x10°
26 x 103
2.1
2.8
6x103
80
12.5
210

0.050

0.22
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5.3. Conclusions

This chapter discussed the impedimetric detection of HER2 on various modified surfaces. The
chapter outlines two strategies (i) signal-based amplification methods and (ii) target-based
amplification methods for enhanced sensitivity and low detection limits. The efficiency of
strategy (i) is demonstrated by the respective performance of the various Pc complexes (1-6)
utilized, CoP-BNF as well as the selected SNGQDs, CeO;NPs and AuNPs nanoparticles used.
The results demonstrate the effect of Pc molecule, CoP-BNF and NPs structure on the
electrochemical detection of HER2. The effect of spatial arrangement of the said
nanostructures as well as electrode modification technique on sensitivity and LOD values is
demonstrated. Pc complex 1 in combination with PPy and SNGQDs demonstrated the
significance of combining two or more nanomaterials on the electrode surface for sensing.
Using complex 1, two different modification techniques of the GCE using SNGQDs, Pc 1 and
polypyrrole were explored. The modification techniques included (i) GCE is modified via
polymerization of pyrrole in the presence of either SNGQDs (PPy@SNGQDs) or Pc 1 (PPy@1),
and (ii) GCE is modified via sequential adsorption of nanomaterials following pyrrole
electropolymerization (e.g., PPy/SNGQDs(seq.) or PPy/1(seq.)). In general, the electrodes
modified by sequential adsorption had better electron transfer properties (AEp, Rct)
compared to their counter PPy/nanomaterial polymerization modified electrodes. The
electrodes with single nanomaterials GCE/1 and GCE/SNGQDs were the least performing
towards the detection of HER2 compared to the rest of the electrodes. The best performing
electrode towards the electrochemical detection of HER2 was GCE/ PPy@SNGQDs/1 (6) with
a limit of detection value 1.41 pm/mL. Complex 2 and 3, demonstrate the role of structure,

and therefore electrochemical properties. This phenomenon held true for these Pcs even
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upon combination with the CeO2NPscoon. The electrochemical activity of the two
phthalocyanines as immobilization platforms for the HB5 aptamer (GCE/2 (12)/HB5 and
GCE/3 (13)/HB5) and as signal amplifiers in the detection of HER2 was comparable owing to
their structural similarities. The GCE/3 (13)/HB5 based probe showed better performance in
sensitivity and LOD value compared to its competitor probe GCE/2 (12)/HB5). The
combination of Pcs (2 and 3) with the CeO2NPscoon: GCE/(15)/HB5 and GCE/(16)/HBS5,
resulted in improved LOD. Based on the results obtained for complexes 1-3, the efficiency of
phthalocyanine complexes as electrode modifiers for enhanced signal transduction and
immobilization of the biorecognition element, HB5 aptamer is evident. Furthermore, seeing
that the best results were obtained for complex 3, more studies were conducted using Pc 3,
in combination with AuNPs, CeO;NPscoon and SNGQDs; to investigate the effect of
nanoparticles on the performance of Pc 3 molecule. The combination of the respective
nanoparticles with the complex 3 on the electrode surface was achieved by sequential
adsorption as well as, rt-it stacking for SNGQDs. A higher sensitivity and low LOD value were
obtained for the probe GCE/SNGQDs(m)3 (18)/HB5, compared to the sequentially modified
GCE/SNGQDs/3 (seq.) (17)/HBS5. This result demonstrates the effect of spatial arrangement
and interactions of the nanomaterials on the electrode in biosensor design. Furthermore,
compared to all Pc 3/NP combinations, the best performance was observed for GCE/ (16)/HB5
were Pc 3 is combined with CeO;NPscoon. Using complex 4 and 5, the effect of symmetry and
the nature of substituent on the performance of the designed aptasensor was demonstrated.
The two Pc complexes were combined with SNGQDs via m-it stacking for enhanced activity
and performance towards HER2 detection. The obtained results, showed that the ligands
present on the molecule even after immobilization of HB5, do not only contribute to
symmetry, but electron transfer properties which too is a major contributor to signal
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generation. The best performance of the aptasensors containing was observed for the GCE/5
(23)/HB5 (imine) compared to GCE/4 (21)/HBS5 in terms of sensitivity and LOD value. This held
true even upon combination with SNGQDs, where GCE/(24)/HB5(imine) compared to GCE/
(22)/HB5. These results emphasized the known concept that asymmetric Pcs tend to have
better electron transfer properties and redox activities compared to their symmetric
counterparts. Upon Pc 4 and 5 conjugations to SNGQDs for electrode modification, higher
sensitivities and better LOD values were obtained, further demonstrating the positive effects
of combining two or more nanomaterials for improved detection signals of biosensors.
Complex 6, an asymmetric complex is used for electrode modification in combination with a
nanocomposite SNGQDs@CeO;NPs, for enhanced signal transduction and HB5 aptamer
immobilization. Using the designed platform, strategy (ii) is employed; effect of arrangement
and spatial distribution of the recognition element HB5, towards HER2 detection is
investigated and outlined. On the modified surface, a sandwich assay is built towards HER2
detection and is compared to single aptamer assay. The best sensing performance was
observed for the GCE/SNGQDs@CeO;NPs/6 (seq.) (27) based aptasensors for both the single
aptamer and sandwich assays in terms of LOD and sensitivity. This is due to the enhanced
charge transport property and loading capacity of the biomolecules when the
SNGQDs@CeO,;NPs and Pc 6 are combined on the GCE for modification. This results further
confirms the positive synergy effect of Pc and NPs combinations toward biosensor design,
that has so been demonstrated in the results obtained for other complexes Pc 1-5. The
sandwich assays showed better sensing performance compared to the single aptamer based
aptasensors. This can be attributed to the dual aptameric strategy involved in sandwich
aptasensor design. The advantage of the single aptamer assay against the sandwich aptamer
assay is the time of fabrication, where less time was needed for the former. Strategy (ii) was
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further employed, through a comparative study for label-free GCE based impedimetric
biosensing platforms prepared using both a Trasmatuzab and HB5 aptamer as bioreceptors.
Using a CoP-BNF complex in the presence of SNGQDs@AuNPs the GCE was modified for
biorecognition element. The combination of CoP-BNF and SNGQDs@AuNPs on the GCE
surface GCE/ (30) showed a better performance towards HER2 detection, both for the GCE/
(30)/HB5 and GCE/ (30)/Trastuzumab surface compared to electrodes where individual
nanomaterials were used for modification. The superiority of the aptamer as a bioreceptor
compared to the antibody was shown in sensitivity and LOD values. Overall, the results
obtained in this chapter show the efficiency of Pc complexes 1-6, the CoP-BNF, SNGQDs,
CeO2NPs, AuNPs as electrode modifiers for signal transduction and biorecognition elements
towards the impedimetric detection of HER2. Furthermore, the compatibility of these
nanomaterials upon conjugation as well as the resulting synergy as demonstrated by
improved signal output, renders them as potential tools for application for the design reliable

sensing platforms for HER2 detection.
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6.Real life sample analysis

The validity and potential applicability of the designed probes in real life was investigated
by detection of HER2 in human serum samples. The experiments were done on human
(male) blood serum, diluted (1:500 dilution factor) with 10 mM PBS (pH 7.4). The dilution
of the human serum was appropriate to minimize the matrix effect. The human serum was
spiked with various known concentrations of the HER2 antigen. The different probes were
then tested on their ability to detect/ recover HER2, in the competitive human serum
environment. The performance of each sensor was gauged in terms % recoveries, which is
the ratio between the recovered HER2 amount and the spiked HER2 amount multiplied by
100. The ability of a particular sensor to detect HER2, or recover more than 80% of the

spiked HER2 concentration validates its potential in real life application.
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6.1. HER2 in human serum: apparent recovery

All aptasensors and immunosensors designed in this thesis (GCE/(2) - GCE/(30)) were
investigated, on their ability to recover HER2 in human serum. Complexes 1-5 and CoP-BNF
as well as the relevant conjugates-based sensors, five concentrations 1 ng/mL, 3 ng/mL, 5
ng/mL, 7 ng/mL and 9 ng/mL were spiked onto 1:500 diluted human serum. In the case of
complex 6 based sensors, experiments for HER2 detection were conducted in in the picomolar
range and as such 1 pg/mL, 3 pg/mL, 5 pg/mL, 7 pg/mL and 9 pg/mL known HER2
concentrations were used for determining % recoveries in human serum sample. The
performance of each sensor is discussed accordingly below. Generally, the apparent recovery
should be in the range of 80 — 110 % [232]. Any percentage outside of this range, can be
attributed to the matrix effect [233]. The specificity of the various probes was investigated in
terms of % recoveries of HER2 in human serum. Table 6.1 shows the % recoveries obtained
for all probes at the HER2 concentration of 7 ng/mL (complex 1-5 and CoP-BNF based probes)

and 7 pg/mL (complex 6 based probes).

205



Table 6.1. Percentage recoveries obtained for all probes for the detection of HER2 in spiked
human serum samples. Known [HER2] = 7 ng/mL (complex 1-5 and CoP-BNF based probes;

GCE (2-24)) and 7 pg/mL (complex 6 based probes; GCE (25-27))

Modified Electrodes % [HER2]
recovered
GCE/1 (2)/HB5 70
GCE/SNGQDs (3)/HB5 31
GCE/PPy@SNGQDs (4)/HB5 78
GCE/PPy@1 (5) /HB5 75
GCE/PPy@SNGQDs/1 (6) /HB5 28
GCE/PPy@1/SNGQDs (7) 58
GCE/PPy/SNGQDs(seq.) (8) /HB5 46
GCE/PPy/1(seq.) (9) /HB5 51
GCE/PPy/SNGQDs/1(seq.) (10)/HB5 72
GCE/PPy/1/SNGQDs(seq.) (11)/HB5 75
GCE/2 (12)/HB5 34
GCE/3 (13)/HB5 50
GCE/CeO;NPscoon (14)/HB5 50
GCE/CeO;NPscoon/2 (seq.) (15)/HB5 44
GCE/CeO;NPscoon/3 (seq.) (16)/HB5 75
GCE/SNGQDs/3 (seq.) (17)/HB5 81
GCE/ 3(m)SNGQDs (18)/HB5 94
GCE/AuNPs (19)/HB5 63
GCE/AuUNPs/3 (seq.) (20)/HB5 86
GCE/4(21)/HB5 68
GCE/4(r)SNGQDs (22)/HB5 84
GCE/5 (23)/HB5(amide) 73
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GCE/5 (23)/HB5(imine)
GCE/5(rt)SNGQDs (24)/HB5(amide)
GCE/5(m)SNGQDs (24)/HB5(imine)
GCE/SNGQDs@CeO;NPs (25)/HB5
GCE/(25)/HB5-sandwich

GCE/6 (26)/HB5
GCE/(26)/HB5-sandwich
GCE/SNGQDs@CeO:NPs/6 (seq.) (27)/HB5
GCE/(27)/HB5-sandwich
GCE/SNGQDs@AuNPs (28)/HB5
GCE/ (28)/Trastuzumab

GCE/ CoP-BNF (29)/HB5

GCE/ (29)/ Trastuzumab

GCE/SNGQDs@AuNPs/CoP-BNF (seq.) (30)/HB5

GCE/ (30)/Trastuzumab

76
93
79
70*
80*
83*
83*
92*
83*
85
90
90
74
96

91

*= HER2 in pg/mL range
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6.1.1. Complex 1 and related probes

Tables 6.1 & 6.2 show % recoveries for the probes GCE/PPy/1/SNGQDs(seq.) (11)/HB5 and
GCE/PPy@SNGQDs/1 (6)/HB5 as examples: at each concentration (n=3) with the relative
standard deviation (% RSD), the rest of the data is shown in Table Al. Sequential addition
gave higher recoveries when both complex 1 and SNGQDs are present, Table Al. The probes
all had a percentage recovery higher than 100% at 1 ng/mL HER2. The sensors sowed
sensitivity to the HER2 protein in  human serum, particularly the
GCE/PPy/1/SNGQDs/(11)/HB5 had % recoveries above 75 %, implying its considerable

potential as an effective alternative method for the early detection of HER2 in human serum.
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Table 6.2. Percentage recoveries for the detection of HER2 in spiked human serum selected

probes.
A. GCE/PPy/1/SNGQDs (11) HB5
[HER2] Rx1(Q) R«2(Q) Rx3(Q) Average  SDEV %RSD % [HER2]
added Recovered
1 2580 3001 3310 2964 366 12.36 121
3 16200 15400 15100 15567 569 3.65 91
5 21000 22300 23000 22100 1015 4.59 83
7 25500 25900 26100 25833 306 1.18 75
9 33500 32600 33800 33300 624 1.88 95
B. GCE/PPy@SNGQDs/1 (6) HB5
[HER2] Rxt1(Q) Rx2(Q) Ra3(Q) Average  SDEV %RSD % [HER2]
added recovered
1 1258 1301 1331 1297 37 2.83 146
3 29880 29989 29200 29690 428 1.44 73
5 35700 37600 36700 36667 950 2.59 50
7 21800 21700 21500 21667 153 0.71 28
9 19800 21000 20200 20333 611 3.00 21
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6.1.2. Complex 2 and 3 based electrodes.

The probes GCE/2 (12)/ HB5 and GCE/3 (13) /HB5 had % recoveries of 34—-56 % and 43-65 %,
respectively, with the highest recovery being observed at 3 ng/mL in both cases, Table A2.
The probe GCE/CeO;NPscoon (14)/HB5 had % recoveries (50-66 %), with the highest
recoveries obtained at 3 ng/mL. An increased % recovery was observed upon incorporation
of the phthalocyanines structures with the cerium nanoparticles. The GCE/CeO2NPscoon/2
(seq.) (15)/HB5 and GCE/CeO2NPscoon/3 (seq.) (16)/ HB5 had % recoveries (30-66 %) and (66—
79 %) respectively, with the highest recovery at 5 ng/mL for probe 16 and 3 ng/mL for probe
15, Table 6.3. The overall best performing probe for probes based on complex 2 and 3, for
the recovery of HER2 in human serum was GCE/CeO2NPscoon/3 (seq.) (16)/HB5 at all
concentrations. The results obtained show that GCE/CeO2NPscoon/3 (seq.) (16)/HB5 has the
feasibility and potential for real life application of the detection of HER2 in early breast cancer

diagnosis in human serum.

The significance of combining Pc complexes with various NPs for enhanced biosensor
designed was further demonstrated for complex 3 in combination with SNGQDs and AuNPs.
An improvement was observed for Pc 3 in the presence of each of the nanoparticles
(CeOz2NPscoon or SNGQDs or AuNPs), and the best % recoveries were observed for
GCE/AuNPs/3 (seq.) (20)/HB5 (86 % — 120 %). The probe GCE/3(rt)SNGQDs (18)/HB5 (59 % -
114 %), had better % recoveries compared to its counterpart: sequentially modified surface
GCE/SNGQDs/3 (seq.) (17)/ HB5 (58% - 119 %) Table A2. The probe GCE/AuNPs/3 (seq.)
(20)/HB5 has the highest potential in real life application of the detection of HER2 in early
breast cancer diagnosis in human serum based on the % recoveries, which were higher than

80 %.
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Table 6.3. Percentage recoveries for the detection of HER2 in spiked human serum, showing

probes based on complex 2 and 3 in the presence of CeO2NPscoon as examples.

GCE/CeO2NPscoon/2 (seq.) (15)/HB5

[HER2] Rt 1 (Q) Rt 2 (Q) Rt 3 (Q) Average SDEV % RSD %[HER2]

added recovered

ng/mL

3 18000 19300 19000 18767 681 3.63 66

5 24500 26100 25800 25467 850 3.34 53

7 28000 28300 29700 28667 907 3.17 44

9 25500 25900 26100 25833 306 1.18 30
GCE/CeO2NPscoon/3 (seq.) (16)/HB5

[HER2] Rt 1(Q) Rt 2 (Q) Rt 3 (Q) Average SDEV % RSD %[HER2]

added recovered

ng/mL

3 21200 20800 21800 21267 503 2.37 72

5 36000 36200 35800 36000 200 0.56 79

7 41200 41500 45600 42767 2458 5.75 75

9 43500 48200 46000 45900 2352 5.12 66
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6.1.3. Complex 4 and 5 based probes

The accuracy and precision of the various aptasensors was evaluated by % recovery and the
relative standard deviation (RSD) calculations respectively. The recovery amounts were
higher when the respective phthalocyanines 4 and 5 were combine with the SNGQDs. The
best recovery amounts were obtained for the GCE/5(rt)SNGQDs (24)/HB5(amide) in the range
of 83 % - 111 %. The best percentage recovery for phthalocyanines alone based probes was
observed for the GCE/5 (23)/HB5(amide) in the range 73 % — 101 %. The relative standard
deviations were less than 8 %, revealing the utilization potentiality of the various aptasensor
towards the detection of HER2 in the diagnosis of breast cancer. Table 6.4 shows percentage
recoveries obtained for GCE/(23) and GCE/(24) as examples, the rest of the data is shown in

Table A3.
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Table 6.4. Percentage recoveries for the detection of HER2 in spiked human serum, showing

the best performing complex 5 based probes.

GCE/5 (23)/HB5 (amide)

[HER2] [HER2
added Rt 1(Q) Rt 2 (Q) R« 3 (Q) Rctaverage SDEV %RSD recovered]
ng/mL (Q)
1 26100 26700 26700 26500 283 1.07 101
3 39500 40000 40800 40100 535 1.33 73
5 46800 46200 48000 47000 748 1.59 75
7 50000 52500 50500 51000 1080 2.12 73
GCE/5(mt)SNGQDs (24)/HB5 (amide)
[HER2] [HER2
added Rt 1(Q) Rt 2 (Q) Rt 3 (Q) Rctaverage SDEV %RSD recovered]
ng/mL (Q)
1 14000 15600 16600 15400 1070 6.95 111
3 72500 73000 73800 73100 535 0.73 83
5 117800 115200 118000 117000 1275 1.09 91
7 144000 142000 143000 143000 816 0.57 93
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6.1.4. Complex 6 based probes: Sandwich vs. Single aptamer

The results obtained for the single and sandwich aptamer assay for the probe
GCE/SNGQDs@CeO;NPs/6 (seq.) (27) surface is shown as an example, Table 6.5. The rest of
the data is shown in the appendix Table A4. Both the sandwich assay and single aptamer
assay, showed recoveries higher than the 100 % maximum acceptable value at 1 pg/mL. The
single aptamer assay GCE/(27)/HB5/HER2, had recoveries (88 -96 %, excluding 1 pg/mL),
compared to the sandwich assay GCE/(27)/HB5/HER2/HB5-SNGQDs@CeO;NPs assay (71-83
%, excluding 1 pg/mL). The results obtained show the feasibility and potential of the
aptasensors for real life applications of the detection of HER2 in early breast cancer diagnosis

in human serum.
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Table 6.5. Percentage recoveries for the detection of HER2 in spiked human serum, showing

the single assay vs. sandwich assay for the GCE/(27) surface.

GCE/(27)/HB5/HER2
[HER2] Re1(Q) Rx2(Q) Ra3(Q)  Average SDEV %RSD % [HER2]
added (Q) recovered
pg/mL
1 2260 2261 2256 2259 3 0.12 220
3 135000 134 000 130 000 133 000 2646 1.99 88
5 597 000 598 000 599 000 598 000 1000 0.17 96
7 820000 840 000 800 000 820 000 20000 2.44 92
GCE/(27)/HB5/HER2/ HB5-SNGQDs@CeO,NPs
[HER2] Rat 1 (Q) Rt 2 (Q) Rt 3 (Q) Average SDEV %RSD % [HER2]
added (Q) recovered
pg/mL
1 850 750 800 800 50 6.25 179
3 56300 56400 57700 56800 781 1.38 71
5 450 000 420000 420000 430000 17321 4.03 84
7 630 000 610 000 620 000 620 000 10000 1.61 83
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6.1.5. CoP-BNF based probes: Aptamer vs. Antibody

Table 6.6 shows the results obtained for the GCE/SNGQDs@AuNPs/CoP-BNF (seq.) (30) based
aptasensor and immunosensor as an example. The rest of the data obtained for probes based
on the CoP-BNF are shown in the appendix, Table A5. At the HER2 concentration 1 ng/mL,
the HB5 containing surface showed better recoveries at all electrode surfaces. At 7 ng/mL,
electrodes containing CoP-BNF {(GCE/CoP-BNF (29) and GCE/SNGQDs@AuNPs/CoP-BNF
(seq.) (30)} showed better recovery for the aptasensor than the immunosensor, Table A5,
Table 6.6. The results obtained demonstrate the competitiveness of both the antibody and
aptamer as capture probes in the design of sensitive biosensors. The smaller size of the
aptamer and its ability to fold, poses an advantage for sensing at higher concentrations as
seen for the probes GCE/CoP-BNF/HB5 (29) and GCE/SNGQDs@AuNPs/CoP-BNF (seq.)
(30)/HB5, Tables A5, 6.1 & 6.6. Antibodies are susceptible to pH changes and denatured
antibodies cannot be repaired, while aptamers are fairly stable and are easily refolded if

denatured, hence better recoveries for the latter.

216



Table 6.6. Percentage recoveries for the detection of HER2 in spiked human serum, showing

GCE/SNGQDs@AuNPs/CoP-BNF (seq.) (30) surface.

Aptasensor (HB5)

[HER2] Ret 1 Ret 2 Rt 3 Average SDEV % RSD % [HER2]
added (Q) Recovered
ng/mL

1 1710 1700 1800 1737 45 2.59 142

3 11630 11110 11520 11420 224 1.96 79

5 19930 21920 20390 20747 851 4.10 78

7 31200 31410 31080 31230 136 0.44 96

Immunosensor (Trastuzumab)

[HER2] Ret 1 Ret 2 Ret 3 Average SDEV % RSD % [HER2]
added (Q) Recovered
ng/mL

1 1888 1970 1840 1899 66 3.46 110

3 14700 14200 15000 14633 404 2.76 80

5 21800 21700 24600 22700 1646 7.25 83

7 30600 28400 30200 29733 1172 3.94 91
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6.2. Conclusion

The sensors designed in this work showed relatively good performance in human serum,
proving potential applicability in real life application for HER2 detection. The results obtained
further demonstrated the applicability of phthalocyanines for electrode modification in
biosensor design. Pc complexes 1-6, on a GCE all showed the ability to detect HER2 in human
serum. Furthermore, the ability of each Pc complexes (1-6) to detect HER2 in human serum
was improved upon coupling with a relevant nanoparticle. Pc complex 1, had the highest %
recovery when combined with PPy and SNGQDs via sequential adsorption. The same was
observed for complexes 2 and 3 when combined with CeO,NPs. It was also observed that, the
degree to which a Pc complex performance is enhanced is dependent on the type of
nanoparticle to which its coupled. Pc 3 complex had the highest % recovery when coupled
with AuNPs, compared to when combined with SNGQDs and CeO;NPscoon respectively. Pc 5
had a higher % recovery compared to Pc 4, regardless, both complexes had higher %
recoveries of HER2 when coupled with SNGQDs. Pc complex 6 had the highest % recovery
when coupled with SNGQDs@CeO,NPs for both the single assay and the sandwich assay. In
the case of CoP-BNF related probes, higher % recoveries were obtained for the probes where
the porphyrin framework is combined with SNGQDs@AuNPs. The CoP-BNF based probes:
aptasensors had higher recoveries at higher HER2 concentrations, while the opposite was
observed for the immunosensors except for 1 ng/mL. Overall, these results demonstrate the
efficiency of Co based Pc and porphyrin complexes for electrode modification in biosensor
design. The significance of combining the Pc complexes with different NPs for enhanced
performance is further demonstrated. The results also demonstrate the significance of either

biorecognition elements: aptamer or antibody in biosensors aimed at real life application. The
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combinations attempted in this work could therefore be used as building blocks, concepts for
consideration towards the design and development of stable, low cost and efficient HER2

electrochemical biosensors.
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7.Stability Characteristics:
Repeatability, shelf-life and
surface regeneration

Biosensors are prone to ageing, which can be characterized by a decrease in signal.
Biosensor stability is of crucial importance for commercial success. This chapter reports on
the stability of the designed sensors considering repeatability, shelf-life and reusability. For
the first time, this thesis reports on the chemical regeneration of both an aptamer and
antibody based electrochemical biosensor for HER2. Furthermore, the reusability of both a
sandwich assay and single aptamer assay is confirmed for the first time using chemical
regeneration. The results obtained present the design of sensors towards low cost, stable

and reusable HER2 diagnostic tools, towards early-stage breast cancer diagnosis.
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7.1. Repeatability

Repeatability refers to the agreement between successive measurements of the same
sample, Figure 7.1 (showing for GCE/SNGQDs@AuNPs/CoP-BNF (seq.) based probes at HER2=
5 ng/mL as an example). The repeatability of the designed immunosensors and aptasensors
is demonstrated throughout, the experiments were run (n = 3) at all concentrations for all 30
electrodes designed in this thesis: acceptable relative standard deviation (% RSD) for all

probes was obtained, Table 5.1, 5.3, 5.4, 5.6, 5.8 and 5.10.

Figure 7.1. Repeatability of the GCE/SNGQDs@AuNPs/CoP-BNF (seq.)/HB5/HER2 and
GCE/SNGQDs@AuNPs/CoP-BNF (seq.)/Trastuzumab/HER2. Repeatability for (n = 3 cycles,
[HER2] = 5 ng/mL). All experiments were run in 1 mM Kz[Fe(CN)s]37* in 0.1 mol-L™2 KCl in 10

mM PBS (pH 7.4). Numbers on graph are R values.
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7.2.  Stability

The stability of a designed sensors can be defined as the degree of susceptibility to ambient
disturbances in and around the biosensing system. The stability of a particular
electrochemical sensor depends on the various steps towards the fabrication of the sensor
[234, 235]; ranging from electrode modification with nanomaterials, the choice and
immobilization of biorecognition elements used and therefore interaction with the analyte.
The stability of the designed sensors was investigated using the shelf-life estimation method.
Where, the sensors were stored at 4 °C over a period of 96 h. The response of each probe was

analysed daily over the 96-hour period.

7.2.1. Complex 2, 3,4 and 5 based probes

7.2.1.1. Complex 2 and 3 based probes

First the probes: GCE/2/HB5 and GCE/3/HB5 against each other, and then in combination
with CeO;NPscoon to form: GCE/CeO2NPscoon/2 (seq.)/HB5 and GCE/CeO2NPscoon/3
(seq.)/HBS5 probes. The stability of a particular electrochemical sensor depends on the various
steps towards the fabrication, ranging from electrode modification with nanomaterials, the
choice and immobilization of biorecognition element used and therefore interaction with the
analyte. The sensors designed were fabricated following a standard method. The only
difference is the nanomaterials used as immobilization platforms and signal amplification. As
such the stability of the sensors was investigated based on the immobilization of the HB5
aptamer on the various electrodes: GCE/2/HB5, GCE/3/HB5, GCE/CeO2NPscoon/HBS,
GCE/Ce0O2NPscoon/2 (seq.)/HB5 and GCE/CeO2NPscoon/3 (seq.)/HB5. This was essential,
because the HB5 aptamer selectively binds to the HER2 during detection, and as such a stable

and active HB5 platform prior to detection is key. After every 24-h period, the stability of the
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sensor probes was investigated by running electrochemical impedance spectroscopy (EIS) and
measuring the Ret values in 1 mM Kz[Fe(CN)s]3/* in 0.1 mol-L"2KCl in 10 mM PBS (pH 7.4). The
stability of each surface was assessed by looking at the change in R values from the first 24
h up until the 96™ h, and was characterized by using the relative standard deviation (RSD) of
the daily obtained R values. Figure 7.2A shows that all electrodes had %RSD values of less
than 7, showing fair stability of the probes containing the aptamer, as well as the firmness
with which the HB5 aptamer is attached on the modified surfaces. The lowest % RSD (day 1 -
day 4) value obtained was that of the GCE/3/HB5 and GCE/CeO2NPscoon/3 (seq.) /HB5 probes

both less than 1%.

Having established the stability of the modified electrodes containing the aptamers. The shelf-
life stability of the sensors upon interaction with the HER2 analyte was investigated. The
following electrodes: GCE/2/HB5/HER2, GCE/3/HB5/HER2, GCE/CeO;NPscoon/HB5/HER2,
GCE/Ce02NPscoon/2 (seq.) /HB5/HER2 and GCE/CeO2NPscoon/3 (seq.) /HB5/HER2 were
tested for stability, where [HER2] =5 ng/mL in 10 mM PBS (pH 7.4) stored at 4 °C. After every
24 h period, the stability of the sensors was investigated as mentioned above, the results
obtained are shown in Figure 7.2B. Each measurement was made in triplicate (daily for each
probe) and the experiment lasted 96 h. All electrodes showed fair stability towards HER2 over
the 96 h, with acceptable standard deviations for biosensors. Most significantly, better

stability was observed when Pc is coupled with NPs, compared to Pc alone.
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Figure 7.2. Stability plots of the probes designed in this work. (A) The stability of the probes
prior interaction with the HER2 analyte, (overall % RSD values above bars, from day 1-4 for
each electrode). (B) The stability of the probes upon interaction with HER2([HER2] = 5 ng/mlL,
n = 3). Where, (i) GCE/CeO2NPscoon/HBS, (ii) GCE/2/HBS5, (iii) GCE/3/HBS5, (iv)
GCE/Ce02NPscoon/3 (seq.)/HB5 and (v) GCE/CeO2NPscoor/2 (seq.)/HB5. All in Ks[Fe(CN)e]37/*

(1 mM in 0.1 mol-L"X KCl in 10 mM PBS (pH 7.4).
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7.2.1.2. Complex 4 and 5 based probes

The aptasensor GCE/5(23)/HB5(imine) showed better stability compared to the GCE/4
(21)/HB5 aptasensor, Figure 7.3. The conjugate-based probes GCE/5(t)SNGQDs
(24)/HB5(imine) and GCE/4(rt)SNGQDs (22)/HB5 showed better stability when compared to
the respective Pc are used without SNGQDs. The probes GCE/(21-24)/HB5 showed great

storage stability over a 96-h period, with acceptable % RSD for biosensors.

Figure 7.3. Shelf-life estimation of the various sensors over 96 h. The stability of the probes upon
interaction with HER2 ([HER2] = 5 ng/mL, n = 3). Experiments were run in triplicate: error bars for each
day represent the SDEV calculated for the n = 3 per day for each probe. Values above bars are % RSD
values obtained over 4 days for each labelled probe. All in K3[Fe(CN)s]3/* (1 mM in 0.1 mol-L2KCl in
10 mM PBS (pH 7.4). Electrodes: (i) GCE/SNGQDs (3), (i) GCE/4 (21)/HBS5, (iii) GCE/4(r)SNGQDs
(22)/HBS, (iv) GCE/5 (23)/HB5(imine) and (v) GCE/5(t)SNGQDs (24)/HB5(imine).
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7.2.2. Complex 6 based probes: Sandwich vs. Single Aptamer

The stabilities of the best performing probes: GCE/SNGQDs@CeO;NPs/6 (seq.)/HB5/HER2
and GCE/SNGQDs@CeO;NPs/6 (seq.)/HB5/HER2/HB5-SNGQDs@CeO,NPs were determined.
The shelf life of each was estimated at [HER2] = 5 ng/mL in 10 Mm PBS (pH 7.4). The probes
were stored at 4 °C over a period of 96 h. After every 24 h period, the stability of the sensors
was investigated as mentioned above, Figure 7.4. Each measurement was made in triplicate
daily for each probe, up until the fourth day. The results showed that the EIS response
decreased to about 95% and 90 % for the aptasensors, GCE/SNGQDs@CeO,NPs/6
(seq.)/HB5/HER2/HB5-SNGQDs@CeO,NPs and GCE/SNGQDs@CeO,NPs/6 (seq.)/HB5/HER2,
respectively, of their initial value, indicating a very desirable stability. The sandwich assay

showed better stability compared to the single aptamer assay.
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Figure 7.4. The stability of the best performing conjugate-based substrate
GCE/SNGQDs@CeO;NPs/6 (seq.) (27), for both the single (blue) and the sandwich aptamer
assay (red). Where, ([HER2] = 5 ng/mL, n = 3). All in Kz[Fe(CN)e]>*”/*" (1 mM in 0.1 mol-L-1 KCl

in 10 mM PBS (pH 7.4).

7.2.3. CoP-BNF based electrodes: Aptamer vs. Antibody

The stabilities of the designed immunosensor and aptasensor were tested and compared
using the best electrodes of each (in terms of LOD): GCE/SNGQDs@AuNPs/CoP-BNF
(seq.)/HB5 and GCE/SNGQDs@AuNPs/CoP-BNF (seq.)/Trastuzumab, when comparing the
respective HB5 and Trastuzumab containing electrodes. The electrodes were prepared and

stored for 3 days at 4 °C, and monitored daily, Figure 7.5. There R values were retained as
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the first day up to 96% for the aptasensor, and 97% for the immunosensor. All electrodes
showed similar electrochemical response with acceptable relative standard deviations for

biosensors.

Figure 7.5. Stability of the GCE/SNGQDs@AuNPs/CoP-BNF (seq.)/HB5/HER2 and
GCE/SNGQDs@AuNPs/CoP-BNF (seq.)/Trastuzumab/HER2 over 3 days, [HER2] = 5 ng/mL. All

experiments were run in 1 mM Ks[Fe(CN)s]3*74 in 0.1 mol-L™* KCl in 10 mM PBS (pH 7.4).
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7.3. Surface Regeneration: Biosensor Reusability

Surface regeneration in biosensors can be defined as the ability to regenerate a sensing
surface to allow for reusability. The reusability of any sensor is a promise to an inexpensive
sensor design and development. Efficient regeneration involves the removal of a bound
analyte while preserving the integrity of the ligand/capture probe [236, 237]. This quality of
biosensors is highly dependent on the structural qualities of the capture probe, which then

influences the surface of the sensor.

7.3.1. Aptamer vs Antibody: CoP-BNF based electrodes

Aptamers compared to antibodies are structurally malleable and can exist in distinct
conformations under various conditions [238]. To investigate this advantage of aptamers in
biosensor design and efficiency, the surface regeneration of the biosensor was studied. The
surface regeneration efficiency of the antibody-HER2 antigen and aptamer-HER2 antigen
surfaces, was investigated and is reported in Figure 7.6. The successful regeneration of the
electrode surfaces was investigated based on three conditions: (i) the stability of the surface
chemistry of the biosensor before and after dissociation, (ii) the ability of the antibody-HER2
or aptamer-HER2 interaction to dissociate fully under the set conditions, and (iii) the stability
of the capture probes (aptamer/antibody) and their ability to retain activity and detect the
analyte after regeneration. The electrodes GCE/SNGQDs@AuNPs/CoP-BNF (seq.)/HB5/HER2
and GCE/SNGQDs@AuNPs/CoP-BNF (seq.)/Trastuzumab/HER2 ([HER2] =5 ng/mL) as the best
performing probes were investigated. The capture probes (aptamer/antibody)-HER2 antigen
were disrupted using the chemical method. pH = 2.0 and 7.4 PBS buffers were employed for
dissociation and regeneration, respectively. The probes were subjected to a pH 2 PBS buffer

to render the desorption of the HER2 antigen off of the surfaces. The electrodes were then
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rinsed with pH 7.4 PBS buffer to restore the conformation and integrity of the capture probes
where possible, prior to proceeding to the next cycle of measurement. The two sensor probes
GCE/SNGQDs@AuNPs/CoP-BNF  (seq.)/HB5erigna/HER2 (R« = 7040 Q) and
GCE/SNGQDs@AuNPs/CoP-BNF (seq.)/Trastuzumaborigina/HER2 (Rt = 10570 Q) were

incubated with pH 2 PBS buffer for 15 min, Table 7.1.

The % dissociation were calculated using eq. 7.1 below:

Ret (before treatment)~ Ret (after treatment) X 100 (7.1)

% dissociation =
Ree (before treatment)

where treatment means incubation with pH 2 PBS buffer. The progress of the capture probe-
antigen dissociation was checked first at 5 min, to which the GCE/SNGQDs@AuNPs/CoP-
BNF/Trastuzumab/HER2t=smin (Rt = 10193 Q) probe had % dissociation of 4%, while the
GCE/SNGQDs@AuNPs/CoP-BNF (seq.)/HB5/HER2=smin (Rct = 3213 Q) probe had % dissociation
of 54%, Fig. 7.6A. After 15 min had elapsed, the GCE/SNGQDs@AuNPs/CoP-BNF
(seq.)/Trastuzumab/HER2t=15min (Rt = 9106 Q) had a % dissociation of 14%, and the
GCE/SNGQDs@AuNPs/CoP-BNF (seq.)/HB5/t=15min (Ret = 1227 Q) with a % dissociation of 83%,
Fig. 7.6B, Table 7.1. To determine how much of the surface was regenerated, the probes
before coupling with HER2 (before HER2 detection) i.e., GCE/SNGQDs@AuNPs/CoP-BNF
(seq.)/HB5 (Ret = 1147 Q) and GCE/SNGQDs@AuNPs/CoP-BNF (seq.)/Trastuzumab (Rct = 3250
Q) were observed and compared to the R¢t values obtained after the 15 min of acid treatment
had elapsed, Table 7.1. Based on the Rt values, it is obvious that the HB5 aptamer containing

surface probe was regenerated, compared to that of the Trasmatuzab. The regenerated
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surface GCE/SNGQDs@AuNPs/CoP-BNF (seq.)/HB5egenerated (Ret = 1227 Q), was tested for its
reusability by detection of HER2 at 5 ng/mL: GCE/SNGQDs@AuNPs/CoP-BNF
(seq.)/HB5egenerated/ HER2, Fig. 7.6C. The Rt value obtained for the new surface (7313 Q) was
similar to that of the GCE/SNGQDs@AuNPs/CoP-BNF (seq.)/HB5criginal/ HER2 (Ret = 7040 Q)
probe, Fig. 7.6C. The results obtained showed the superiority of aptamers compared to
antibodies as a capture probe, where surface regeneration, reusability and cost effectiveness

are concerned.
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Figure 7.6. Nyquist plots obtained from surface regeneration of the probes: (A) GCE/SNGQDs@AuNPs/CoP-BNF
(seq.)/Trastuzumab and (B) GCE/SNGQDs@AuNPs/CoP-BNF (seq.)/HB5, respectively. Where in both plots (a)
represents the electrodes coupled with HER2 (5 ng/mL) prior to acid treatment, (b) and (c) electrode surfaces
after acid (pH 2) treatment for 5 min and 15 min respectively and (d) the respective probes without HER2. (C)
shows the successfully regenerated (using pH 7.4 buffer) GCE/SNGQDs@AuNPs/CoP-BNF (seq.)/HB5regenerated

surface towards HER2 (5 ng/mL) detection, (n = 3 cycles; i, ii, and iii).
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7.3.2. Single aptamer vs. Sandwich aptamer assay: Complex 6 based probes

The surface regeneration of the best performing probes: GCE/(27)/HB5/HER2/HB5-
SNGQDs@CeO;NPs and GCE/(27)/HB5/HER2 was investigated using the chemical method
[51]. pH = 2.0 and 7.4 PBS buffers were employed for dissociation and regeneration,
respectively as stated above. The probes were subjected to a pH 2 PBS buffer for a total of 15
min, to achieve the HB5-HER2 dissociation on the GCE. The electrodes were then rinsed with
pH 7.4 PBS buffer to restore the conformation and integrity of the capture probes. Results
obtained for both probes are shown in Figure 7.7. The single aptamer based aptasensor
GCE/(27)/HB5/HER2 showed good surface regeneration (successful HB5-HER2 dissociation),
as demonstrated by the progression of dissociation Fig. 7.7A (a-c). The resulting surface after
15 min, had a comparable Rc value (GCE/(27)/HB5regenerated = 22900 Q) compared to the
original GCE/(27)/HB5original (20400 Q) prior to surface regeneration experiments, Table 1, Fig.
7.7A(d). Similarly, for the sandwich probe GCE/(27)/HB5/HER2/HB5-SNGQDs@CeO:NPs, Fig.
7.7B (a-c): At the end of 15 min R values of 54900 Q for GCE/(27)/ HB5/HER2 egenerated, Which
was similar to the Rt = 55733 Q value obtained for GCE/(27)/HB5/HER2original prior to adding
the HB5-SNGQDs@CeO2NPs bioconjugate to form the sandwich assay. Based on the obtained
Rct values obtained post acid treatment, the surfaces based on the GCE/(27) surface were
regenerated, Table 7.1. The single aptamer based GCE/(27)/HB5egenerated aptasensor was
investigated for reusability, for the detection of [HER2] at 5 pg/mL. The Rc: value obtained for
the new surface GCE/(27)/HB5 egenerated/HER2 (57200 Q) was similar to that obtained originally
for GCE/(27)/HB5original/HER2 (55733 Q). The results further demonstrate the structural
flexibility and agility of aptamers as capture probes, where surface regeneration and

reusability are concerned.
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Figure 7.7. Nyquist plots obtained from surface regeneration of the probes: (A)
GCE/(27)/HB5/HER2 and (B) GCE/(27)/HB5/HER2/HB5-SNGQDs@CeO,NPs respectively.
Where in both plots (a) represents the electrodes coupled with HER2 (5 pg/mL) prior acid
treatment and after treatment of electrode surfaces with acid (pH 2) for (b) 5 min and (c) 15
min, and (d) the respective probes without HER2. Fig. 8C shows the successfully regenerated
(using pH 7.4 buffer) GCE/(27)/HB5 surface towards HER2 (5 pg/mL) detection, (n = 3 cycles,

i ii, and iii).
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Table 7.1. Table of summary of modified surfaces subject to surface regeneration by means

of acid treatment to attempt to break the receptor-HER2 interaction. Success is measured in

terms of R values: values in brackets 15t column vs. values in 2" column.

Modified Surface, R.: at t=0
HER2-HB5 / HER2-antibody

bound together

Modified Surface, Rctat t =15 min HER2-HB5 reformed using the
HER2-HB5 / HER2-antibody bond broken: regenerated surface
surface for sensing re-generated (HER2 detection with newly

formed surface)

GCE/(27)/HB5/HER2 GCE/(27)/HB5 GCE/(27)/HB5 egen/HER2
55773 Q 22900 Q 57200 Q
(20400 Q)

GCE/(30)/HB5/HER2 GCE/(30)/HB5 GCE/(30)/HB5/HER2

7040 Q 1227 Q 7313 Q
(1147 Q)
GCE/(30)/Trastuzumab/HER2 GCE/(30)/Trastuzumab

10570 Q 9106 Q -
(3250 Q) (Surface not regenerated)

Notes: The Trastuzumab-HER2 bond could not be broken therefore sensor not reusable,

blank space 3" column. Regenerated surfaces were re-used for HER2 detection, results shown

in column 3™ column, comparable to the non-bracketed values in 1t column implying re-

usability of probes.
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7.4. Conclusion

The probes were all tested for stability and each result was run in triplicate, with acceptable
%RSD values confirming the accuracy of the method of detection. The shelf-life stability
results, show that the designed aptasensors are stable even before interaction with HER2.
This is important, because the signal for HER2 detection is dependent on the ability of the
modification material (e.g., Pc 1-6) to hold steadfast the recognition element on the electrode
surface upon immobilization. Furthermore, it is important that the biological element used
maintains its integrity over the expected time, as this will determine the interaction with the
analyte and in turn the signal obtained. Great shelf-life was observed for the complex 2 and
3 based electrodes. The best performing being those based on complex 3, with ~ 99% of the
signal retained. It is important to note that in both complex 2 and 3, the shelf-life stability was
improved when combined with CeO;NPscoon. The probes modified with complex 4 and 5 also
showed great shelf-life with ~ 96% of the signal retained. Higher shelf-life stability was
observed when Pc complexes (4 and 5) were combined with SNGQDs. It is important to note
that for all sensors based on Pc (1-6), the Pc structure, its arrangement on the electrode as
well as its conjugation to a particular NP has been the key factors of consideration for signal
amplification and recognition element immobilization. The obtained results, where stability
of the designed sensors is concerned confirms the positive effect of each strategy. Evidently,
complex 3 performed better than complex 2, in the same way the asymmetric complex 5
performed better than the symmetric complex 4. Most importantly, in all cases better stability
was observed for all complexes when combined with the relevant NPs further confirming the
notion from previous chapters: that Pc complexes physicochemical properties of Pc are

improved by NPs. In the case of complex 6 and CoP-BNF based probes, where the major focus
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was antigen-receptor interactions. The sandwich assay showed better stability compared to
single aptamer assay. This demonstrates the role of sandwiching the HER2 antigen between
to recognition elements compared to just one. In the case of CoP-BNF probes, where both an
HB5 aptamer and antibody are used for biorecognition: the stability of both the
immunosensors and aptasensors was comparable. This result emphasizes the significance of
either biorecognition element in biosensor design. The antibody and aptamer have obvious
structural difference and properties, the receptors showed good stability at the pH 7.4. The
overall results clearly show that the sensors designed were stable, even post interaction with
the analyte over the set period of 96 h at pH 7.4. The reusability of the sensors in this work
was investigated using GCE/SNGQDs@CeO2NPs/6 (seq.) (27) and GCE/SNGQDs@AuNPs/CoP-
BNF (seq.) (30): On the modified surface GCE/SNGQDs@CeO2NPs/6 (seq.) (27) a sandwich
assay and single aptamer assay was explored, and on the GCE/SNGQDs@AuNPs/CoP-BNF
(seq.) (30) surface an aptamer and an antibody were immobilized separately for HER2
detection. In the case of GCE/SNGQDs@AuNPs/CoP-BNF (seq.) (30) surface-based sensors,
the aptamer showed itself as a labile bioreceptor compared to the antibody. The aptamer
based GCE/SNGQDs@AuNPs/CoP-BNF (seq.)/HB5 was successfully regenerated and reusable,
while the opposite was observed for the antibody based GCE/SNGQDs@AuNPs/CoP-
BNF/Trastuzumab probe. This result, in the context of biosensor reusability and surface
regeneration, shows the aptamer as the superior biorecognition element compared to the
antibody. Both the single and sandwich aptamer assays based on the
GCE/SNGQDs@CeO;NPs/6 (seq.) (27) surface, were successfully regenerated further
cementing the agility and validity of the aptamer in the design of low cost and reusable

sensors towards the detection of disease biomarkers.
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8.Summary, conclusions and
prospects

This chapter summarizes all the work discussed in this thesis and highlights again the
novelty of the work and the new perspective it has brought to the fabrication and the

development of breast cancer early diagnostic tools.
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8.1. Thesis Overview

This thesis reports for the first time, on the use of CoPc complexes in combination with
SNGQDs, AuNPs, CeO2NPscoon for electrode modification for the sensitive detection of the
early-stage breast cancer biomarker HER2. Similarly, a CoP-BNF was used and conjugated to
SNGQDs@AuNPs. The nanostructures were synthesized and fully characterized prior to being
used as electrode modifiers. The GCE was chosen as a transducing element, and as a result
was modified and characterized at each step towards biosensor design. In some cased, a GCP
was used for characterization. The adsorption/drop dry method was used as a technique for
electrode modification, resulting in stable sensing platforms. The modified GCEs were used
for signal transduction and immobilization of biorecognition elements specific to the HER2
antigen: HB5 aptamer and a trasmatuzab antibody. Different strategies for enhanced signal
using the designed nanostructures were explored: varied Pc structure and symmetry, as well
as conjugation of Pcs to different NPs for the development of novel sensing platforms. For the
first time, antigen-receptor interactions; sandwich assay vs. single aptamer and antibody vs.

aptamer for maximum signal were explored.

Throughout the thesis, the significance and role of combining two or more nanomaterials on
the electrode surface in sensor design was demonstrated. The Co tetra carboxy phenoxy
phthalocyanine (1), showed the highest sensitivity and low LOD values towards HER2 when
combined with both PPy and SNGQDs: GCE/PPy@SNGQDs/1/HBS5. Similarly, Co tetra phenoxy
propionic acid (2) and Co tetra phenoxy acetic acid (3), performed better when combined with
CeO,NPs; GCE/Ce0O3NPscoon/2 (seq.)/HB5, GCE/Ce02NPscoon/3 (seq.)/HB5. The same was
observed for Co tetra acetylphenoxy phthalocyanine (4), Co tris-(acetylphenoxy)-mono-
phneoxyacrylic acid phthalocyanine (5), Co tris-3,5- dimethyl — phenoxy pyridine (5) -oxy- (2)-

carboxylic acid phthalocyanine (6) and CoP-BNF when combined with SNGQDs,
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SNGQDs@AuNPs and SNGQDs@CeO;NPs, respectively. The effect of structure as relates to
the ligands or functional groups, can be deduced from the individual Pc complexes (1-6). The
highest sensitivity and lowest LOD was obtained for the asymmetric Pc 6, compared to the
symmetric 1 - 5. All complexes 1 -4 are tetra substituted, the performance of the complexes
was in the order 3>2 >4 > 1. The best performing of all was observed to be complex 3, placing
the phenoxy acetic acid ligand superior in electron distribution in the Pc molecule and the
opposite can be said for complex 1 and the carboxyphenoxy ligand in a tetra substituted Pc.
Complex 4 had almost three times the sensitivity of complex 1, this rendered the
acetophenone ligand superior compared to carboxyphenoxy ligand. The specific detection of
HER2 by the fabricated sensing platforms was aided by the HB5 aptamer. The primary
chemistry of immobilization used is the DDC/NHS amide bond linkage. For the complexes 4
and 5, acid catalysed imine bond formation was used. The effect of method of HB5
immobilization is demonstrated by the results obtained for complex 5: the complex has three
acetophenone ligands and a single phenoxyacrylic acid ligand. A higher sensitivity and low
LOD value were observed in the case where HB5 was immobilized via imine bond; GCE/5/HB5
(imine), compared to when immobilized via amide bond GCE/5/HB5 (amide). More than the
Pc structure, using the imine bond allows for linking of HB5 onto Pc 5 via three ligands, while

the amide bond is only on one ligand, hence the higher sensitivity and low LOD value.

The antigen-receptor interactions and their role in the performance of a biosensors towards
HER2 detection are reported. This thesis clearly outlines the superiority of the sandwich assay
compared to the label free/single aptamer assay; the best performance was observed for the
former compared to the latter in terms of LOD and sensitivity. Secondly, this thesis outlines
the superiority of the HB5 aptamer compared to the Trastuzumab antibody in the

electrochemical detection of HER2, at pH 7.4. These antigen-receptor interactions were
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further characterized and differentiated using chemical surface regeneration to investigate
the reusability of the designed sensors. The sandwich assay and single aptamer assay were
proven reusable, as both surfaces were successfully regenerated. This is attribute to the
structural flexibility of the aptamer as biorecognition as well as its lability as a ligand. A
different outcome was observed for the Trastuzumab antibody when compared to the HB5
aptamer on the surface: GCE/SNGQDs@AuNPs/CoP-BNF. The surface
GCE/SNGQDs@AuNPs/CoP-BNF/Trastuzumab could not be regenerated owing to the
structural rigidity of the antibody compared to the aptamer, further showing aptamers
preferable where reusability of biosensors is concerned. All sensors designed in this work
showed good shelf-life stability and repeatability. The sensors designed in this work were all
tested in real life samples, and acceptable percentage recoveries of the spiked HER2
concentrations were obtained. In all cases, the biosensors characteristics: sensitivity, LOD,
linearity, repeatability and reusability were investigated. The designed sensors showed
excellent results in the detection of HER2 in buffer and human serum sample. Furthermore,
the sensors showed good linearity, sensitivity, repeatability with detection limits less than the
2-15 ng/mL HER2 cut-off value. The sensors showed sensitivity towards the HER2 protein and
have considerable potential as an effective alternative method for the early detection of

HER2.
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8.2.  Future Perspectives

The results demonstrate the efficacy and potential of metallophthalocyanines and porphyrin-
related structures as electrode modifiers towards biosensor design. Furthermore, combining
these cobalt based structures with various nanoparticles resulted in improved electron
transfer and sensing efficiency. The best performing nanoparticle towards HER2 was observed
to be AuNPs compared to the otherwise carbon based GQDs and CeO,NPs. Be as it may, non-
precious metallic nanoparticles are preferred owing to their abundant starting material and
affordability. Therefore, as attempted in this work non-metallic carbon-based nanomaterials
should be explored; both alone and in combination with other nanoparticles/nanomaterials
toward low-cost and simple biosensor design. Further studies, can be conducted exploring
more CoPc molecules with functional groups other than carboxylic groups. Different HER2
specific aptamers, other than the HB5 DNA aptamer can be investigated for recognition. In
the case of sandwich assay, a secondary aptamer different from the primary aptamer can be

used: combining two or more HER2 specific aptamers could even be better.
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Table Al. Performance (as % recovery) of the GCE/ (2-11) probes towards HER2 (in ng/mL)

detection in human serum. SDEV = standard deviation

GCE/1 (2)/HB5
[HER2] % [HER2]
added Ral1(22) Ri2(2) R+3(Q) Average SDEV % RSD Recovered
1 987 865 1090 981 113 11.49 161
3 2270 2570 2750 2530 242 9.58 63
5 1290 1310 1300 1300 10 0.77 44
7 2100 2010 2290 2133 143 6.70 70
9 1510 1580 1590 1560 44 2.79 79

GCE/SNGQDs (3)/HB5

[HER2] % [HER2]
added Rl (@2 Ra2(Q2 Ra3(Q2 Average SDEV % RSD Recovered
1 829 821 816 822 7 0.80 121
3 1530 1600 1540 1557 38 2.43 67
5 5270 4880 4841 4997 237 4.75 57
7 2330 2420 2310 2353 59 2.49 31
9 1900 1970 1880 1917 47 2.47 23

GCE/PPy@SNGQDs (4)/ HB5

[HER2] % [HER 2]
added Rat1(€2) Ri2(€2) Ra3 (L) Average SDEV % RSD Recovered
1 1094 1100 1000 1065 56 5.27 138
3 8790 8500 9090 8793 295 3.35 91
5 12500 12100 11300 11967 611 5.11 71
7 16400 16200 17200 16600 529 3.19 78
9 20872 20920 21000 20931 65 0.31 87
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GCE/PPy@1 (5)/ HB5

[HER2] % [HER2]
added Ral1(22) Ri2(R2) Ri3(Q2) Average SDEV % RSD Recovered
1 1310 1390 1470 1390 80 5.76 130
3 4120 4340 4720 4393 304 6.91 80
5 4560 4910 5280 4917 360 7.32 54
7 7650 8210 7380 7747 423 5.47 75
9 2970 2940 3060 2990 62 2.09 19

GCE/PPy@1/SNGQDs (7)/ HB5

[HER2] % [HER2]
added Rl (2) Ri2(2) R«3(Q) Average SDEV % RSD Recovered
1 5600 5980 5700 5760 197 3.42 186
3 8530 8410 8700 8547 146 1.70 67
5 23400 23600 23500 23500 100 0.43 64
7 30800 30400 30500 3567 208 0.68 58
9 43000 44500 48000 45167 2566 5.68 71

GCE/PPy/SNGQDs(seq.) (8)/HB5

[HER2] % [HER2]
added Rt1(€2) Ri2(2) Ri3(Q) Average SDEV % RSD recovered
1 43000 40700 48500 44067 4008 9.10 126
3 11300 11500 10900 11233 306 2.72 77
5 6920 6480 7130 6843 332 4.85 50
7 7640 7130 7900 7557 392 5.18 46
9 21470 21040 21000 21170 261 1.23 21
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GCE/PPy/1 (seq.) (9)/HB5

[HER2] % [HER2]
added Ral1(22) Ri:2(Q2) R+3(2) Average SDEV % RSD Recovered
1 7910 7760 7880 7850 79 1.01 163
3 11500 12600 12300 12133 569 4.69 81
5 8640 9610 9220 9157 488 5.33 60
7 11100 12100 12600 11933 764 6.40 51
9 8640 9610 9220 9157 488 5.33 39

GCE/PPy/SNGQDs/1 (seq.) (10)/HB5

[HER2] Rct2 Rat3 % [HER2]
added Ra1(Q) (Q) (Q2) Average SDEV % RSD recovered
1 1240 1250 1200 1230 26 2.15 197
3 4210 5010 5680 4967 736 14.82 80
5 9190 9180 9800 9390 355 3.78 62
7 18600 18080 18120 18267 289 1.58 72
9 26400 27000 27900 27100 755 2.79 93

Table A2. Performance (as % recovery) of the GCE/ (12-20) probes towards HER2 (in ng/mL)
detection in human serum. SDEV = standard deviation

GCE/2 (12)/HB5

[HER2] added Rx1(Q) Rx2(Q) Ra3(Q) Average SDEV  %RSD  %[HER2]

ng/mL recovered
3 11920 12100 11900 11973 110 0.92 56
5 17100 17300 18100 17500 529 3.02 43
7 19400 18900 19100 19133 252 1.32 34
9 26000 26200 25800 26000 200 0.77 40
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GCE/3 (13)/HB5

[HER2] added  R«1(Q) Rx2(Q) Ra3(Q) Average SDEV % RSD  %[HER2]
ng/mL recovered
3 8390 8170 7750 8103 325 4.01 65
5 13400 14200 13800 13800 400 2.90 55
7 18300 17800 18400 18167 321 1.77 50
9 19400 20100 19300 19600 436 2.22 43
GCE/CeO2NPscoon (14)/HB5
[HER2] added R«:1(Q) Ru2 Ret3 Average SDEV % RSD %[HER2]
ng/mL (Q) (Q) recovered
3 5160 5520 5860 5513 350 6.35 66
5 6810 7340 7000 7050 269 3.81 51
7 8910 8950 8930 8930 20 0.22 50
9 9600 9630 9400 9543 125 1.31 51
GCE/SNGQDs/3(seq.) (17)/HB5
[HER2] added R:1(Q) Rct 2 Rt3 Average SDEV % RSD %[HER2]
ng/mL (Q) (Q) recovered
3 1320 1300 1290 1303 12 0.96 119
5 4010 3950 3910 3957 41 1.04 58
7 9740 9750 9970 9820 106 1.08 81
9 14800 14700 15300 14933 262 1.76 93
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GCE/3(r)SNGQDs (18)/HB5

[HER2] added R«1(Q)  Ru2 Rt3 Average SDEV % RSD %[HER2]
ng/mL (Q) (Q) recovered
3 7000 7120 7100 7073 64 0.91 114
5 11400 12300 13100 12267 694 5.66 59
7 24000 23000 23600 23533 410 1.75 94
9 27000 27200 27100 27100 81 0.30 91
GCE/AuUNPs (19)/HB5
[HER2] added Rt 1 (Q) Rct 2 Rct3 Average SDEV % RSD %[HER2]
ng/mL (Q) (Q) recovered
3 18200 18800 18700 18567 262 1.41 120
5 38700 38900 38400 38667 205 0.53 66
7 60200 60400 60800 60467 249 0.41 63
9 8200 80000 85200 57800 35137 60.79 79
GCE/AuNPs/3 (seq.) (20)/HB5
[HER2] added R«1(Q) Rct 2 Rt3 Average SDEV % RSD %[HER2]
ng/mL (Q) (Q) recovered
3 8400 8100 8000 8167 208 2.55 120
5 19200 19300 19700 19400 265 1.36 93
7 25300 25600 25000 25300 300 1.19 86
9 30900 30400 30000 30433 451 1.48 91
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Table A3. Performance (as % recovery) of the GCE/ (21-24) probes towards HER2 (in ng/mL)
detection in human serum. SDEV = standard deviation

GCE/4 (21)/HB5

[HER2] added R«:1(Q) Rct2 Re3 Average SDEV % RSD %[HER2]
ng/mL (Q) (Q) recovered
1 41000 40500 40000 40500 408 1.01 105
3 49500 49200 51000 49900 787 1.58 62
5 58400 58900 58500 58600 216 0.37 64
7 65100 64800 65500 65133 287 0.44 68
GCE/4(r)SNGQDs (22)/HB5
[HER2] added R:1(Q) Rct 2 Re3 Average SDEV % RSD %[HER2]
ng/mL (Q) (Q) recovered
1 15000 15500 16000 15500 408 2.63 117
3 31000 31500 29000 30500 1080 3.54 80
5 42000 41000 40500 41167 624 1.51 80
7 49400 49900 49200 49500 294 0.59 84
GCE/5 (23)/HBS5 (imine)
[HER2] added Rx1(Q)  Ru2 R«3 Average SDEV % RSD %[HER2]
ng/mL (Q) (Q) recovered
1 17900 17200 17300 17467 309 1.77 105
3 38500 38000 39000 38500 408 1.06 71
5 52400 54900 59800 55700 3074 5.52 75
7 65900 64500 68500 66300 1657 2.50 76
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GCE/5(mt)SNGQDs (24)/HBS5 (imine)

[HER2] added Rx1(Q)  Ra2 Re3 Average SDEV % RSD %[HER2]
ng/mL (Q) (Q) recovered
1 29300 26400 33400 29700 2871 9.67 116
3 54600 58000 50000 54200 3278 6.05 77
5 70800 68200 71000 70000 1275 1.82 75
7 84900 81600 82100 82867 1452 1.75 79

Table A4. Performance (as % recovery) of the GCE/ (25-26) probes towards HER2 (in pg/mL)
detection in human serum. SDEV = standard deviation

GCE/SNGQDs@CeO,NPs (25)/HB5

[HER2] added Ri1(Q)  Re2 R«3 Average SDEV  %RSD %[HER2]
pg/mL (Q) (Q) recovered
1 7250 7300 7350 7300 50 0.68 110
3 37900 38700 36800 37800 954 2.52 65
5 65000 66000 67000 66000 1000 1.52 64
7 89000 89700 88000 88900 854 0.96 70
GCE/SNGQDs@CeO;NPs (25)/HB5/HER2/HB5-SNGQDs@CeO,NPs
[HER2] added R«:1(Q) Rct 2 Rt 3 Average SDEV % RSD %[HER2]
pg/mL (Q) (Q) recovered
1 11400 11600 11500 11500 100 0.87 101
3 58000 58400 57600 58000 400 0.69 77
5 91000 87000 86000 88000 2646 3.01 78
7 110000 106000 108000 108000 2000 1.85 80

278



GCE/6 (26)/HB5

[HER2] added R:1(Q) Rct 2 Rt 3 Average SDEV % RSD %[HER2]
pg/mL (Q) (Q) recovered
1 472 470 474 472 2 0.42 179
3 59500 59600 59400 59500 100 0.17 71
5 288000 278000 298000 288000 10000 3.47 84
7 398000 400000 399000 399000 1000 0.25 83
GCE/6 (26)/HB5/HER2/HB5-SNGQDs@CeO;NPs
[HER2] added R:1(Q) Rct 2 Rct3 Average SDEV % RSD %[HER2]
pg/mL (Q) (Q) recovered
1 4980 4960 5000 4980 20 0.40 202
3 190000 195000 185000 190000 5000 2.63 86
5 572000 588000 580000 580000 8000 1.38 87
7 787000 792000 791000 790000 2646 0.33 83

Table A5. Performance (as % recovery) of the GCE/ (28-29) probes towards HER2 (in pg/mL)

detection in human serum. SDEV = standard deviation

GCE/SNGQDs@AuNPs (28)/HB5

[HER2] added Rt1(Q) Rct2(Q) Ri3(Q) Average SDEV % RSD %[HER2]
ng/mL recovered

1 518 545 562 542 22 4.10 107

3 6430 6750 6680 6620 168 2.54 68

5 11100 11500 11230 11277 204 1.81 66

7 16400 16600 17500 16833 586 3.48 85
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GCE/SNGQDs@AuNPs (28)/Trastuzumab

[HER2] added  Rx1(Q) R«2(Q) Rx3(Q) Average SDEV  %RSD %[HER2]
ng/mL recovered
1 4130 4160 4000 4097 85 2.1 106
3 6560 6220 6780 6520 282 4.3 85
5 7790 8500 9090 8460 651 7.7 71
7 11100 12000 12500 11867 710 6.0 90
GCE/CoP-BNF (29)/HB5
[HER2] added Rt1(Q) R«2(Q) Ra3(Q) Average SDEV % RSD %[HER2]
ng/mL recovered
1 130 132 136 133 2 1.88 130
3 1460 1560 1590 1537 68 4.43 68
5 3270 3150 3410 3277 106 3.24 67
7 5620 5440 5530 5530 90 1.63 90
GCE/CoP-BNF (29)/Trastuzumab
[HER2] added Rt1(Q) R«2(Q) Ra3(Q) Average SDEV % RSD %[HER2]
ng/mL recovered
1 3150 3170 3600 3307 254 7.7 109
3 3560 3680 3990 3743 222 5.9 76
5 4900 5500 5410 5270 324 6.1 77
7 5960 6140 6200 6100 125 2.0 74
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