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ABSTRACT

Background: Surface Enhanced Raman Spectroscopy is a potent and unique spectroscopy
technique for ultrasensitive sensing and trace detection of analyte adsorbed on the SERS substrate.
Light driven technologies have contributed to improving the quality of life for centuries therefore
an optical biosensor based on SERS technology using nanostructures as potential SERS substrate
can be an effective, portable and sensitive analytical device for rapid diagnosis of infectious
diseases. In current study, the potential of gold nanostars to exhibit high SERS spectra and ultra-

sensitive detection against the target analyte (TB DNA) was evaluated.

Methodology: Gold nanostars were synthesized using seed mediated protocol and were
characterized using UV-Vis spectroscopy and scanning electron microscope (SEM). MPTMS
functionalized glass slides were coated with gold nanostars where thiol groups served as linkage
moieties for immobilization process. Afterwards, single stranded thiolated DNA probes were
drop casted onto the gold nanostars adsorbed glass slides. Eventually, SERS analysis was
performed for the target (TB DNA) and non-target analyte (E.coli DNA) along with control group
(without SERS substrate) to analyze the sensitivity of the sensor and for comparative analysis

respectively.

Results: UV-Vis analysis revealed the distinct peak at 664nm attributed to gold nanostars whereas
SEM analysis demonstrated the characteristic morphology of gold nanostars with sharp tips and
branches. FTIR spectra of functionalized glass slides confirmed the glass coating via MPTMS
through the presence of C-H bending, a characteristic of MPTMS. SERS spectra analysis against
the target DNA resulted in high Raman intensity in comparison to non-target analyte (E.coli DNA)
and control thereby successfully demonstrating the specificity and sensitivity of our SERS

biosensor.

Conclusion: These findings suggest that gold nanostars serve as a potential substrate for the
development of SERS based biosensors for more rapid, robust, specific and ultra-sensitive
detection hallmark against and can be used for generating even more potent and versatile SERS

sensors in the future.

Keywords: SERS, Raman intensity, Gold nanostars, Optical biosensor, Rapid disease diagnosis,
TB DNA.
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Chapter 1

1. INTRODUCTION

1.1 Biosensor System
The term biosensors refer to an integrated analytical device that transduces the biochemical
interactions between an analyte that needs to be detected with a biomolecule into optical, thermal,
or electrical signal that is easily measured or quantified. In a biosensor, the bioreceptor (antibodies,
enzymes, DNA, and even whole cells and microorganisms) is designed according to the specific
analyte of interest to produce a response measured by a transducer. These analytical biosensors
with biological sensing elements have acquired paramount importance in fields of diagnostics,
biomedicines, drug discovery and delivery, environmental sustainability and food processing and

safety (Srivastava et al., 2016). The working principle of a biosensor is illustrated in Fig. 1.

The first biosensor Clark electrode was invented in 1956 by Clark Jr. for the continuous detection
of oxygen in blood during by-pass surgery. Glucometer, the first prototype of glucose sensor was
also built by Clark in 1962. Biosensors as diagnostic tools need to fulfill certain requirements that
are prerequisite to be as employed as efficient sensing devices like high sensitivity, selectivity,
reproducibility, portability, chemical and mechanical stability. The objective of designing
biosensors involves its advantages over conventional analytical methods such as miniaturization,

portability, and minimal sample preparation (Filip et al., 2018).

I Bioreceptors I I Transducers I
* Aniibonles . Electrochemical /V
H e WE Enome " Opica
et kA Inclaic: Ackss Piezoclectric /l/ o
RS HE wnoke o Calorimetric 4/
Molecular Imorints /
s les vith T t » - Amplification User Interface
S WAk Ko BIOSENSOR

Figure 1 Components of a typical biosensor. The bioreceptor recognizes the analyte while the

transducer converts biological response into measurable signal.
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Chapter 1

1.2 Biosensors and Nanotechnology in Diagnostics

Nanotechnology is well-known research filed presented by Nobel laureate Richard P. Feynman
during his famous 1959 lecture, “There’s a plenty of room at the bottom.” (Feynman, 1992).

Since then, various revolutionary developments at the nanoscale have been made and thus played
an increasingly important role in enhancing the sensitivity and specificity of biosensors at the
nanoscale. Nanostructures have attracted the attention of researchers during the past few decades
as excellent substrates for Surface Enhanced Raman Spectroscopy because of their characteristics
and superior optical properties in comparison to bulk materials (Bellah et al., 2012; Botta et al.,
2018). Biosensors using nanomaterials allow the use of new signal transduction technologies and

rapid analysis of different molecules can be performed in-vivo, owing to their sub-micron size.

1.2.1 SERS as Emerging Biosensing Technology

The discovery of SERS 35 years ago became prominent when it was observed that the efficiency
of Raman Scattering increases by 10* to 108 when it is aided by nanostructured metal surfaces. The
Surface Enhanced Raman Scattering is a modification of Raman Scattering aided by metallic
Nanoparticles. It is a powerful emerging biosensing technology that has shown great potential in
the field of Diagnostics. This technology relies on the principle of utilizing the vibrational
properties of metallic Nanoparticles to enhance the Raman Scattering of analytes. The prominent
feature of SERS is that it can detect trace number of analytes with high specificity and selectivity.
The ability of SERS to provide label-free and robust detection of analytes makes it an attractive
technology for diagnostic purposes including drug delivery, early disease diagnosis and
importantly, for monitoring therapeutic efficiencies. Moreover, the development of portable SERS
devices to point-of-care diagnostics highlights the potential of this technology to revolutionize the
field of diagnostics (Butler et al., 2016; Premasiri et al., 2005).

1.2.2 Advantages of SERS for Biomedical Analyses
SERS has been exploited in biomedical applications for the detection and identification of

biomarkers. SERS offer several advantages for biomedical analyses as follows:

o Large increase in scattering cross-section permits the identification of diluted samples and
analytes of low concentration in biological samples.

e  SERS offers sensitivity to different molecular species in a complex mixture than Raman
scattering.
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e  The competitive metal binding specificity of different molecular species selects for
components over others and this selectivity attribute of SERS is highly applicable for
biological mixture sample applications.

e  Due to efficient energy transfer to the metal surface, fluorescence is effectively quenched in
SERS than in Raman scattering.

Speed, enhanced sensitivity and specificity and fluorescence elimination provide the basis for
SERS-based optical sensor solutions in clinical settings and biomedical applications (Butler et al.,
2016).

1.3 Nanostructures

Nanostructures have gained prominence in the past few decades owing to high surface/volume
ratio and ultra-small building units that impart nanostructures to exhibit characteristic specific
properties including mechanical, optical, electronic, and magnetic properties. These plasmonic
nanostructures are of great importance because their size can affect the physio-chemical properties
of a substance. A wide range of diversity prevails in nanostructures ranging from nanoparticles to
nanorods, nanoribbons, nanocages, and nanowires. Novel Nanomaterials in bioassay applications
is a rapidly advancing field owing to their exceptional characteristics. These characteristics have
made Nanostructures important in various application fields such as clinical diagnostics,
biosensors, nanosensors, catalysis, solar cells, drug delivery, and forensic sciences (Jianrong et al.,
2004).

1.3.1 Nanoparticles in Biosensing
Metallic noble nanoparticles have numerous applications in the development of biosensors.
Functional Nanoparticles having optical and magnetic properties when bound to the biological
molecules like enzymes, antibodies, DNA, proteins, and nucleic acids act as a biosensor that can
be used to detect and amplify the signals generated by the transducer. Nanoparticle based
biosensors include optical biosensors, piezoelectric biosensors, magnetic biosensors, and

electrochemical biosensors.

Plasmonic Nanoparticles particularly Gold and Silver are most important during the development
of optical biosensors as these are known to generate localized surface plasmon resonance (LSPR)

which is exploited in SERS to amplify the intrinsically weak Raman Signal for analyte detection.
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The LSPR and SERS enhancement can be modulated by changing the size, shape, and composition
of the nanoparticles. In SERS based sensing applications these plasmonic nanoparticles act as
efficient SERS substrates to produce high SERS enhancement factor, thereby contributing to
analytical sensitivities (De Silva Indrasekara et al., 2018; Indrasekara et al., 2014).

1.4 SERS based Biosensors for Infectious Disease Diagnosis
Diagnosis is the key component for the eradication of infectious disease to improve global health.
Accurate and early diagnosis of infectious diseases, particularly vector-borne and bacterial
infections is crucial for effective disease management and to prevent deadly epidemics. Infectious
diseases caused by parasites, bacteria, mosquito-borne and viruses and fungi are responsible for
15 million deaths each year accounting for 95% deaths in under-developing countries. Early
diagnosis is critical and challenging because of low concentration of biomarkers and demanding
bioanalytical techniques that can provide high sensitivity and ensured specificity. This emphasizes
the urge to develop robust diagnostic techniques with highly sensitive detection capabilities that
can revolutionize the diagnostics field and thereby, providing analytical tools for early
biomolecules detection.
Current diagnostic techniques include highly sensitive Polymerase Chain Reaction (PCR) which
has quite technical challenges and is expensive for implementation in resource-limited settings.
Light microscopy based cytological examination is another diagnostic modality with high
specificity but has one drawback of having poor sensitivity (Caliendo et al., 2013).
The gold standard method for diagnosing bacterial infections is cell-culture method which is time-
consuming and slow. It may take 24 hours or more for fastidious organisms to culture a bacterial
pathogen and sometimes 24-48 hr. (or longer) for antimicrobial susceptibility to be determined.
This results in the physicians prescribing broad-spectrum antibiotics that kill large range of
different micro-organisms until the culture results arrives and this practice is undoubtedly one of
the major reasons of increasing prevalence of drug-resistant bacteria (Caliendo et al., 2013).
Due to prolonged diagnostic period of bacterial detection, antibiotics are prescribed based on the
presentation symptoms contributing to ineffective treatment, chronic infections, and proliferation
of multi-drug resistant bacteria. In light of this, there is a need to develop robust, cost-effective,
and highly sensitive and specific and portable diagnostic tools that can extend to point-of-care

applications (Hamm et al., 2019).

17|Page



Chapter 1

Owing to the inherent optical and chemical properties of noble plasmonic nanoparticles, when
combined with Raman Spectroscopy resulted in a powerful analytical tool SERS which is Surface
Enhanced Raman Scattering; particularly advantageous for diagnostic purposes and has emerged
as new detection modality because SERS has the potential to meet the unmet biomedical need for
the rapid and specific detection of bacterial cells present in the complex human body fluids
(Caliendo et al., 2013).

1.4.1 Tuberculosis

Tuberculosis (TB) is among the oldest human diseases with a high mortality rate in Third World
developing countries, owing to poverty, poorly ventilated and over-crowded conditions. TB is a
contagious bacterial airborne disease that causes people in severe poverty to get infected by this
deadly bacterium due to working in crowded places with poor ventilation, resulting in the
progression of the disease. The causative agent of TB is Mycobacterium Tuberculosis primarily
affects the lungs, but it can also affect other organs such as the brain, spine, and kidneys. The
global incidence of TB is 10.6 million people each year as reported by the World Health
Organization (WHO) (Chakaya et al., 2021).

TB is endemic in many low- and middle-income countries, with the highest burden of disease in
Africa and Southeast Asia. According to the WHO, there were an estimated 10 million cases of TB
worldwide in 2019, with 1.4 million deaths (Chakaya et al., 2021). In terms of risk factors, TB
primarily affects people with weakened immune systems, such as those living with HIV/AIDS,
people who smoke tobacco, people with malnutrition, and people living in crowded or poorly
ventilated conditions. TB is also more common in certain age groups, with the highest incidence
among adults aged 25-44 years. Detection of TB is a major problem as the majority of people
being co-infected with another deadly virus HIV which is 60% of the cases. Currently, TB
diagnosis is a major concern; with the majority of TB patients being sputum scarce (including HIV
coinfected patients), others being smear-negative (low concentration of TB bacteria in the sputum).
However, early diagnosis of TB can help prevent the propagation of the bacteria (Chakaya et al.,
2021).
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1.4.2 Conventional TB Detection Techniques

There exists a variety of conventional diagnostic procedures for the diagnosis of TB bacteria with
varied limitations in test duration, sensitivity, accuracy, and diagnostic expenses. The standard
diagnostic test for Tuberculosis includes fluorescent staining and Ziel-Neelsen Staining. Simple
Microscopy is generally simple but lacks sensitivity. Similarly, the Sputum Culture Test accurately
identifies Mycobacterium tuberculosis through the sputum sample of infected patients. Despite
high- specificity, it takes almost 1 to 8 weeks for the sputum culture to grow and requires
specialized workers and a BSL-2 facility. The Nucleic Acid Amplification NAA test due to its high
specificity to confirm positive sputum smear makes it a more accurate diagnostic test but it shows
limitations toward extra-pulmonary TB. Recent advancements in molecular diagnostics have made
it possible to develop a DNA or peptide-based biosensor to detect TB directly from the specimens.
Therefore, rapid, and accurate diagnosis of TB is crucial to accelerate treatment efficacy and
mitigate disease progression (Wolinsky, 1994).

1.4.3 SERS-based Optical Biosensor for TB Diagnosis
Light-driven technologies have contributed to improving the quality of life for centuries. In the
past few decades, light-based technologies over-employed materials have been used for
advancement in the fields of medicine and energy. In light of this, a new research field
“Plasmonics” has emerged. For TB diagnosis, an optical biosensor based on SERS technology
and gold nanoparticles as a SERS substrate can be an effective and highly sensitive analytical tool
for diagnosis. An optical biosensor consists of a gold-coated glass slide onto which the insertion
sequence is adsorbed. It works on the principle of LSPR which is Localized Surface Plasmon
Resonance. For LSPR, gold nanoparticles have received special attention due to their chemical
inertness and synthetic accessibility. Anisotropic AuNPs (stars, cubes, cages) are superior to
spherical AuNPs due to high electric field enhancements at sharp edges and tips rendering them as
efficient plasmonic substrates for Surface Enhanced Raman Spectroscopy. When an incoming light
falls onto the metal surface, the free electrons undergo coherent oscillations. When such
oscillations are restricted to a metal-dielectric interface and light interacts with the particles much
smaller than its wavelength, it results in the generation of LSPR, and the resulting optical signal is
converted by the transducer for analytical purposes. Therefore, the development of such biosensors

will result in more robust, rapid, highly specific, and sensitive detection for TB diagnosis.

19|Page



Chapter 1

1.5 Rationale
Since the conventional diagnostic biosensors have limitations including long durations to detect
tuberculosis, need infrastructure, requiring a technician to operate, etc., thus we propose a robust

and sensitive optical SERS DNA biosensor solution to serve humanity.

1.6 Aim of the project

This project aims to synthesize gold nanostars and determine if they have the potential to be used

as SERS substrates to detect tuberculosis disease.

1.7 Objectives

The main objectives are:

1. Selection of nanoparticles that show the best SERS response through literature review.

2. Synthesis of SERS substrate (gold nanostars) & attachment of these gold nanostars to
functionalized glass slides.
Functionalization of gold nanostars modified glass slides with thiolated DNA Probes.

4. Morphological Characterization of substrate & SERS Analysis of analyte (TB DNA).
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2. LITERATURE REVIEW

2.1 Surface Enhanced Raman Spectroscopy
Surface Enhanced Raman Spectroscopy is a powerful and unique spectroscopy technique for
ultrasensitive sensing and trace detection of analyte adsorbed on the SERS substrate i.e. on the
surface of metallic nanoparticles or roughened metallic surfaces (Betz et al., 2014; Deng et al.,
2018; Liu et al., 2021; Pérez-Jimenez et al., 2020). The use of noble metallic nanomaterials as
substrates amplify the Raman scattering intensity of the analyte by 6-8 times, thereby enabling
SERS to detect the concentration of an analyte as low as that of a single molecule and thus
overcoming the disadvantage of low sensitivity as seen with conventional vibrational Raman

Spectroscopy (Liu et al., 2021).

Owing to its intrinsic specificity for molecular fingerprinting and the characteristic ability for
single-molecule detection, SERS has become a hot research field in various areas of science
including physics, chemistry, life sciences, biomedicine, and nanotechnology. Particularly in the
field of biology, SERS has emerged as one of the most promising techniques that not only detect
trace amounts of biological molecules such as DNA, proteins, or micro RNAs but also provides
valuable structural insight of biological analytes along with bioimaging and diagnosis of infectious
diseases (Liang et al., 2021).

2.2 Basic Principle of SERS

Like Raman Spectroscopy, the phenomenon of Surface Enhanced Raman Spectroscopy is based
on inelastic collision and scattering of incident laser light, whereupon interaction of light photons
with the vibrational state of molecules, the frequency of incident light changes, and spectral peaks
are obtained. However, the characteristic distinguishing feature of SERS is that it is aided with
metallic nanostructures, and upon adsorption of targeted molecules on these metallic nanoparticles,
the Raman scattered signals from target molecules are enhanced by several orders of magnitude as
shown in Fig. 2 (a, b) that allow for detection of the ultra-low concentration of analyte and

sometimes even a single molecule- limitation of Raman Spectroscopy (Petersen et al., 2021).
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Figure 2 Comparison of Raman Spectroscopy and SERS. (a) When incident laser light falls on analyte, a Raman
scattering signal is produced. However, for SERS, the Raman scattering signal is enhanced due to adsorption of

analyte on metallic nanostructures.

2.2.1 SERS Enhancement Mechanisms
The enhancement of Raman Signal is largely based on two main mechanisms: Electromagnetic

(EM) and Chemical enhancement (CE).

Electromagnetic enhancement is the predominant contributor to enhanced SERS response that is
due to a substrate (metallic nanoparticles) and occurs when the frequency of the incident light
resonates with the frequency of the collectively oscillating metallic nanoparticles’ conduction band
electrons i.e., localized surface plasmon resonance (LSPR). Furthermore, hotspots (the regions or
the gaps when two nanostructures are near each other) contribute a strong field enhancement that
is localized around metallic nanoparticles interface and causes the adsorbed molecule to act as a
point dipole and further enhance the efficiency of the scattered light. As a result, the SERS
enhancement contribution by EM is up to 10° times and this EM depends largely on substrate
morphology and roughness thus making it independent of the nature and type of molecule
(Savifion-Flores et al., 2021; Edinburgh Instruments Ltd., 2023).

Chemical Enhancement occurs due to the charge transfer between metallic substrate conduction
band electrons and the lowest unoccupied orbital of the adsorbed molecule. CE has a much smaller
effect compared to EM, typically around 107 to 10%. It requires metal nanoparticles and molecules
to be nearby so that electrons can be transferred to and from metallic nanostructures thus changing
the polarizability of adsorbed molecules. During this electron transfer, a negative ion is formed,

and Raman signal enhancement is maximum when it resonates with the same energy as that of the
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incident photon. Unlike EM, CE mainly depends on the bonding and geometry of the adsorbed
molecule. (Kumar et al., 2020; Savifion-Flores et al., 2021; Edinburgh Instruments Ltd., 2023).

2.3 SERS Substrates

SERS substrates are any of the metallic nanoparticles or nanostructures that can enhance the
Raman signal and ultimately SERS response by supporting the LSPR phenomenon. SERS active

substrates are mainly classified into three categories as mentioned by (Mosier-Boss P. A., 2017):

a. Metallic nanoparticles in colloidal solution/suspension

b. Metallic nanoparticles deposited on solid surfaces e.g. glass, paper, alumina, quartz, etc.

c. Metallic nanostructures that are fabricated on solid surfaces using nanofabrication

techniques such as nanolithography or electron beam lithography

The characteristics of an ideal SERS substrate are that it should not only enhance SERS response
by amplifying the Raman signal but also provide uniform enhancement throughout the surface in
addition to being stable, reproducible, and cost effective (Edinburgh Instruments Ltd., 2023).
Although colloids, one of the most widely used SERS substrates, are easily prepared in laboratories
and can enhance the Raman signal manifold, their instability along with their inhomogeneous
nature and poor reproducibility, a consequence of Brownian motion of particles in colloidal
solution limit their application (Savifion-Flores et al., 2021). Similarly, nanofabrication techniques
such as nanolithography for obtaining organized arrays of metallic nanoparticles on solid surfaces
are one of the most powerful used techniques for making the best SERS substrates. But the overall
process is slow and time-consuming and the high cost associated with expensive equipment further
hampers the use of such techniques for making SERS substrates (Kumar et al., 2020). In
comparison, metallic nanoparticles deposited on solid substrates are stable, provide significant

enhancement of the Raman signal, and cost efficient compared to nanolithography procedures.

2.3.1 SERS Substrates Based on Type of Nanoparticles
The magnitude of SERS enhancement depends on metallic nanoparticles type, size, shape and the
number of hotspots (Mosier-Boss P. A., 2017). When it comes to the type of nanoparticles, coinage
metals including gold, silver and copper have shown promising SERS effect and enhancement of
Raman signal compared to some other transition metals such as iron and platinum, thus limiting
the use of later ones as SERS active substrates (Kumar et al., 2020). Among these coinage metals,

gold and silver are mostly preferred on copper because of their ability to create a strong plasmonic
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effect, inert nature and most importantly potential to form well composed nanostructures (Cong et
al., 2020). Furthermore, the plasmon resonance frequencies of both these nanoparticles lie within
visible and near infrared regions which are well suited because the wavelength in Raman
spectroscopy lie in a similar range. However, silver too, has a major drawback that it is easily
oxidized and has a potential to react with atmospheric sulfur compounds. Therefore, among the
coinage metals, gold is highly preferred for use as SERS active substrate because of its inert nature,

low toxicity and ability to create a strong plasmonic effect (Kumar et al., 2020).

2.3.2 SERS Substrates Based on Shape of Nanoparticles
SERS is not only influenced by the type and composition of nanoparticles (i.e., gold, silver, copper)
but also by the size and shape of these nanostructures. Nanoparticles shape is controlled by
surfactants that permit defined growth by stabilizing certain crystal planes. Thus, nanoparticles
can acquire particular shapes i.e., rod shape (nanorods), triangular shape (nanotriangles), cage
shape (nanocages), star shaped (nanostars) etc. as shown in Fig. 3 depending on the type of
surfactant used (Mosier-Boss P. A., 2017).

Figure 3 SEM images of three different types of gold nanoparticles based on their shapes.
(a) Gold nanospheres (b) Gold nanotriangles (c) Gold nanostars. Image obtained from

“Review of SERS substrate for chemical sensing” (Mosier-Boss P. A., 2017).

When it comes to shape of nanostructures, SERS response generally follows the following trend
nanospheres < nanotriangles << nanostars. This is due to many branches and sharp tips or spikes
(also known as nanoantennas) of nanostars that hotspots are increased and such nanostructures
exhibit large local electromagnetic fields or LSPR and thus act as an interesting platform for
biosensing and diagnostic purposes (Mosier-Boss P. A., 2017).
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Since theoretical data established that nanostars are ideal candidates for carrying out SERS related
studies therefore, gold nanostars (AuNS) serve as one of the best candidates owing to their great
potential for plasmonic biosensing compared to nanorods, nanotriangles, nanoshells and hollow

nanospheres.

2.4 State of Art: SERS Sensors for Infectious Diseases

2.4.1 AuNSs as SERS Substrates
Nanoparticles can be synthesized by both physical and chemical methods. SERS active substrates
can be synthesized by wet chemical synthesis where gold ions in aqueous solution are reduced by
reducing agents such as sodium citrate whose concentration and strength directly influence size of

nanoparticles (Mosier-Boss P. A., 2017).

When it comes to defining shapes of nanoparticles i.e., nanospheres, nanorods, nanostars,
nanocages etc., generally three methods are followed. One is a single step method also known as
one pot synthesis in which metallic precursor and reducing agent both are added in a single step
so that nucleation and growth takes place in a single reaction. However, this method has a major
disadvantage that polydisperse nanoparticles are formed. The other one is the 2-[4-(2-
hydroxyethyl) piperazin-1-yl] ethane sulfonic acid (HEPES) mediated AuNSs protocol. Compared
to it, the other method i.e., seed-mediated growth of nanoparticles results in more stable
nanoparticles that are monodispersed as well. Basically, in this method, pre-formed seeds act as
nucleation points and growth occurs along them in the second step where certain chemicals
(surfactants and capping agents) are added to direct and control the synthesis of desired shape. In
case of AuNSs, silver nitrate (AgNO3) is the chemical that comes into play to direct the formation

of star shaped by forming branches around the central core (Phiri et al., 2019).

2.4.2 Conjugation Techniques for Substrate Attachment
Immobilization of gold nanoparticles on solid surfaces, for example glass can be achieved by both
physical and chemical methods. Chemical methods usually involve the use of certain organic
groups, such as amine and thiols which serve as linker molecules to form highly organized self-
assembled monolayers (SAM) of nanoparticles onto the solid surfaces (Weinrib, H. et al., 2012).
These linkage reagents not only ensure that gold nanoparticles are anchored on solid surfaces but

also provide stability for longer durations.
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APTES (3-aminopropyl triethoxysilane) is one of the frequently used linkage reagents that ensures
the immobilization of gold nanoparticles on solid surfaces via electrostatic interaction between
negatively charged gold nanoparticles and its amine groups whereas its ethoxy groups contribute
silane anchorage to solid surfaces. However, it has been reported in several studies that these
electrostatic interactions result in weak interactions and therefore, a more effective approach to
adsorb gold nanoparticles on a solid surface is using thiol-based reagents that form strong covalent

bond thereby resulting in much stronger interactions (Rao et al., 2019).

Organosilanes such as MPTMS (3-mercaptopropyl trimethoxysilane) are best known for forming
strong covalent bonds between Au-S (bond strength of approximately 45 kcal/mol) thereby
immobilizing gold nanoparticles on solid surfaces such as glass. Basically, the alkoxy groups of
MPTMS contribute the formation of Si-O bonds by reacting with hydroxyl groups on glass slides
(thereby adhering MPTMS on glass), and thus provide the functional thiol groups for reacting with
AUNPs to form stable Au-S bond as shown in Fig. 4 (b) which on the other hand is also favored
by the strong affinity of gold for thiol groups (Rao et al., 2019). Furthermore, in addition to the
unique physical and chemical properties of these thiol linkage reagents, it is due to their excellent
performance, long term stability, easy preparation that they serve as attractive candidates for gold-

based SERS substrates adsorption on solid surfaces (Weinrib, H. et al., 2012).
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Figure 4 (a) Molecular Structure of MPTMS. (b) The terminal thiol group of MPTMS results in Au-S bond

formation and three alkoxy groups contribute to Si-O bonding on glass substrate. Image obtained and
modified from: MPTMS self-assembled monolayer deposition for ultra-thin gold films for plasmonics
(Gothe et al., 2018).
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2.4.3 DNA as a Receptor Molecule

Single stranded DNA probe immobilization on the surface of gold nanoparticles in an integral part
in the construction of SERS chip. Different immobilization strategies have been used by
researchers to achieve a highly organized probe layer on SERS substrates. One such approach is
to modify one end of probe by adding functional groups such as thiol (SH). The probe can be
labelled either directly with thiol groups or adding alkyl chains with sulfhydryl groups. This thiol
modified ss DNA probe has a high affinity for binding with gold nanostructures through a strong
covalent bond. The sulfur groups adsorb onto metallic nanostructures from solution thus resulting
in immobilization of DNA probe on SERS substrates (Pyrak et al., 2019).

For SERS analysis on solid substrates, analyte is usually drop-casted on the surface of SERS chip
and SERS measurement is carried out after providing adequate time for sample to dry on solid
substrate (Savifion-Flores et al., 2021). This addition of analyte to its complimentary ss DNA probe
results in hybridization which is followed by changes in intensity of characteristic Raman bands

and hence provides a characteristic SERS spectrum (Pyrak et al., 2019).

27 |Page



Chapter 3

3. METHODOLOGY
3.1 Chemicals

Materials that were crucial to answer our research question and were used after doing a thorough
literature search are 1g gold salt (Merck, Germany), hydrochloric acid (HCI) (31.5-32.5%) stock
solution (BDH Laboratory Supplies, England), polyvinylpyrrolidone (PVP) (M.W. 40,000 > 99%)
(VWR Chemicals, U.S.A), L-ascorbic acid (CsHsOe) (PhytoTechnology Laboratories, U.S.A),
silver nitrate (AgNO3) (Sigma-Aldrich, U.S.A), trisodium citrate (NasCsHs07) (Sigma-Aldrich,
Co., U.S.A), 3-mercaptopropyl trimethoxysilane (MPTMS) (Shanghai Macklin Biochemical Co.,
Ltd., China), ethanol (C.HsOH) (Sigma-Aldrich, Co., USA) & deionized water (Vitro Diagnostic
Laboratories, Pakistan). All the glassware was washed with aqua regia to reduce the maximum

level of contamination.

3.2 SERS Substrate Formation
3.2.1 Synthesis of Seed Solution

The gold nanostars were synthesized using the seeded AuNSs technique in which Turkevich-citrate
reduction method was first used to prepare gold nanoparticles seeds and these pre-formed seeds
were further used for nanostars synthesis. This protocol was modified further and optimized to get
accurate results. Firstly, 0.25 mM HAuCI4 solution was made and added to a beaker with 50 ml
ddH0O. This solution was heated up to 80°C on a hot plate (Velp Scientifica, F20500162). Side by
side, 1% (w/v) trisodium citrate solution was prepared from which 1300 pl was pipetted out and
added to the heating solution (Phiri et al., 2019).

28|Page



Chapter 3

On increasing the temperature, the solution changed its color various times starting from violet as

shown in the Fig. 5 (a) and turning the solution red in the end as shown in Fig. 5 (b). Trisodium

Figure 5 a) Color change of the solution to violet — initial step b) Color change of the solution to red indicating
seed formation ¢) Color change to deep blue showing gold nanostar presence d) Glass slide dipping in the gold
nanostar colloidal solution.
citrate addition was the marker step as it aids in seed formation. This seed solution was stored in
the refrigerator at 4°C for further usage and to create batches of AuNSs.

3.2.2 Synthesis of Gold Nanostars from the Pre-Formed Seed Solution

For gold nanostars synthesis, 10 ml of 0.25 mM HAuUCIs was added in a beaker and acidified by
adding 10 pl 1 M HCI. Afterwards, 5 ul seed solution was pipetted out and added to the
aforementioned beaker immediately. This beaker was then placed on a magnetic stirrer (Velp
Scientifica, F20500162) followed by the simultaneous addition of 50 pl of 10 mM AgNOsand 50
pl of 100 mM ascorbic acid under mild stirring. The addition of these chemicals instantaneously
resulted in a deep blue color change as shown in Fig. 5 (c). For the final step, 350 pl of 2.5 mM
PVP was added to the solution to restrict the AuNSs’ shape (Phiri et al., 2019).

The solution was then distributed equally in the 10 eppendorfs (each with 1 ml solution) which
were then placed in a centrifuge (Eppendorf, 5415 R) for two hours at 3000g. After centrifugation,
the supernatant was discarded and the pellets obtained were resuspended in 1ml double distilled
water (Phiri et al., 2019).

Half of these pellets were used for ultraviolet (UV) and scanning electron microscope (SEM). The

other half was used to dip the glass slides in their colloidal solution for substrate formation.
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3.3 SERS Chip Preparation

3.3.1 Functionalization of Glass Slides with Thiol Groups
For functionalization of glass slides with thiol groups, the protocol to obtain self-assembled
monolayers of MPTMS was followed with minor modifications. First of all, glass slides were cut
equally by a glass cutter and then placed in an ethanol solution for 30 minutes. For the washing
step, slides were removed from ethanol solution and added to a beaker with deionized water which
was then sonicated in an ultrasonic cleaner (Huanghua Faithful Instrument Co., Ltd., FSF-010S)
three times for five minutes. The deionized water was discarded after every five-minute wash and
new deionized water was added. Side by side, to prepare a silane solution containing 3-
mercaptopropyl trimethoxysilane, 1 ml MPTMS was added in 95% ethanol-water solution (v/v)
(solution with 8.5 ml ethanol and 0.45 ml water respectively) so that the final concentration was
10% (Huang et al., 2009). In this freshly prepared silane solution, glass slides were submerged for

3 hours at room temperature.

After 3 hours, the slides were washed six times with ethanol from both sides. Later on, the slides
were placed in the drying oven (Huanghua Faithful Instrument Co., Ltd, 101-1AB) at 110°C for
10 minutes to initiate the crosslinking step. Finally, the slides were saved in the desiccator with

vacuum, to save the thiol bonds attached (Huang et al., 2009).

To check the functionalization of slides with thiol groups (MPTMS), the samples were sent to the
Advanced Energy Materials & Systems Lab (USPCASE, NUST) for Attenuated Total Reflectance
- Fourier Transform Infrared Spectroscopy (ATR-FTIR) analysis.

3.3.2 Attachment of Gold Nanostars on MPTMS Functionalized Glass Slides
The stored gold nanostar pellets were sonicated in an ultrasonic cleaner (Huanghua Faithful
Instrument Co., Ltd., FSF-010S) for 10 minutes prior to the attachment step to bring the AuUNSs
into their colloidal state. Colloidal AuNS solution from eppendorfs was transferred to a small
beaker and functionalized slides from the previous step were subjected to this solution overnight
as shown in Fig. 5 (d). Later on these slides were washed with deionized water and air-dried.
(Parmigiani et al., 2022).
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3.3.3 Thiolated ss DNA Probe Attachment on Gold Nanostars Adsorbed Glass
Slides

In order to attach the Mycobacterium tuberculosis analyte on the glass slides, the (1S)6110 insertion

sequence probe which is exclusive for the Mycobacterium tuberculosis complex, was prepared by

using TE buffer (pH 7) and stored at -20°C. From the prepared probe solution, 4 pl was pipetted

out and drop-casted on the gold nanostars adsorbed thiol functionalized glass slides as shown in

Fig. 6 (a). The slides were left for 1 hour and allowed to air dry. This step created the complete

SERS chip. The DNA probe will act as a receptor to the analyte attached to it in the next step.

From SERS analysis, one of these slides was sent to the Raman Spectroscopy Lab at the School
of Natural Sciences, NUST to confirm whether the DNA probe was successfully attached to gold
nanostars modified glass slide or not. Furthermore, the remaining probe modified slides were used
for target-analyte detection (TB DNA); and comparison studies by adding non-target analyte (E.
coli DNA).

3.3.4 Analyte Attachment on the DNA Probe-Modified AUNSs Adsorbed Glass
Slide

A dilution of 98ul TE buffer and 2 pl inactive tuberculosis DNA (obtained from
Nanobiotechnology Lab, ASAB) was made. 4 ul of the solution was pipetted out from the freshly
prepared buffer DNA dilution and drop-casted on the slide (from the previous step) with the DNA
probe attached. This slide (analyte added to thiolated ss DNA probe modified gold nanostars
adsorbed glass slide) as shown in Fig. 6 (b) was allowed to rest for 45 minutes at room temperature
and sent to the Raman Spectroscopy Lab at the School of Natural Sciences, NUST for SERS
analysis.

For control, a bare glass slide without any modification with SERS substrate (gold nanostars) was
used as shown in Fig. 6 (c). The thiolated single-stranded DNA probe was attached to it directly
and afterwards analyte (TB DNA) was added to it and air dried following the sample procedure as
that of analyte attachment to complete SERS chip (the one modified with gold nanostars). This

was done to compare the results and check the potential of AuUNSs as a SERS substrate.

Moreover, to check the specificity of our SERS sensor, one of the probes modified gold nanostars
adsorbed glass slide was taken, and on this slide, non-target analyte (E. coli DNA) was added
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(following the same procedure for analyte attachment) instead of the target analyte (TB DNA) as
shown in Fig. 6 (d). Both these slides were also sent to the Raman Spectroscopy Lab at the School
of Natural Sciences, NUST, for SERS analysis.
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Figure 6 SERS chips and controls. (a) Probe modified AuUNSs
adsorbed slide. (b) SERS chip with target analyte (TB DNA). (c)
Control glass slide without SERS substrate. (d) SERS chip with
non-target analyte (E. coli DNA).
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3.4 Overview of Methodology
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Figure 7 Schematic diagram of methodology
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3.5 Characterization Techniques

3.5.1 UV- Vis Spectrophotometry
UV-Vis spectrophotometer (Halo, DB-20) was used to determine the plasmonic properties of gold
nanostars. The absorbance spectrum of the AuNSs was measured in a wavelength range of 400-
900 nm. For sample preparation, the pellets of AuNSs were sonicated for 10 minutes in an
ultrasonic bath (Huanghua Faithful Instrument Co., Ltd., FSF-010S). The liquid colloidal solution
of AuNSs was then transferred to cuvettes and sent to the Environment and Agriculture Lab
(SINES) and Commercial Testing, (IESE), SCEE, NUST to obtain absorption spectrum of gold

nanostars.

3.5.2 Attenuated Total Reflectance - Fourier-transform Infrared Spectroscopy
(ATR-FTIR)
ATR-FTIR spectrometer (Agilent, Cary 630) was used for the identification of the thiol groups on
the glass slides. ATR-FTIR spectra was obtained for the glass slides functionalized with MPTMS.
The absorption spectra was measured in a range of 400-4000 cm™ wavenumber to determine the

presence of certain groups and bonds such as thiol (SH) and Si-OH.

3.5.3 Scanning Electron Microscopy (SEM)

Scanning Electron Microscope (TESCAN, MIRA3) of the Institute of Space and Technology
(IST), Islamabad was used to determine the shape, size, and morphology of gold nanostars. For
the sample preparation, the colloidal solution of AuNSs was converted to a powdered form. The
parameters that were set before analyzing our sample are as follows: 10.00 beam intensity (Bl) &
10kV SEM high voltage (HV). The AuNSs were checked on various scales; 500 nm, 200 nm, 1
pum & 2 um. The sample was seen under different magnifications; 150,000x, 100,000x, 70,000x,
50,000x & 25,000x.

3.5.4 Surfaced Enhanced Raman Spectroscopy (SERS)
SERS spectra of the samples were recorded using a Raman spectrometer (TechnoSpecs
Technologies Pvt. Ltd., uRaman-532 TEC-Ci). The wavenumber range (Raman shift) of the
Raman spectrometer for our samples ranged from 600 to 1600 cm™*. Moreover, the other
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parameters set were 50mW power, 532.4 nm laser wavelength and the acquisition time was varied

from 3000-7000 ms to get the best possible results.
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4. RESULTS
4.1 SERS Substrate Formation Conformation

4.1.1 UV-Vis Analysis
The UV-Vis absorption spectra graphs for the AuNSs colloidal solution was obtained by UV-VIS

spectrophotometer. In order to optimize the shape and plasmonic properties of nanostars, many

batches of gold nanostars were prepared and their subsequent absorption spectra were recorded.

Fig. 8 shows the UV-Vis absorption versus wavelength graph of gold nanostars with a broad peak
in the range of 600 nm — 700 nm where maximum absorbance was observed at 664 nm wavelength
which corresponded with the results mentioned in literature for absorption spectra of gold

nanostars (Phiri et al., 2019).
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Figure 8 UV-Vis absorption versus wavelength graph of gold nanostars with a

broad absorbance peak at 664nm.

4.1.2 Scanning Electron Microscopy (SEM) Analysis
Scanning Electron microscopy was performed to examine the topography and composition of
AuNSs. SEM images showed characteristic sharp 3D branches of gold nanostars on different
magnifications; 500nm, 200nm, 1um and 2um as shown in Fig. 9 (a) & (b).
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The Energy-Dispersive X-ray Spectroscopy (EDS) analysis also confirmed the presence of gold
atoms (Au) as shown in Fig. 9 (c). Along with gold, silicon (Si) & oxygen (O) atoms were also
present. The existence of silicon was justified as the gold nanostars (powdered form) were placed
on the glass slide for the microscopy. Moreover, the glass slide is made of siloxane linkage which

validated the presence of oxygen in the sample.
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Figure 9 SEM images of gold nanostars where nanostars can be clearly seen in red circles having
several branches and tips (a) Magnification 150 kx, scale 200nm. (b) Magnification 70.0 kx, scale

500 nm. (c) EDS analysis of powdered gold nanostars where Au confirms the presence of

gold and Si and O correspond to the glass slide.
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4.2 Confirmation of Glass Slide Functionalization with Thiol Groups

42.1 ATR-FTIR Analysis
ATR-FTIR spectra was obtained for the glass slides functionalized with MPTMS. The FTIR graph

for MPTMS functionalized glass slide depicted vibrational peaks in different ranges.

Fig. 10 demonstrates the peaks in the ranges of 700 cm™ — 800 cm™, 900 cm™ — 1000 cm, 1600
cm™—1700 cm?, 2900 cm™ — 3000 cm™ & 3100 cm™ — 3500 cm™. A sharp peak split was observed
in the range of 900 cm™ — 1000 cm™* which indicated the presence of siloxane functional group
(Si-O-Si) whereas the peak in the 700 cm™ — 800 cm™ range was relatively less sharp than the
aforementioned range. A slight peak noted in the 1600 cm™ — 1700 cm™ range which exhibited the
presence of water. A broad vibrational band was noticed in the 3100 cm™ — 3500 cm range thereby
exhibiting silanol functional group (Si-OH). The slight spike observed in the range of 2900 cm™ —
3000 cm displayed C-H stretching of MPTMS.
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Figure 10 FTIR analysis of MPTMS functionalized SiO2 glass slides depicting different functional groups and
bond stretching.

4.3 Surface Enhanced Raman Spectroscopy (SERS) Analysis
4.3.1 SERS Spectra of Probe Modified Gold Nanostars Adsorbed Slide

To characterize unique Raman spectral features of probe, SERS analysis in a wavelength range of
400-1600 cm™ was carried out using Raman Spectrometer at an excitation wavelength of 532.4
nm to confirm the attachment of probe to gold nanostars. SERS spectra showed a sharp

characteristic peak at 1083.89 cm™ as shown in Fig. 11. This peak is attributed to stretching
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vibration of C-S bond confirming the attachment of thiolated probe onto the gold nanostars surface

through the covalent interaction between Au-S.
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Figure 11 SERS spectra of thiolated ss TB DNA probe modified gold nanostars in a
wavelength range of 400-1600 cm-1, indicating a sharp peak at 1083.89 cm-1. The

notation v represents vibration stretching mode of C-S bond.

4.3.2 Comparative SERS Analysis for Analyte Detection
To test the performance of our SERS chip, a comparative analysis for analyte detection was
conducted with and without SERS substrate. For this, in addition to measuring SERS signal of
analyte attached to thiolated ss probe modified gold nanostars SERS chip, a Raman analysis of
analyte attached to probe on a simple glass slide without being aided with gold nanostars was
carried out. Both of these measurements were carried out at an excitation wavelength of 532.4 nm

in a wavelength range of 600-1600 cm™.

Fig. 12 (a) shows the graph obtained for SERS analysis where the target analyte is drop casted on
the surface of thiolated probe modified gold nanostars whereas Fig. 12 (b) shows the Raman
analysis of analyte bonded to probe (i.e., in the absence of gold nanostars). The different peaks in

the graphs were attributed to the changes in frequencies of Raman bands resulting from
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complimentary DNA binding of analyte and single-stranded probe. However, it is note-worthy that
in case of SERS spectra Fig. 12 (a), the Raman intensity for the highest peaks was in a range of
6000-6500 cm™* whereas in Fig. 12 (b) it can be clearly seen that the Raman intensity for the highest
peak was in 4000-4500 cm™ range which therefore confirms that Raman signal is enhanced

manifold by using unique plasmonic properties of SERS substrates.

(a) SERS Spectra of analyte attached to probe on AuNSs
adsorbed slides
() Raman Spectra of analyte attached to probe on glass slides
without SERS substrates (AulNSs)
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Figure 12 Raman spectra of analyte attached to ss thiolated probe acquired on (a) gold nanostars
substrate (SERS Analysis) (b) simple glass slide without SERS substrate (Raman Analysis). The
Raman intensity was effectively enhanced by using gold nanostars substrate (6000-6500 cm™) which

results in sensitive detection compared to that obtained without using gold nanostars as substrate

(4000-4500cm™).

4.3.3 Specificity of SERS DNA Biosensor
In order to evaluate specificity of SERS sensor for TB DNA, an interference experiment was
conducted where E. coli DNA was used as an analyte for thiolated probe modified gold nanostars

SERS chip. SERS analysis was carried out for target analyte (TB DNA) as shown in Fig. 12 (a)
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and non-target analyte (E. coli DNA) as shown in Fig. 12 (b) individually on the SERS chip and
their Raman intensities were independently measured at 1090cm™ and then compared. As shown
in Fig. 12 (a) only TB DNA was found to profoundly enhance the Raman intensity whereas E. coli
DNA showed negligible response. This Fig. 12 graph therefore, clearly depicts that the SERS
sensor developed was highly specific and had a great potential for specifically measuring desired
analyte (TB DNA) as compared to E. coli DNA.

(a) SERS spectra of target analyte (ITB DNA)
(b) SERS spectra of non-target analyte (E. coli DNA)
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Figure 13 Specificity of thiolated ss DNA probe modified gold nanostars sensor towards TB
DNA versus E. coli DNA. E. coli DNA showed no peaks whereas TB DNA provided enhanced

Raman signal as evident by high Raman intensity.
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5. DISCUSSION

In this study, gold nanostars were used to develop a simple biosensor for rapid detection of TB
DNA by light-driven technology i.e., Surface Enhanced Raman Scattering (SERS). The main goal
was to explore the optical properties of gold nanostars to efficiently serve as SERS substrate that

could not only result in specific detection of TB but also profoundly enhance the SERS signal.

In this quest, gold nanostars were synthesized following the seed mediated protocol. All the
glassware was washed with aqua regia before every batch formation to reduce the maximum level
of contamination. Approximately, 20-22 batches of nanostars were made following the protocol
cited in methodology in the pursuit to obtain the best possible star conformation. After several tries
of optimization, we were able to get the desirable deep blue color of gold nanostar solution and

suitable UV results.

The UV-Vis absorption spectra result depicted a characteristic broad peak in the range of 600 nm
— 700 nm with maximum absorbance at 664 nm wavelength as shown in the Fig. 8. After a thorough
literature search and comparing our graph with the available scientific shreds of evidence, it was
implied that this peculiar peak at 664 nm in Fig. 8 confirms the presence of moderate-sized seeded
AuUNSs in the deep blue-colored colloidal solution (Phiri et al., 2019). This peak had a high
absorbance of 0.17 AU which means the gold electrons in the conduction band oscillated altogether
when the light was bombarded on them. Gold nanostars got excited by the light and showed
absorbance at 664 nm following the surface plasmon resonance (SPR) phenomenon.

In order to carry out the conjugation of gold nanostars onto the silica glass slide, MPTMS was
used to bind the stars with the slide. As gold cannot bind with the Si-O-Si on glass directly therefore
—SH groups of MPTMS were used for linkage purposes. To confirm the functionalization of glass
slides, they were subjected to ATR-Fourier Transformed Infrared Spectrometer which analyzed the

functional group existence on solid surfaces.

There are two types of graphs that could be obtained after carrying out Fourier Transformed
Infrared Spectroscopy; the Transmittance graph and the Absorbance graph. The major difference
noticed in both graphs is that the transmittance graph has its peaks facing downward whereas the
absorbance graph has its peaks facing upwards. There are several advantages which absorbance

graphs of FTIR have over the transmittance graphs. Firstly, understanding the upward-facing
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graphs is easier than understanding the graphs facing downward. The second critical reason is that
the upward-facing graphs have more tendency to detect low signals when present next to the strong

signals which in the case of downward-facing graphs is neglected (Legrand, et al., 2014).

ATR- FTIR graphs as shown in Fig. 10 exhibited absorbance on the y-axis and wavenumber
measured in cm™ on the x-axis. The range of the absorbance mentioned was 0.0 — 1.0 whereas the
range of the wavenumber stated was 700 cm™ — 4000 cm™. Previous studies demonstrated the
presence of a pure mixture of silica-containing siloxane with FTIR peaks at 1057 cm™ & 783 cm-
! and Si-O-Si bond peaks at 1033 cm™ (Haider et al., 2022; Nedeljko et al., 2016) The pure thiol
group sample shows FTIR peaks at 2500 cm™ — 2600 cm™. But when the FTIR of the sample
containing SiO,-SH was done, it highlighted peaks in different ranges of 700 cm™ — 800 cm™, 900
cm™ — 1000 cm, 1600 cm™® — 1700 cm™, 2900 cm™ — 3000 cm™ & 3100 cm™ — 3500 cm™ as
mentioned in the Fig. 10. The peaks generated in the ranges of 700 cm™ — 800 cm™ & 900 cm™ —
1000 cm™ in Fig. 10 confirmed the presence of the Si-O-Si bond in the sample. These SiO peaks
were very sharp as compared to other peaks presented in the graph. This sharpness indicated how
intense the peak was and how much light had been absorbed by the Si-O-Si bonds. Moreover, this
peak also depicted the increased asymmetric stretching of the Si-O-Si bonds in the sample which
indicated the presence of this bond in greater quantities. The peak generated in the range of 3100
cm* — 3500 cm (alcohol region) in Fig. 10 was a broad vibration peak which indicated the
presence of Si-OH bonds. This peak was formed due to the stretching of -OH bonds during the
FTIR analysis. The absorbance of this peak was comparatively higher than other peaks except for
the SiO2 peak which was exceptionally high. The peak generated in the range of 1600 cm™ — 1700
cmin Fig. 10 showed the presence of H,O molecules in the sample. The peak’s absorbance was
< 0.1 confirming the minute levels of water on the glass slide sample. The vibration peak generated
in the range of 2900 cm™ — 3000 cm™ in Fig. 10 showed the presence of the C-H bonds. This
vibration band proved the presence of MPTMS on the glass slide as C-H bonds are only present in

the structure of MPTMS and not in the structure of the glass slide which was silica based.

It is to note that all the demonstrations of the FTIR graph were done after comparing our graph’s
vibrational bands with the literature (Nedeljko et al., 2016). It is advised that if the FTIR protocol
mentioned in this thesis is adapted, one must run the FTIR characterization test a couple of times
to achieve the desired results. Changing the protocol also helps in many cases.
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Later, SERS analysis was done after attaching probe to gold nanostars adsorbed glass slides.
Basically, the attachment of thiolated probe to the gold nano stars occurs through a process called
chemisorption, also known as Thiolate-Au bonding. As it has been reported in the literature that
metallic nanoparticles, especially gold have strong natural affinity towards thiol group, therefore,
thiols chemisorb onto the gold surface forming strong sulfur metallic bond. Therefore, to attach
probe (single stranded DNA sequence complimentary to TB) onto the metallic surface, a linkage
moiety S-H (mercaptan group) is attached to the probe and then this modified thiolated probe is
chemisorbed onto the gold nano stars surface. During this adsorption, electron transfer takes place
between the sulfur atom of the thiol group and the gold nano star surface, leading to the formation
of negatively charged thiolate species (S°) and positively charged gold atoms on the surface. This
nucleophilic thiolate sulfur atom donates a lone pair of electrons to the gold atoms resulting in the

formation of stable C-S covalent bond.

The SERS graph of complete chip as shown in the Fig. 11, the peak at 1083 cm™ depicts the
stable C-S covalent bond formation between the thiolated probe and the gold nano stars as the
literature review confirms the peak range 1000-1100 cm is ideal for C-S bond formation. This
covalent C-S bond formed between the thiol group and the gold nano star surface is relatively
strong, providing robust attachment of the thiolated molecules to the gold surface. In Fig. 11, the
Au-S bonds are indicated by Raman peaks corresponding to the stretching vibrations of C-S bonds.
Thus, the peak formation at 1083 cm™ in Fig. 11 provides valuable information about the

chemisorption of thiolated probe onto the gold nanostars surface.

For analyte detection purposes, particularly the analysis of Tuberculosis DNA in light of the
objective of our research, SERS spectra of TB DNA using gold nanostar as potential SERS
substrates was analyzed. When gold nanostars coated glass slides were functionalized with
specific DNA probe complimentary to TB DNA sequence, this specific DNA hybridization led to
a change in the SERS Spectra that provided sensitive and selective detection. Hybridization of the
DNA probe with the targeted DNA caused shifts in the frequencies of Raman Bands corresponding
to specific vibrational modes. These shifts were attributed to the chemical interactions between the
TB DNA and gold nanostar surface. This binding of TB DNA to the nanostar surface affected the
intensity of Raman Spectra. The strong electromagnetic field at the tips of nanostars amplified

SERS spectra facilitating detection sensitivity.
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The SERS spectra of TB DNA with SERS substrate (gold nanostars) is shown in the Fig. 12 (a).
The peaks obtained for TB DNA using gold nanostars at 1088.18 cm-! shows enhancement in the
intensity of Raman signal as the change in intensity was observed at 6000-6500 counts as shown
in Fig. 12 (a). The SERS spectra of TB DNA without SERS substrate (gold nanostars) shows the
Raman signaling at an intensity of 4000-4500 counts as depicted by Raman spectra in the Fig. 12
(b). This increase in the intensity of SERS spectra in Fig. 12 (a) justifies the potential capacity of

gold nanostars to enhance the SERS detection sensitivity.

Furthermore, SERS signal is highly influenced by the quantity of DNA strands in the sample, the
content of four DNA bases and is also affected by the different concentration of bases. Label-free
SERS detection involves the hybridization process in which conformational changes in thiol
modified DNA probe attached to the metal surface takes place and thereby affecting SERS Spectra.
The complimentary DNA probe is a single-stranded DNA base sequence and the SERS spectra of
these bases indicate the DNA hybridization process. The SERS Spectra of four DNA bases are due
to their distinct vibrational modes associated with molecular structures. SERS spectra of most of
the DNA strands is dominated by adenine which exhibits a strong signal at 736cm™ (Pyrak et al.,
2019).

Scientific literature shows that the raman peaks of adenine base that correspond to vibrational
modes such as ring breathing, C-N stretching, and ring stretching typically show around 730-750
cm?, 1240 cmt, and 1000-1700 cm respectively. The SERS spectrum of thymine often displays
Raman peaks around 710-740 cm™, 1500-1600 cm™, and 1670 cm™ associated with vibrational
modes such as ring breathing, ring stretching, and C=C stretching in the guanine molecule. (Pyrak
et al., 2019). Similarly, cytosine shows Raman peaks around 670-690 cm™, 1510-1570 cm, and
the C=0 stretching mode at around 1,680 cm™ (Pyrak et al., 2019). Guanine is the fourth DNA
base and has its own unique Raman peaks in the SERS spectra. Notable peaks for guanine include
the ring stretching mode at around 1,500-1,600 cm™, the C=0 stretching mode at around 1,670
cmt, and the ring breathing mode at around 720-760 cm™ (Pyrak et al., 2019).

SERS graph peaks observed at 762 cm™ in Fig. 12 (b) contributed to the purine rings breathing
mode and the peak at 1334 cm™ in Fig. 12 (a) was due to the pyrimidine rings breathing mode.
Moreover, the peak at 1250 cm™ in Fig. 12 (a) was attributed to the stretching vibration of the
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phosphate groups in the DNA backbone due to the stretching motion of the phosphodiester bonds

between adjacent nucleotides.

In a recent study to develop a SERS sensor for detection of melamine in milk, the specificity of
sensor was checked by comparing it to other components of milk (Lou et al., 2011). To check the
specificity of our SERS biosensor for TB DNA detection, we compared it with another microbial
DNA that was used as a control as shown in the Fig. 13. In our research, E. coli DNA was labelled

as a control group.

A SERS biosensor designed for detecting TB DNA may not necessarily detect E. Coli DNA with
high specificity due to complimentary probe sequences. This is because the DNA sequences of
Mycobacterium tuberculosis and E. coli bacteria are different since they are two different species
of bacteria. Therefore, when our SERS biosensor with adsorbed DNA probe complimentary to the
target TB DNA was used to detect SERS spectra of E. coli DNA, it resulted in no SERS spectra
as evident in Fig. 13. To detect E. coli, designing specific probes complimentary to E. coli DNA is
necessary to get highly enhanced SERS response. Therefore, these results show the highly specific
nature of SERS Biosensor against the targeted DNA of interest for TB detection.

In the light of out conducted research, it is demonstrated that the highly sensitive SERS signals
due to the plasmonic properties of nanostructures can be exploited and used to fabricate specific
and sensitive SERS sensors for biosensing and diagnostic purposes. SERS sensors hold
tremendous potential for various applications. By carefully designing the sensor, and optimizing
numerous factors such as nanostructures shape, size, type, surface properties, attachment to solid
surfaces, analyte adsorption, laser power and excitation wavelength of Raman spectrometer, it is
possible to achieve high specificity and sensitivity for the detection of target analytes. However,
SERS still needs to be explored and continuous developments are required in SERS technology
and sensor engineering which will pave way for generating even more potent and versatile SERS

sensors in the future.
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6. CONCLUSION

Diagnosis is a pre-requisite for the eradication of infectious diseases. Many conventional
diagnostic methods in the market fulfill the criteria of efficient diagnosis to some extent with major
limitations in sensitivity and specificity; moreover, they are time-consuming. The continuous
advancement of research and utilization of contemporary techniques has paved the way for the
development of effective biosensors capable of timely diagnosis and treatment of tuberculosis in
affected individuals. A wide range of diagnostic tools, both existing and under rapid development,
are focused on detecting tuberculosis. The primary emphasis of this research is centered on
comprehending cutting-edge biosensor technology in conjunction with nanotechnology to enhance
the sensitivity of detection.

Among the light driven technologies, SERS has emerged the most promising techniques to detect
trace amounts of biological molecules such as DNA, proteins or even micro RNAs. The unique
advantages of SERS, including its high sensitivity, specificity, and label-free detection capabilities,
make it an attractive platform for accurate and rapid detection of TB DNA.SERS substrates can

efficiently enhance Raman signals manifold creating a powerful biosensor.

The gold nanostars synthesized in our research using seeded protocol were adsorbed on the
MPTMS functionalized glass slides and on which TB DNA probes were attached. The SERS
spectra obtained from the interaction between the DNA probes and TB DNA provide valuable
information for the identification and quantification of TB, contributing to early diagnosis and
effective management of the disease. The addition of target and non-target analytes demonstrated
the specificity of our SERS sensor for target TB DNA analyte.

Through our conducted series of experiments, we therefore conclude that the morphology and
plasmonic properties of gold nanostars enable them to serve as an efficient, highly effective SERS
substrate. Thus, gold nanostars based SERS biosensor is a prominent, specific, and sensitive
peculiar analytical tool for rapid detection of TB compared to the conventional diagnostic methods

available in market.
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7. FUTURE PROSPECTS

Future research can aim to further enhance the selectivity and specificity of gold nanostars SERS
biosensors for TB DNA detection. Evaluating SERS spectra at different concentrations of TB DNA

can help establish the lower limit of detection and determine the linear range of the biosensor.

Future efforts can also be directed towards enhancing the reproducibility of proposed biosensor.
This can involve improving the uniformity and consistency of the nanostars' fabrication process,
as well as developing standardized protocols for sample preparation and measurement.
Furthermore, by minimizing variability in the SERS signals, the biosensor's performance can be

enhanced thus making it more reliable and consistent.

Future studies can also focus on understanding the impact of shelf life on the sensitivity of gold
nanostars SERS biosensors. Shelf life involves investigating the stability of the nanostars'
morphology, surface properties, and signal enhancement capabilities over extended periods and
therefore is an important consideration for any biosensor. Ensuring that the biosensor retains its
sensitivity throughout its shelf life can provide accurate and consistent results during its intended

use.

Moreover, the selection and optimization of Raman reporter molecules play a crucial role in the
sensitivity and specificity of SERS biosensors. Future prospects can focus on identifying and
designing reporter molecules that exhibit strong Raman scattering signals and high affinity for TB
DNA. By fine-tuning the properties of the reporter molecules, such as their Raman-active groups,
binding affinity, and stability, the SERS signal can be maximized, leading to improved sensitivity
for TB DNA detection.
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