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Abstract

Biomolecular sensing and interaction monitoring have formed the basis for label-free analytical
methodologies. The methodology involves the immobilization of the molecular receptor or
biomolecule binding on the substrate without interference from modified analytes. The advantages
of label-free methods explain their usage in biomedical and analytical techniques. In this work,
localized surface plasmon resonance (LSPR) and vibrational-based optical techniques; Raman,
FTIR, and surface-enhanced Raman spectroscopy (SERS) have been demonstrated as feasible
methods applied in the detection of trenbolone acetate, anabolic androgenic steroid prohibited by
the World Anti-doping Agency (WADA) due to its potential to enhance muscle mass and positively
alter an athlete’s endurance ability, resulting in unfair competition. Laser ablation in Liquid (LAL)
was employed to synthesize silver nanoparticles from pristine silver granules. The nanoparticles
were then characterized using SEM-EDS, TEM, LIBS, XRD, and EDXRF. SEM and TEM showed
that the average particle size was 22nm. The silver nanoparticles were then used as the surface on
which trenbolone acetate was adsorbed, leveraging their large surface area relative to their volume,
giving ample sites for the molecule to attach. After adsorption, the plasmon band of silver
nanoparticles was monitored with the help of UV-VIS spectroscopy. The results showed that after
binding with the molecule, an average wavelength redshift of + 18nm of the plasmon band was
noted. The value of the shift in the localized surface plasmon band exponentially reduces at lower
concentrations before increasing with the increase in the concentration of trenbolone acetate until
a saturation point is reached. Besides the shift in the LSPR band position, the band-broadening
behavior of the Tren/Ac complex was monitored, showing an inverse exponential relation with
analyte concentration. The results demonstrated that mixing silver nanoparticles with trenbolone
acetate changes the refractive index of the dielectric environment and the impact can be monitored

using UV-VIS spectroscopy.

Raman, FTIR, and surface-enhanced Raman spectroscopy were also employed to characterize the
molecule. The Raman and FTIR spectra were obtained experimentally and also simulated with the
help of density functional theory (DFT) implemented in Gaussian 09W software package. The
results showed that the simulated spectra had a 99% similarity with what was obtained
experimentally. Vibrational Energy Distribution Analysis (VEDA) helped to properly assign the
vibrational bands to their functional groups through potential energy distribution (PED). Proper

assigning of the molecule marks the hallmark of understanding unique vibrational bands that act

iv



as a fingerprint for the molecule. Such knowledge is particularly key in the anti-doping campaign
since it allows declassifying trenbolone acetate from other steroids that have similar structural
traits. The spectral characterization of the molecule was followed by surface-enhanced Raman
spectroscopic studies with silver nanoparticles being used as a substrate. The electromagnetic field
potential of silver nanoparticles allowed signal amplification of the trenbolone signal by X11. The
signal was even enhanced when SERS was coupled to dry coating deposition Raman. The SERS
mixture was drop-casted on an Aluminium foil hydrophobic surface resulting in X60 signal
enhancement. The SERS amplification was achieved due to the effective tunability of trenbolone
Acetate on silver nanoparticles. The orientation of trenbolone Acetate on silver nanoparticles was
monitored by observing shifts in active SERS bands and through HOMO-LUMO studies of the
molecule. SERS showed that some bands such as 1618cm™, 1748cm™ and 2058cm™! reported an
average of 8nm blue shift in the wavenumbers. This region is assigned to the C=0 ketone group
which is attached to the acetate part of the steroid. The frontier molecular orbital analysis showed
that the energy gap of trenbolone acetate was 3.798eV while the chemical potential of the molecule
was 2.094 eV. Consequently, trenbolone acetate can easily participate in a chemical reaction since
its potential is lower than the energy gap. The HOMO-LUMO also showed that O is the most
electronegative and hence the most active adsorbing site in the molecule. The chemical reaction
between Ag" and O* created an Ag>O complex that influences both the plasmon behavior and the
enhancement tendency in SERS. Based on the results of the synthesis and characterization of the
silver nanoparticles, their use in surface plasmon resonance and as substrates in SERS, and finally
the adsorption studies of Tren Act/ AgNPs complex using DFT, it is possible to develop a cost-
effective analytical technique for androgen anabolic steroids. The work suggests using the results
as a framework for developing a biosensor prototype for on-site analytical detection of

performance-enhancement drugs prohibited in sports competitions.
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1 Introduction

1.1 Background

There is a growing tendency towards using portable diagnostic tools in routine point-of-care
analytical frameworks. The growing desire for such analysis has led to the growth of label-free
approaches that often allow the development of biosensors using minimal sample preparation
approaches and by eliminating expensive reagents used as labels [1]. Konoplev et al., [2] argued
that label-free detection has emerged as an alternative approach to traditional label-based analytical
methods. Label-free analysis techniques are preferred since they eliminate the need for chemical
labels like fluorescent dyes, radioisotopes, or epitope tags, which can alter the natural properties
and activities of molecules under study [3]. Furthermore, label-free techniques measure inherent
properties of molecules, such as mass and dielectric properties, without modifying them, allowing

for more accurate and reliable analytical outcomes [4].

Label-free analytical methodologies depend on their molecular biophysical properties such
as the refractive index of the surrounding environment like in the case of localized surface plasmon
resonance/ surface plasmon resonance or molecular charge to monitor the presence and activities
of amolecule. Amir et al., [ 5] explains that using label-free analysis in biosensing allows molecular
interactions by monitoring mechanical, electrical, or optical signals without the use of label probes.
The author notes that the approach is fast, non-destructive, and requires minimal samples to

achieve the required routine analysis.

The localized surface plasmon resonance (LSPR) technique is an example of a label-free
analysis that uses metal nanoparticles for the sensitive detection of biomaterials [6]. LSPR is a

phenomenon often observed on nanoparticles of metals like gold and silver providing a sensitive



detection approach. For instance, Choi et al., [6] explained that dopamine which is considered a
neurotransmitter in some diseases can be detected using the LSPR approach. Traditionally,
dopamine is hard to detect at low concentrations due to the sensitivity limitation of conventional
sensing techniques. The LSPR worked by monitoring the intensity changes of the analyte
concentration. Nguyen et al., [ 7] also demonstrated that LSPR allows for instantaneous evaluations
of how molecules interact with better accuracy and sensitivity, making it a powerful tool for

biosensing applications [8].

Besides localized surface plasmon resonance (LSPR) and surface plasmon resonance (SPR),
another label-free approach is vibrational spectroscopy which can be extended to biosensing
applications [9]. Vibrational spectroscopy which includes Raman and mid/near-infrared
spectroscopy has found great utility in analytical applications thanks to their sensitivity and ability
to provide vibrational information with minimal sample volumes [10]. The techniques are also
known to be non-destructive and as such, help to maintain the sample integrity. Both infrared and
Raman spectroscopy leverage their characteristic vibrations in understanding the molecular
structure of the substance under study Bunaciu ef al., [11], Netchacovitch ef al., [12]. Vibrational
spectroscopy can be used to study a wide variety of samples, providing both qualitative and
quantitative analysis of the molecule under study. Unlike mass spectroscopic or chromatography-
based spectroscopy techniques, vibrational spectroscopy can be used to identify the content of a
molecule in situ and non-destructively without the need for sample pre-treatment [13]. Such

benefits have increased the use of vibrational-based analytical techniques.

Raman spectroscopy is a vibrational-based approach that is widely used for qualitative and
quantitative analysis in biomedical applications. A vibrational Raman spectrum has a highly

resolved and unique vibrational signature of the scattering molecule [14]. Its application can be



done in molecules of any kind or matrix, including solutions, biomolecules, and solids (crystals
and also powders). Such benefits are even more realized with the hand-held and portable Raman
spectrometers that can be applied in the natural environment like in the food industry [15]. Raman
spectroscopy has also been combined with statistical analytical techniques like partial least square
discriminant analysis (PLS-DA) to provide fingerprints for the detection and quantification of drug
traces in latent fingermarks [16]. Amin ef al., [16] noted that Raman is an effective tool that can
be leveraged for discriminatory analysis when separating specific drug traces from a pool of
suspected/concealed drugs. Besides Raman, FTIR is another vibrational technique that has been
employed in the detection and identification of drugs such as hazardous narcotic drugs and other
psychoactive substances. Williams et al., [17] explain that FTIR helps to identify the chemical
fingerprint of samples through chemical bond vibrations. Consequently, the technique can be
applied in identifying unknown samples. Previous studies have shown the ability of both Raman

and FTIR to be used in profiling illicit drugs like cocaine [18].

However, despite having benefits like being rapid and non-destructive, vibrational
approaches; especially Raman suffer from a low signal-to-noise ratio since it is a relatively weak
scatterer [19]. The noise in the Raman spectral data often limits its application, especially in
quantitative analysis. To solve such challenges, techniques like surface-enhanced Raman
spectroscopy singly or in combination with Drop coating Deposition Raman spectroscopy are

often used.

Surface-enhanced Raman spectroscopy (SERS) can leverage nanostructured materials to
achieve better signal enhancement [20]. The technique aids in the structural fingerprinting of
analytes at low concentrations with the help of nanoparticles that offer their plasmon-mediated

amplification of electrical and chemical enhancement. SERS provides a ray of applications, thanks



to being ultra-sensitive and with high selectivity. Using SERS allows the enhancement of the
desired signal to a tune of 10'> magnitude amplification [21]. SERS spectroscopy has been used
to analyze various biosamples which include identifying cancer markers Chen et al., [22], drug
detection and drug delivery Liu et al., [23], and other in-vivo measurements that offer a range of
medical applications and point-of-care diagnostics [24]. SERS works by utilizing plasmonic
nanostructures that can enhance the nonlinear response through the localization of the incident
field into hot spots that achieve better light-matter interaction. Therefore, SERS not only provides
information about the chemical composition of a material under investigation by exploring the
existing bond types but rather also helps to lower the detection limit in single molecule detection
[25], [26]. Plasmonic nanoparticles like gold and silver provide a localized electric field when
placed close to or when adsorbed to the target analyte. Based on the highlighted benefits,
vibrational-based techniques, including surface-enhanced Raman can be utilized in the detection
of drugs abused by sportsmen. Teodor et al., [27], and Alvarez-Puebla et al., [28] have already
demonstrated the use of SERS in the classification of highly related performance enhancers. The
authors noted that using SERS improves the intensity of any signal, increasing the accuracy of the
analyte detection. The novelty of SERS as a label-free approach is based on SERS-active substrates

for direct molecule identification through spectral characterization [29].

Doping, which has been banned by the World anti-doping agency (WADA) is a process
through which athletes improve their performance by consuming foreign substances that have
performance-enhancement capabilities. Doping is part of cheating and fraud to competitors, the
sport itself, and the general public [30]. The World Anti-Doping Agency (WADA) has the mandate
of ensuring fairness in sports by fighting the illegal use of doping materials as defined by the World

Anti-doping Code [31]. Sports performance is based on four major components; the skills that



competitors possess, strength, endurance, and recovery. Every sport leverages a distinct
combination of these elements [32]. Unfortunately, such performance characteristics also
correspond to the most common and yet effective forms of doping. For instance, sports activities
that require explosive power are often susceptible to the use of androgen dopants since such
dopants can increase muscle mass and strength. On the other hand, sports activities that leverage
endurance use dopants that are likely to improve oxygen capacity in the body tissues [33].
Androgen anabolic steroids are some of the most common drugs that are abused by sportsmen and
they include; testosterone, nandrolone, stanozolol, and their derivative forms like trenbolone
acetate [34]. The use of such drugs in sports or for recreational purposes can also result in serious
adverse effects like cardiovascular disease, neuroendocrine disorders, and neuropsychiatric

conditions that can lead to increased premature mortality rates [33].

Such forms of drug abuse are controlled by testing athletes using matrices such as urine or
saliva sampled during contests. The collected samples are then analyzed to explore the identity
and quantity of the banned substances in analytical laboratories that have been credited by the
World Anti-doping Agency[35]. Such laboratories differ from other conventional laboratories due
to the huge number of samples that are to be analyzed within notable complex matrices.
Furthermore, the concentrations are also often very low, calling for very sensitive analytical
techniques. The analytical techniques often aim to analyze the drug’s contents within the biological
matrix; serum, saliva, or plasma to give a more successful approach to their doping detection or
therapeutic monitoring [36]. Conventional techniques like High-performance liquid
chromatography (HPLC), Enzymatic assays like ELISA, and isotope Ratio Mass Spectrometry

have all been shown to be unreliable due to the large sample volume required and the pre-



concentration that threatens the sample integrity. The process often adopted in doping analysis by

use of these techniques is shown in Figure 1-1.

Urine/Serum/Whole Blood ———> Sample preparation dilute & shoot, LLE, SPE , SLE, PP

B

A sample GC-MS(/MS), LC -MS(/MS),
GC-HRMS(MS),LC -HRMS(MS),
‘ Initial Testing Procedure immunoassays, electrophoresis
Negative results “
. Presumptive

analytical finding

Asample GC-MS(/MS), LC -MS(/MS),

Confirmation Procedure GC-HRMS(/MS),LC -HRMS(/MS),
immunoassays, electrophoresis
Negative lcsults‘ ‘

s Adverse Analytical Finding
—  report
B sample GC-MS(/MS), LC -MS(/MS),
Confirmation Procedure GC-HRMS(/MS),LC -HRMS(/MS),

Iimmunoassays, electrophoresis
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Adverse Analytical Finding
—  report

Figure 1-1: Procedure followed when using conventional analytical techniques to test and detect
doping Athanasiadou et al., [37].

As indicated in step 1, the dilute and shoot stage requires among other steps, the pre-
concentration of the sample. Such pre-concentration requires large sample volumes that may not
be applicable in doping routine analysis. Spectroscopic-based techniques emerge as possible
alternatives to these conventional analytical methods. FTIR combined with chemometric
techniques has been shown to have great potential in doping analysis [38]. Amin ef al., [16]
recently showed the possibility of using Raman and surface-enhanced Raman spectroscopy in the
detection and identification of drug traces in human urine. Despite these demonstrated capabilities,

one of the challenges of vibrational-based spectroscopy especially Raman and SERS in



bioanalytical detection is the lack of reference data that can be used to compare the vibrational

modes of the target molecule [39].

Proper vibrational band assignment is regarded as a prerequisite for confident analysis in
spectroscopy-based analytical methods [40]. For molecules whose spectroscopic data is not found
in the literature, theoretical calculations are often required to ascertain the Raman and FTIR
vibrational modes and to provide an in-depth assessment of the adsorption behavior of the
nanoparticles with the target analyte when using nanoparticles as substrates for surface-enhanced
Raman spectroscopy. Density Functional Theory (DFT) is one of the theoretical approaches that
aid in interpreting the Raman, FTIR, and SERS spectra of the adsorbed molecules [41]. One of the
key drivers of DFT is its reliance on molecular complexes of the ligands and how they get adsorbed
on the metal surface. The adsorption behavior can be monitored with the help of DFT, giving an
idea of changes in vibrational positions as depicted in frequency shifts of the Raman scatter bands
[42]. Furthermore, with DFT, it is possible to identify molecular sites that have a significant
contribution in interacting with the nanoparticles/metal surface. DFT is also important in providing

information about low-frequency vibrations that may not be observed experimentally.

1.2 Statement of the Problem

The technology to detect performance-enhancement drugs and other illegal substances has
improved significantly[43]. The number of athletes being caught in violation of sports regulations
set up by the World Anti-doping Agency (WADA) continues to increase as a result of the
development of new and more efficient analytical techniques and an increase in the number of

accredited analytical laboratories. Most of the techniques look at not only the banned substances



but also the metabolites that come up after the main compounds are broken down. The biological

matrices that have been used to detect some of the drugs include urine, saliva, and blood.

Although many techniques have been used for analytical purposes, most suffer from the
need to have big sample volumes besides being time-consuming and destroying the integrity of
the sample. Consequently, there is a need to develop a sensitive and more rapid technique that
leverages a small sample volume for the detection and quantification of drugs abused in sports as

a key contribution to the analytical framework of the World Anti-doping Agency.

1.3 Problem Justification

Label-free analytical techniques such as localized surface plasmon resonance and
vibrational spectroscopic techniques like Raman, FTIR, and SERS provide remarkable capability
in the analytical detection of drugs abused in sports without the need for labels. LSPR has the
advantage of being highly sensitive and allowing real-time monitoring with better specificity.
LSPR allows the detection of biomolecular interactions without the need for chemical labels,
enabling the detection of minute changes in the local refractive index near metallic nanostructures.
On the other hand, the vibrational modes provided by the techniques are unique to the specific
steroid molecules and as such, can act as a fingerprint for molecule identification. The identified
bands also contribute to the spectral library used in characterizing a range of steroids that can be
abused by athletes. To enhance the capability of these spectroscopy-based techniques, theoretical
analysis using density functional theory is also suggested. Using DFT is based on the fact that the
inadequacy of reference standards and spectral libraries makes it challenging to develop new
spectroscopic-based analytical approaches that can be used by the World Antidoping Agency

(WADA) in its anti-doping efforts. The challenge is even more compounded by the similar



structural traits that many anabolic androgenic steroids (AAS) have, which provide their structural
behavior comparable to their endogenous analogs. Therefore, complementing DFT with

spectroscopic techniques provides potential for better characterization of the banned substances.

Biosensing of the target androgen anabolic steroid is also explored using localized surface
plasmon resonance sensing (LSPR). By measuring the shifts in the band position of the localized
surface plasmon resonance band, and changes in the band width and intensity of the plasmon band
when an analyte is adsorbed on the nanoparticles, it is possible to detect concentration levels of an
injected drug. Combining experimental and theoretical analysis and leveraging the localized
surface plasmon resonance spectroscopy will be key in developing a rather rapid and label-free

approach to detecting other dopants to fight unfairness in sports competition.

1.4 Aim of the Study and Objectives

This work aims to demonstrate the viability of spectroscopy-based techniques; Raman,
FTIR, and SERS that leverage silver nanoparticle plasmonic and use LSPR in suggesting the
development of a sensitive and label-free analytical technique for the detection of androgen

anabolic steroids.

1.4.1 Specific Objectives

The specific objectives of the work are:

I.  To synthesize silver nanoparticles from pristine silver granules using the laser ablation in
Liquid (LAL) technique with water as the solvent.
II.  To characterize the synthesized nanoparticles using techniques like UV-VIS, Raman

spectroscopy, LIBS, SEM-EDS, and TEM.



III.  To demonstrate the use of localized surface plasmon resonance spectroscopy (LSPR) of
silver and silver Nanoparticles/Trenbolone acetate conjugate in the label-free detection of
Trenbolone acetate.

IV.  To use silver nanoparticles as substrates in surface-enhanced Raman spectroscopy (SERS)
to develop a rapid and label-free approach in the detection of trenbolone acetate steroid.

V. To explore the adsorption behavior of trenbolone acetate on silver nanoparticle colloids
using density functional theory (DFT) to give insights into molecular interactions towards

LSPR and surface-enhanced Raman spectroscopic sensing.

1.5 Thesis Layout

Chapter 1: Provides an introduction and background to the thesis.

Chapter 2: Presents an in-depth Literature Review including the existing gap that the work seeks

to address.

Chapter 3: Discusses a theoretical framework of laser ablation and characterization techniques.

Chapter 4: Theoretical and Experimental Procedures.

Chapter 5: Results and Discussion — divided into sub-sections as per the five objectives of the

study.

Chapter 6: Summarizes the research Findings and Reveals Future work.
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2 Literature Review

This section provides an in-depth review of the literature on the topic and helps to unearth the

existing gaps in the topic and how the recent research helps to fill this gap.

2.1  The World Anti-doping Agency (WADA)

The World Anti-doping Agency (WADA) was established in 1999 in the quest to promote
fairness in competitive sports. The agency was set up to ensure athletes do not engage in doping,
thereby guaranteeing fairness across diverse sporting events [1]. The motivation for the agency’s
establishment was the 1998 Tour de France event where a cyclist; Willy Voet was arrested for
transporting performance-enhancement drugs during the event [2]. After his arrest, an inquest was
established with the history of doping being unearthed. The event led to the hosting of the World
Conference on Doping by the International Olympic Committee. In 1999, there was a conference
where participants called on the formation of a board that could help to promote fairness in sports
by fighting doping [3]. Consequently, the World Anti-Doping Agency was set up with the first
mandate being to ensure anti-doping efforts were enforced in the Sydney Olympiad in 2000.
WADA was established with the support of governments, inter-governmental agencies, and private
organizations that envisioned a doping-free sport internationally [4]. Some of the key aspects that
define WADA’s mandate are to carry out scientific research, evaluate the capacity of laboratories

to carry out anti-doping campaigns, and generally, promote anti-doping strategies [5].

The World Athletic Guide gives athletes and coaches what is expected of them and ensures
they are accountable for their actions. One of the items in the guide is the prohibited list which
itemizes the drugs that are classified as performance enhancers and as such, prohibited by WADA.

WADA also uses its powers to protect athletes’ rights to participate in sports activities that are free
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of any doping, promoting health and leading to fairness and equality in competition worldwide.
The World Anti-Doping Code also develops programs used in the detection and deterrence of

doping activities.

2.2 The Prohibited List

The World Anti-doping Agency keeps an updated list of substances classified as dopants
and which have been banned in sporting competitions. The list itemizes substances that have been
banned in and out of competition, including banned substances for specific sporting activities. All
signatories of the WADA Code must ensure adherence to the list by setting out key prevention
measures to reduce doping. The prohibited list is created and then confirmed by a group of experts
who include the Health, Medical, and Research Committee as well as WADA’s Executive
Committee [6]. A summary of some of the prohibited substances according to WADA and the

different classes to which they belong is provided in Table 2-1.

Table 2-1: Part of the List of Prohibited substances according to WADA.

Class Substance category Example When banned
SO Substances classified as non- BPC-157, 2,4- All times
approved Dinitrophenol (DNP)
and Troponin
Activators
S1 Anabolic substances Androgen anabolic All times

steroids like
testosterone, Danazol,
Stanozolol, and
Trenbolone.
Other anabolic agents
like Clenbuterol

S2 Peptide hormones, growth Erythropoietin, All times
factors, related substances, peptide hormones, and
their releasing factors

S3 Beta-2 agonists Inhaled salbutamol All times
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S4 Hormone and metabolic Anastrozole and All times

modulators Toremifene
S5 Diuretics and masking agents  Acetazolamide and All times
Vaptans

Other drugs that have been prohibited fall under class M1 which is composed of drugs that
manipulate blood and blood components, M2 for chemical and physical manipulation, S6 which
are stimulants and banned during competition and S7 and S8 which are narcotics and cannabinoids
respectively also banned in-competition [6]. A detailed analysis of class S1 which is the class of

interest for this research is discussed in the next section.

2.2.1 Class S1: Anabolic Agents

Anabolic agents form class S1 of the substances in the banned list according to WADA and
comprise substances banned both within and out of competition. The drugs include androgens like
testosterone and methenolone that are endogenously produced or their derivatives that are
synthetically manufactured. Anabolic steroids are a type of anabolic agent that are synthetic
versions of the male hormone testosterone. The two form a vast majority of the drugs that are used

in sports to enhance performance.

Anabolic-androgen steroids have attracted attention as doping substances due to their
ability to reduce protein breakdown and increase protein synthesis and have androgenic effects
like increasing muscle mass by activating the androgen receptor [7]. The use of androgen anabolic
steroids is popular and Joseph and Kristina [8] assert that at least 1-3% of U.S. inhabitants use
such steroids with more estimates being reported for younger users. Some of the reasons for the

widespread use of steroids include their ability to improve athletic capability, enhance personal
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appearance, and masculinity, and give confidence among peers. The widespread usage of such
drugs is often against the known side effects including affecting all the body organs and hampering
their functions. Anabolic androgenic steroids (AAS) are known to have long-term toxicity that
involves the cardiovascular and reproductive system and as such, the continued use of AAS is
regarded as a published health issue. One of the commonly abused androgen anabolic steroids is

Trenbolone acetate.

2.2.2 Trenbolone Acetate

Trenbolone is a performance-enhancement drug that belongs to the class of synthetic
anabolic androgenic steroids (AAS) due to its anabolic properties like increasing muscle size and
muscle strength [9]. The World Antidoping Agency categorizes Trenbolone as an anabolic

androgenic steroid under S1 1 in its list of prohibited drugs.

Laura et al., [10] stated that trenbolone acetate is the commonly investigated androgenic
hormone due to its application in veterinary medicine where it is used to increase animal muscle
mass. The hormone is administered as an injection into the muscles and is used for its strong
anabolic and androgenic effects and is also a prodrug of trenbolone [11]. The drug has also been
extensively used to fatten cattle and as such, their metabolites can easily be traced in dairy
products. Durhan ef al., [11] noted that unlike other forms of trenbolone such as trenbolone
enanthate, trenbolone acetate doesn’t convert to estrogenic metabolite hence leading to a lack of

estrogenic side effects.

Besides being a dopant abused in sports, trenbolone is used for veterinarian purposes and
has been abused in breeding cattle. The androgen anabolic steroid (AAS) medication which is

commonly used for muscle enhancement among bodybuilders has also found its way as a dopant
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abused in sports. In countries such as South Africa, the drug can be obtained easily over the shop

counter, especially for bodybuilders.

2.2.3 Long-term Effects of Trenbolone Acetate

Trenbolone is an approved veterinary scheduled drug that is illicitly used by humans. The
drug is also referred to as Finajet and is among the commonly encountered drugs in the illicit
market [9]. Trenbolone acetate has been used in the form of Finaplix H pellets by bodybuilders
who call it Fina [12]. Their ability to increase muscle mass has increased their illicit use. Other
drugs that are commonly abused include boldenone, nandrolone, testosterone, and stanozolol.
Using these drugs has been associated with physical side effects that include high blood pressure
due to elevated cholesterol levels, severe acne, increased risks of premature balding, low sexual
function as well as testicular atrophy [13]. Among males, administering androgenic steroids also
increases the risks of abnormal breasts in males. Females are also likely to develop male traits
including a deeper voice, fewer menstrual cycles, and smaller breasts [14]. Therefore, besides
resulting in unfair competition in sports, trenbolone acetate, and other androgenic anabolic steroids
result in notable negative side effects which calls for the development of more reliable and

sensitive detection techniques.

A case in point depicting the negative side effects of trenbolone acetate is that of a young
man who had a myocardial infarction. The 23-year-old athlete presented to the emergency care
setting with pain radiating from the left arm accompanied by severe nausea. Some of the vital signs
the patient manifested include high blood pressure, faster heart rate which was 105 per minute,
and high respiratory rate. A physical exam also showed that the patient had sweated and his lungs

were clear on auscultation. The conclusion drawn from the examination was that the patient had
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overused trenbolone acetate which had impaired his breathing. The case in point demonstrates the
negative side effects of using trenbolone acetate, including the risks of cardiovascular disease [14].
The mortality rate is also noted to be high among abusers of androgen-anabolic steroids [15].
Consequently, better analytical techniques for detecting androgen anabolic steroids are necessary
due to the increasing prevalence of their use, especially among recreational gym-goers and
athletes. Despite the rise in usage, the detection and subsequent quantification of anabolic-
androgenic steroids remains a challenge highlighting the need for the scientific community to

develop more rapid and reliable analytical methodologies [16].

2.2.4 Conventional Techniques for Detecting Trenbolone Acetate

LC-MS-based techniques are often employed to analyze trenbolone and its subsequent
metabolites. Thevis et al., [17] demonstrated that tren Arc and its metabolites can be detected in
the range of 1 — 10ng/ml in urine while Tudela et al., [18] also detected trenbolone metabolites in
less than 10ng/ml in the same matrix. The metabolite identification based on hydrogen isotope

ratio mass spectrometry was also developed and successfully used by Thevis et al., [17].

The detection of trenbolone acetate dopant in the traditional drug testing approaches is
complex as approaches that use gas chromatography/ mass spectrometry (GC/MS) are said to be
complicated due to the unspecified derivation products as well as artifacts [19]. Putz et al., [19]
note that current GC/MS procedures used for analytic steroids and other metabolites, especially in
human urine have not managed to detect trenbolone and its metabolites as a result of the problems
with derivatization. Furthermore, there is a lack of enough literature that explains the
biotransformation of trenbolone acetate in humans [20]. Methods like liquid chromatography and
mass spectrometry have relatively high limits of detection which are way above the threshold set

by the world anti-doping agency. According to WADA, the lowest allowable detection range for
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performance-enhancement steroids and other drugs needs to be between 1 to 10ng/ml [17].
Therefore, techniques that can detect the dopants to this level are always desired. The lowest limit
of detection is in this case defined as the lowest measurable/detectable amount based on reasonable

statistical levels and a signal-to-noise ratio that is equal to or more than 3 [21].

The number of studies on how to detect trenbolone by spectroscopic techniques is quite
limited. However, vibrational studies of trenbolone have already been done with the Raman
frequencies assigned between 1550cm™ and 1600cm™. Furthermore, although the vibrational
spectroscopic studies of synthetic anabolic steroids have been presented, there is currently no
research that has reported on trenbolone despite the dopant being commonly abused by sports

athletes.

2.3 Steroid Detection Analytical Techniques

There has been a significant improvement in the technology used to detect performance
enhancement [22]. The number of athletes being caught in drug enhancement continues to increase
as new analytical methods remain to be developed [23]. The improvement in technology is
reflected in the ability to detect not only the banned substances but also their metabolites. The
samples that have been used to detect these drugs include urine, saliva, and blood. The analytical

technique to be used depends on the biological sample [24].

Gas Chromatography and Gas Chromatography-Mass Spectrometry were the first
analytical techniques employed in the 1970s for qualitative and quantitative analysis of banned
substances [25]. By the 1988 Olympic Games, GCMS could be used to detect narcotics, stimulants,
and beta blockers [26]. The analytical technique is still usable in identifying steroids and other

volatile drugs owing to the lipophilic and nonpolar nature of the steroid hormones. The main
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undoing of Gas Chromatography includes the time-consuming derivatization of nonvolatile
molecules and the lengthy times, as well as the limitation on the sample type and size as large and

polar molecules, may not be possible to analyze [27].

The second technique is Liquid Chromatography-Mass Spectrometry (LC-MS) which
allows the detection of previously untraceable drugs [28]. However, the challenge with this
technique remains being expensive, its insensitive, and subsequent inability to detect low
concentrations besides bulky sample sizes [29]. The method also needs preconcentration and
purification treatments as a result of the low analyte concentrations and the complexity of the
mixtures [29]. Mass spectroscopy has revolutionized the detection of various
compounds/substances used as dopants in sports. However, the challenge that exists is the inability
to identify new designer androgens since their chemical signature is largely unknown [30].
Another method is the use of RNA testing which are new tests that have been developed by both
the University of Brighton and Duke University that leverage the use of RNA testing in predicting
patterns in the aging of blood. The alternative method has also been proven to be effective in

detecting levels of performance-enhancement drugs [24].

The use of Biomarker tests emerges as new assays and analytical methodologies in the
detection and quantification of steroids and hormones in samples [31]. Biomarkers are described
as measurable markers through which diseases can be detected. Some of the commonly employed
biomarker tests for drug abuse are the use of doping-specific hormones as well as erythropoietin
abnormalities [32]. Despite the notable strides made in the detection of dopants in different
samples, protein analytes especially peptide hormones remain a challenge for the anti-doping
agency [33]. Rapid analytical techniques are desired especially in dealing with the high number of

doping control samples as well as the short response time in sports events.

24



2.4 Surface Enhanced Raman as an Analytical Technique in Doping

Vibrational spectroscopy has found great utility in biomedical applications, including
disease diagnostics and point-of-care analysis. With SERS, the target analyte is adsorbed on
metallic nanostructures like gold (Au) and silver (Ag) that help to enhance the Raman signal,
allowing the ultra-sensitive detection of performance-enhancement substances. Feng et al., [34]
combined liquid phase extraction and surface-enhanced Raman spectroscopy to address the doping
detection challenges often associated with traditional doping detection approaches. Feng et al
noted that SERS is a powerful approach that can be used to assess saliva content in a routine
analysis. With SERS, the target analytes get adsorbed on the metallic nanostructures like gold or
silver hence enhancing the Raman signal. Furthermore, Feng et al., [34] successfully detected
clenbuterol, methadone, oxycodone, and chlordiazepoxide in human saliva and urine with the limit
of detection ranging from 10-50ng/mL. Liquid phase extraction was first used to isolate the target
compound before SERS was used achieving a rapid and accurate detection of the four doping
substances. The research demonstrated the potential that SERS has for on-site rapid detection of

drugs abused in sports.

The use of SERS for the analytical detection of doping drugs at trace levels can be
implemented with the final goal being to develop an analytical method for drug detection using
SERS [35]. The method being used for the analytical detection of dopants using SERS has already
been demonstrated by Wang et al., [36]. In making SERS, Au, and Ag are often used as surface
enhancers due to their stronger SERS efficiency. SERS can be used for tests that need both univocal

identification and higher sensitivity for the target substances.
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Adsorption and detection of sport doping drugs have been demonstrated using different
nanoparticles. Izquierdo et al., [36] confirmed the effective use of the adsorption and detection of
probenecid (PB) which is a drug used as a masking agent in sports doping using vibrational
spectroscopy. The modeled FTIR and Raman spectra were first assigned using density functional
theory calculations before a detection protocol was developed based on SERS. The study noted
that it is possible to use SERS to detect PB at concentrations as low as 1.2mg/ml. Izquierdo et al.,
[36] also explored the adsorption of clenbuterol, salbutamol, and terbutaline on metal surfaces by
using the surface-enhanced Raman scattering technique. Characterization of the drugs had already
been done using vibrational Raman spectroscopy with the support of density functional theory
calculations. Consequently, SERS was employed to enhance the signals and improve the detection
limit of the target dopants. Therefore, while SERS can be effective in detecting and quantifying
the concentrations of the target analyte, it can be more effective when coupled with other
techniques like density functional theory calculations that explore the vibrational frequencies. In

practice, the use of SERS means the adsorption of the analyte/molecule on the metallic surface.

2.4.1 Surface Enhanced Resonance Raman Scattering

Surface Enhanced Resonance Raman Scattering (SERRS) is a powerful approach used in
doping analysis, particularly in the field of anti-doping and forensic analysis. This technique
leverages the enhanced Raman scattering effect to detect and analyze substances like anabolic-
androgenic steroids (AAS) in biological samples. The use of SERRS in doping analysis offers a
sensitive and specific method that can be integrated into routine anti-doping procedures, enhancing

the detection capabilities for prohibited substances.
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2.4.2 Surface Enhanced Raman Scattering Substrates

The invention of SERS has seen different substrates being used to enhance the target
Raman signals. Some of the substrates used to achieve Raman signal enhancement include

roughened electrodes, colloids, and thin films.

2.4.2.1 Electrodes

Electrodes were extensively used as SERS substrates since it was easy to control their
surface potential. However, for optimal SERS efficiency, proper treatment of the electrodes is
necessary. Electrochemical electrodes are metal surfaces that allow for spectroscopic study of
electrochemically active molecules. For instance, Fleischmann et al., [37] and his group at the
University of Southampton carried out a Raman spectroscopic study and expected a high signal
intensity by adsorbing molecules on roughened metal electrodes. Using the technique,
Fleischmann et al., [37] reported a high-quality Raman spectrum of pyridine which was
electrochemically roughened on a silver electrode. The authors noted that the electrochemical
roughening of the metal surface resulted in an increase in the surface area of the electrode allowing
single-molecule detection. In many cases, electrodes are made using polycrystalline silver wires,
providing hot spots that help to achieve higher signal enhancement. The surface is then
mechanically polished, then chemical etching procedure is carried out on the metal electrode. The
type of electrolyte used on the metal surface provides the electrical potential and dictates the
amount of charge passed during oxidation. It is that charge that determines the level of SERS

enhancement.
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2.4.2.2 Metal Films

The other kind of substrate that can be used to achieve SERS enhancement is metal films.
Some of the common metal sheets that provide the thin film surface for signal amplification

include silver, gold, and copper [38].

2.4.2.3 Colloids

Colloidal nanoparticle suspensions are some of the widely used classes of substrates used
in surface-enhanced Raman spectroscopy. One of the advantages of colloidal nanoparticles is the
fact that they provide notable hot spots with a wider detection volume as compared to metal sheets.
Despite such benefits, the aggregation behavior of the nanoparticles with the target analyte is
complex and dictates the SERS signal intensity. Ryan ef al., [39] emphasizes the need to
understand the factors that govern the behavior of the colloidal nanoparticles for an effective
formation and for controlling the aggregation of nanoparticles. The colloidal nanoparticles in
aqueous solution are often combined with the analyte of interest. Solutions of metallic colloids
which are often made of silver or gold form the simplest and yet effective way of forming a SERS
substrate. Since colloids are easy to produce in the laboratory, they form the easiest and most
effective SERS substrate. Single-molecule SERS detection was initially made from metallic
colloids in water. Besides the ease of formation, metallic colloids are also preferred as SERS

substrates since they can easily be manipulated for analytical purposes.

The colloidal systems are made of particles whose diameters range from 1 to 100nm. The
nanoparticles are often negatively charged due to the adsorbed anions [40]. The nanoparticles tend
to have a high surface area to volume ratio, which enhances the interaction between the analyte

molecules and the metal surface, leading to a stronger Raman signal [41]. Similarly, the colloidal
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nanoparticles exhibit strong plasmonic properties, which can be tuned by controlling the size,
shape, and composition of the nanoparticles. Metallic nanoparticles can be easily synthesized and
functionalized with various chemical groups, allowing for the creation of highly reproducible and
uniform substrates [42]. The other benefit of metallic nanoparticles is the ability to directly
estimate the extinction spectrum. However, colloidal nanoparticles have the disadvantage of
instability due to their aggregation and the settling out of the solution when mixed with an
adsorbate. The other disadvantage is the inability to control the surface potential that depends on

the solution potential.

The colloidal nanoparticle substrates and analyte interaction form the basis for signal
enhancement. Molecules that have functional groups like -SH, -NH>, -NH4", -COO-, -CN, and the
carbonyl groups have been shown to strongly bind to metallic nanoparticles [43]. Such strong
binding results in a strong signal-to-noise ratio, a critical measure in surface-enhanced Raman
spectroscopy. Since some molecules loosely attach to the substrate, understanding the binding

behavior is key in explaining the SERS mechanism.

2.5 Drop Coating Deposition as a Complementary Technique to SERS

Drop-coating deposition Raman spectroscopy (DCDRS) has previously been used singly
or in combination with surface-enhanced Raman spectroscopy for analytical purposes. DCDRS is
based on the measurement of a sample that has been pre-concentrated by being dried on a
hydrophobic surface. The advantage of DCDRS is that it requires small sample volumes to achieve
higher sensitivity as compared to what conventional Raman can give. Eva ef al., [44] noted that
with DCDRS, it is possible to detect Raman signals from weak Raman scatters or materials at very

low concentrations. Resonance Raman spectroscopy and surface-enhanced Raman were defined
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as undesirable techniques by Zhang et al., [45] owing to their problems with spectral alteration,
high background, and strong fluorescence signal as well as the possibility of photochemical
damage. DCDR has been demonstrated to be effective in understanding the composition of
biological molecules like amino acids, proteins, and peptides. Analysis of molecular mixtures and
complex solutions have also been demonstrated with the help of drop-coating deposition, Raman.
Since DCDR allows the detection of molecules in complex mixtures, the method can be extended
to routine doping analysis where the chemical and structural properties of a target drug are key.
While investigating food and organic contamination, Kuizovara et al., [46] noted that contaminants
such as melamine and thiram fungicides could be detected using drop-coating deposition Raman
spectroscopy and not classical Raman under the same experimental conditions. Drop coating
deposition Raman was found to be effective in achieving a better detection limit for these
contaminants in their complex matrices. The authors concluded that the sensitivity of DCDR is
comparable to or even better than that of surface-enhanced Raman spectroscopy. Kuisova et
al.,[44] further noted that DCDRS can be combined with SERS to provide a complementary
approach that achieves an even higher signal intensity for sub-ppb concentrations being detected

in a mixture of other molecules.

2.5.1 Gold, silver, and copper as Colloidal Materials for SERS substrates

As mentioned in the previous sections, gold, silver, and copper are some of the most
common metals often used in SERS, albeit with different enhancement capabilities. Gold and
copper can be used for radiations within the near-infrared region while silver is applicable for
excitations ranging from the visible to near-infrared [47]. When compared to copper and gold,

silver has a higher plasmon quality and experiences better chemical stability.
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Gold nanoparticles were used as potential substrates in detecting rhodamine 6G (R6G) as
a probe molecule. Narode et al., [48] noted that the design and optimization of efficient substrates
is challenging. Gold nanoparticles have been used for their distinct chemical and physical
attributes that allow them to be used as chemical and biological sensors. The nanoparticles can be
synthesized straightforwardly and their stability is easier to achieve. Gold nanoparticles also
provide a high surface-to-volume ratio with excellent biocompatibility using appropriate ligands.
Similarly, their properties can be easily tuned based on their size, shape, and the surrounding
environment allowing a detectable resonance signal [49]. Saha ef al., [49] further explained that
once proper optimization is made, the surface plasmon resonance shifts that are attributed to
localized surface plasmon hot spots between the nanoparticles and the SERS signal are used to

explore the biosensing ability of gold nanoparticles.

Despite its use, gold may not be preferred in routine doping analysis due to toxicity
concerns. Alkilany and Murphy [50] have shown that gold nanoparticles less than 2 nm in diameter
can trigger cellular damage, necrosis, mitochondrial damage, and oxidative stress in cell lines. The
underlying interactions of gold nanoparticles with physiological fluids are a major undoing for the
nanoparticles when applicable in routine doping analysis. The low water solubility property of
gold nanoparticles was particularly a main undoing for its use in biosensing applications. Similarly,
gold is expensive making it challenging to be used as a target material for laser ablation in a liquid

approach.

Copper nanoparticles also possess a localized surface plasmon resonance effect. However,
the localized surface plasmon resonance applications based on copper nanoparticles are limited
since copper is prone to oxidation. Similarly, the absorption of copper (I) oxide and copper (II)

oxide, the interband transition of electrons from 3d to 4s overlap, and the LSPR of CuNPs, all
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make the LSPR of CuNPs difficult to identify [51]. Although inexpensive, copper nanoparticles
are generally perceived to possess weak and broad LSPR characteristics, making it challenging to
achieve strong and narrow resonance lines typically desired for effective biosensing applications
[52]. Such disadvantages make copper nanoparticles undesirable substrates for biosensing

applications.

Silver nanoparticles emerge as the most commonly used substrates in localized surface
plasmon resonance spectroscopy. Among the precious metals, silver is preferred since it has the
longest electronic lifetime. Electronic lifetime in this case defines the time that silver can maintain
its electronic properties without degrading. In the context of localized surface plasmon resonance
(LSPR), achieving a long electronic lifetime is crucial for enhancing the sensitivity and stability
of plasmonic applications [53]. The ability of silver nanoparticles to sustain their electronic
characteristics over an extended period is advantageous for various applications, including
biosensing and imaging. In plasmon sensing, silver nanoparticles are also preferred due to their
high sensitivity to refractive index changes, which is crucial for detecting minute variations in the
surrounding environment [54]. This sensitivity enhances the accuracy and precision of LSPR-
based biosensing applications. The other benefit of silver nanoparticles is their plasmonic
interaction with light resulting in greater field enhancements and tunable resonances in the visible-
to-near-infrared regions. This strong interaction enhances the sensitivity and effectiveness of LSPR
sensors based on silver nanoparticles [55]. Silver nanoparticles are also preferred in localized
surface plasmon resonance sensing since it has the largest negative real dielectric constant
compared to other plasmonic materials and most sensitive to changes in the local refractive index

[56].
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2.6  Fabrication of Silver Nanoparticles

A variety of fabrication techniques have been reported for the synthesis of different
nanoparticles, including silver nanoparticles. The methods include physical, biological, and

chemical synthesis approaches.

2.6.1 Physical Methods

Physical methods are fabrication methods that provide nanoparticles from large-sized
materials/ bulk materials without atomic control. Physical methods have the advantage of
producing particles with uniform size distribution and the absence of solvent contamination. Some
of the physical methods used to synthesize nanoparticles include evaporation-condensation,
sedimentation process, ball milling, and laser ablation method [57]. Among the physical methods,
laser ablation is preferred due to the absence of chemical reagents in the solution, allowing the
production of pure and uncontaminated nanoparticles. Laser ablation also provides high
production rates and produces particles with a specific size and shape by tuning ablation
parameters. Although one of the challenges of laser ablation is the aggregation/agglomeration
behavior of nanoparticles, the approach is often used since it achieves nanoparticles with
the desired physical attributes. Similarly, like other green synthesis methods, laser ablation is

environmentally friendly.

2.6.2 Chemical Methods

Chemical approaches for synthesizing nanoparticles are those that involve chemicals in the
production of nanoparticles. Unlike physical synthesis methods, chemical methods provide a better

yield of the nanoparticles. The most common chemical method is one involving chemical
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reduction. For silver nanoparticles, chemical methods may involve adding precursors that help to
stabilize and regulate the growth of nanoparticles [58, p. 7]. The method often influences the
intrinsic properties of the synthesized nanoparticles. Some of the commonly used precursors for
making silver nanoparticles are citrates and acetates of silver. Stabilizing agents are often used to
ensure the nanoparticles are stable as they are suspended in solution and to reduce the risks of
sedimentation and agglomeration. Since most of the precursors used in chemical method synthesis
are toxic, the method is less preferred in making nanoparticles whose purity is important. Their

toxic by-products are also a threat to the environment.

2.6.3 Biological Method

The biological method is a fast-growing method for synthesizing nanoparticles by leveraging
plants, fungi, and bacteria. Bacterial methods can reduce metal ions released into the environment.
Green synthesis involves using biological sources like plants, bacteria, yeasts, molds, and
microalgae to synthesize nanoparticles. Plants, in particular, have shown great potential for
nanoparticle biosynthesis due to their speed and stability compared to microorganisms [59]. On
the other hand, plant extracts can be used as reducing agents to synthesize nanoparticles like silver,
gold, platinum, and titanium. This method is cost-effective, environmentally friendly, and safe for
humans. Biological methods are economical, energy-saving, and produce low-cost products that
are safe for human health and the environment. They also allow for large-scale synthesis of
nanoparticles. However, despite the many advantages that come with using green synthesis
methods, the need for strong reducing agents, the need for identification and isolation of strong

bioactive molecules makes the method undesirable for synthesizing nanoparticles [60].
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2.7 Localized Surface Plasmon Resonance Spectroscopy

LSPR can be defined as an optical approach that is generated once the light gets trapped
inside the conductive nanoparticles which are generally smaller than the light wavelength. The
interaction is often a result of the interaction between incident light and electrons that resonate in
the conduction band. LSPR is a powerful approach for chemical and biological sensing and is also
used in electromagnetic field enhancement that achieves surface-enhanced Raman scattering and

other surface-enhanced spectroscopic techniques [61].

LSPR is an important candidate for developing plasmonic biosensors that have good
sensitivity. The technique works through its sensitivity to the local environment, including the
shape and size of the nanoparticle. With LSPR, the movement of electrons through the internal
metal framework is restricted inducing a collective electron charge oscillation [62]. Consequently,
there is an absorbance of light within the UV-VIS band and an appearance of an extinction band.
The LSPR biosensing strategy is tracked by monitoring the changes/shifts in the extinction bands
with the nature of the LSPR detection being dependent on the composition, shape, and size of the
nanoparticles. One of the advantages of LSPR in biosensing is that the technique provides a higher

surface area for the immobilization of the sensing probes [62].

2.7.1 Shifts in the LSPR Band

The ultimate aim of biosensing is to have a system that generates optimal signals using the
lowest possible analyte concentration. The shape, size, type of metal nanoparticle, and the
interaction of the analyte with the nanoparticle dictate the extinction spectrum and the refractive
index sensitivity to the environment. The specific properties can be optimized to achieve the

optimal localized surface plasmon resonance signal for any analyte being detected.
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The shift in the LSPR band is one of the key aspects that is often evaluated in using LSPR
biosensing. In this sensing mode, UV-VIS spectroscopy is employed where wavelengths of light
that cause collective oscillation to happen are monitored. The changes in shifts in extinction
wavelengths are monitored by assessing the continued influence of the refractive index of the
adlayer due to the adsorption of the target analyte. Willets ef al., [61] note that wavelength shifts
are crucial in LSPR spectroscopy as they indicate changes in the local environment surrounding
the nanoparticles. By monitoring these shifts, researchers can gain insights into interactions
between nanoparticles and analytes, enabling sensitive detection and analysis of various
substances. The ability to tune the LSPR peak wavelength based on nanoparticle characteristics

makes LSPR spectroscopy a powerful tool for chemical and biological sensing applications.

LSPR peak shifts as a plasmonic sensor were demonstrated by Wu et al., [63] who adsorbed
rhodamine 6G (R6G) on silver nano prisms. The research revealed that the enhancement of the
LSPR peak shifts as a function of wavelength had three peaks while UV-Vis revealed that R6G
had only two peaks. The conclusion drawn was that the analyte adsorbed on the nanoparticle not
only enhances the LSPR peak shift but also provides more information on the adsorbing nature of
the target analyte on the nanoparticle. Han et al., [64] exploited the resonant effect for biosensing.
The authors explained that CYP101 which is a drug inhibitor that helps to metabolize drugs in the
liver had a strong absorption at 41 7nm and redshifts by 8nm when bound by an inhibitor and 27nm
when bound with a substrate [65]. Goul et al., [66] notes that the shift is a result of the change in

the local refractive index which causes a red shift in the maximum wavelength.

Riboh et al., [67] also note that the shift in extinction wavelength of the LSPR spectrum of
triangular silver nanoparticles whose size is between 50 to 90nm can be used to probe the

interaction between an antigen that is confined within a surface, of a biotin and solution-phase
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antibody. Riboh et al., [67] content that the exposure of the silver nanotriangles to the target analyte
results in a 38 nm red shift in the LSPR wavelength. The change in band position was evaluated
against the concentration of the adsorbent. Peak shift can be used to track the response from the
molecular binding and molecular aggregation. However, Deng et al., [68] note that in very small
shifts induced by molecular binding, it is challenging to monitor such shifts for molecules that

have very low molecular weight. The poor resolution in peak positions increases such challenges.

2.7.2 Broadening of the LSPR Band

The broadening of the LSPR band is one of the key considerations when leveraging
localized surface plasmon resonance for sensing applications. The full width at half maximum can
be defined based on the Figures of merit (FOM) indicator. The FOM is defined as the sensitivity
divided by bandwidth in the case of a wavelength shift or by reference intensity in the case of an

intensity shift as defined in Equation 2.1.

Sa

FOM; = 2.1
FWHM
Sensitivity on the other hand is defined in Equation 2.2.
A7
5= 2.2

Both sensitivity and figures of merit are dependent on the wavelength and shift in intensity.
A higher resonance shift will be preferred at a small change in the refractive index for optimal
sensitivity and figures of merit. Therefore, to achieve a good quality LSPR-based sensor, a large
change in wavelength and a narrow resonance peak will be required [69]. The two factors explain
the need to assess the full width and half maximum when assessing the quality of a localized

surface plasmon-resonance-based sensor.
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2.7.3 Silver Nanoparticles as a Core Shell

The core-shell structure of silver nanoparticles has played an important role in the
nanoparticle’s utility in biomedical applications. Core-shell type nanoparticles are defined as
materials that have an inner core structure as well as an outer shell that has different components.
The core-shell structure of silver nanoparticles makes it unique in biomedical applications. The
core-shell structure of silver nanoparticles is often measured using energy-dispersive X-ray
spectroscopy. Nomoev et al., [70] measured the concentration levels of silver and oxygen. The
percentage concentration of these elements was higher for the unbound silver nanoparticle as
compared to the bound silver nanoparticle. The interaction behavior of silver nanoparticles with a

bound analyte helps to explain the core-shell structure of silver nanoparticles [71].

2.8 DFT Aided Vibrational Spectroscopy

The molecular structure information, the vibrational mode assignment, and the information
on frontier molecular orbitals for any probe molecule are key in analyzing the complex structure
of'a molecule as well as the mechanism of enhancement defined in SERS [72]. Experimental SERS
and conventional Raman often fail to provide molecular conformation and frontier molecular
orbital data. The use of density functional theory has already been demonstrated to be effective in
describing electronic states of atoms and molecules providing a complete understanding of the
frontier molecular orbitals. DFT can be used to predict the spectrum information and provide
molecular conformation. Using the B3LYP/6-311G** level of theory, Wu et al., [73] successfully
assigned vibrational modes of aflatoxin. Theoretical calculations have also been used to support
experimental results in assigning both infrared and Raman vibrational bands. The highest occupied

energy level and the lowest uncopied energy level have also been identified with the help of DFT
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making it possible to explore the enhancement mechanism of surface-enhanced Raman
spectroscopy. Density function theory has been carried out using open-access software such as the
Gaussian 09 program which gives a molecular electrostatic potential map that gives a detailed
evaluation of the molecule and relevant charges. Potential energy distribution calculations are
given by the vibrational energy distribution analysis (VEDA) program which allows the assigning

of the vibrational spectra [74].

Modeling FTIR and Raman spectra using density functional theory calculations provides
an opportunity for developing a SERS detection protocol. D’ Arcangelo et al., [75] noted that it is
possible to explore the spectroscopic properties of pharmaceutical ingredients commonly found in
wastewater using density functional theory. The theoretical studies help in exploring the potential
energy surface, identifying the stability of the structures, and accurately predicting the Raman
response of the target pharmaceutical products in solution. Furthermore, the Raman and FTIR
spectral information can be directly related to the concentration levels of the target pharmaceutical

compounds.

2.8.1 Adsorption Studies of Analytes on Silver Nanoparticles

Analyzing the adsorption and binding behaviors of analytes on the surfaces of silver
nanoparticles provides remarkable insights into their interaction mechanisms, knowledge that is
valuable for designing surfaces with specific properties or functionalities based on nanoparticle
interactions. While experimental techniques like X-ray photoelectron spectroscopy (XPS) and
atomic force microscopy (AFM) can be used to understand this interaction, theoretical approaches
like DFT and TD-DFT have emerged as reliable strategies for exploring nanoparticle/analyte
interaction. Srisung ef al., [76] explored the structure and interaction behavior of dithizone with

silver nanoparticles by combining SERS and density functional theory calculations. The results
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showed that it is possible to decipher the interaction of dithizone on silver nanoparticles, including
the molecular orientation during chemical interaction. Using DFT, the stable surface of the

adsorption of dithizone on silver nanoparticles was explored.

SERS spectral features of alizarin adsorbed on silver nanoparticles were also explored by
Dellini et al., [77]. In this study, spectral features of the adsorbed analyte on the metallic
nanoparticle were assessed at different species concentrations. The interpretation of experimental
findings was done using DFT. The authors noted that by using DFT, it was possible to explore the
shift of vibrational frequencies and the relative intensities when the analyte is adsorbed on the
modeled Ag+ ion. The chemical interaction of alizarin and silver nanoparticles has also been
modeled by Lofrumento et al., [78] with the help of time-dependent density functional theory
(TDDEFT). The theoretically calculated SERS spectra were key in distinguishing the contribution
of chemical and electronic enhancement mechanisms based on the assumption that the excitation
energies of the clusters are comparable with the local plasmon energies of nanoparticles. Other
than SERS, the UV-VIS, and Raman spectra were also calculated based on the assumption that the
analyte was bound to silver nanoparticles through the oxygen atoms of the C=0O functional groups
in the molecule. Therefore, with the help of DFT and TD-DFT implemented in Gaussian or any
program, it is possible to ascertain the vibrational frequencies of an analyte/nanoparticle complex

and the SERS effect that is key in developing vibrational-based analytical techniques.
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3 Theoretical Background and Characterization Techniques

3.1 Introduction

This chapter provides an in-depth theoretical evaluation of both conventional Raman and
surface-enhanced Raman spectroscopy (SERS) and the use of X-ray diffraction. The section also
presents the basics of laser ablation in liquid, the theory of localized surface plasmon resonance
sensing, and the different characterization techniques applied in this work. A detailed working of
density functional theory (both in air and when simulation is done in the presence of a solvent like
water) is also discussed. The working of transmission electron microscopy (TEM) will also be

presented.

3.2 The Theory of Raman Spectroscopy

Raman spectroscopy can be explained from the basic principles of light interacting with
matter. Such interaction can be used to explain both the Rayleigh scattering and Raman scattering
where light is scattered elastically and inelastically, respectively. For elastic scattering which helps
to explain Reighleigh, the energy of the incident photon and that of the scattered photon are the
same. However, for inelastic scattering, there is a notable shift in the amount of energy after
scattering. Although the change in energy of the photon can be very minimal, it helps to explain
the principles of Raman spectroscopy [1]. The change in frequency of the scattered photons is also
as a result of the vibrational and rotational states of the molecules after absorbing photons of

sufficient energy.

In Raman, the inelastic scattering can be either a Stokes process or an anti-Stokes process.

In Stokes Raman, an incident photon hv, interacts with the molecular vibration hv,,;;, and the
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scattering happens with a corresponding difference in energy h(v, — v,;,) in what is called a
redshift. The other one is the anti-Stokes Raman process where the photon absorbs enough photons
before the photons get scattered with significantly more energy h(v, — vyip). Such a change in the
number of photons is a blue shift which is important in explaining changes in the molecule as a
result of both vibrational and rotational vibrations [2]. While this explanation is classical, quantum
mechanically, the scattering is explained as a change in excitation state as particles move from a

ground state to a virtual excited state.

As the sample absorbs enough amount of energy AE, the photons are then scattered with
energy hv — hv,,;;,, which as explained before, explains Stoke’s Raman. On the other hand, if the
energy of the scattered photons is lower than the original number of photons, the photons will relax
with energy+hv,;,, explaining anti-Stokes’ Raman scattering. The energy level diagram

describing the scattering process is described in Figure 3-1.
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Figure 3-1:The diagrammatic representation of the energy tr.dnsf(‘er model showing Reyleigh,

Stokes and Anti-stokes Raman scattering Thorsten et al., [3]

As indicated in Figure 3-1, the intensity of the anti-Stokes Raman scattering reduces rapidly
as the shift in wavenumber increases. The reason is that the anti-Stokes Raman scattering entails

transfer transitions to a rather lower energy state from a higher state populated with more electrons.

3.2.1 Classical Theory and mathematic Explanation of Raman Spectroscopy

The classical theory of Raman spectroscopy explains the Raman effect based on the
polarizability of molecules and their interaction with an oscillating electric field of light. When a
molecule is placed in an electric field E, it becomes polarized. The extent of polarization is given
by the induced dipole moment p, which is proportional to the polarizability o of the molecule [4].

These three variables are related as shown in Equation 3.1.
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n=aFE 3.1

For an electromagnetic field that is strong enough, the electric field strength is given in Equation

3.2.

E = E, cos 2mvt 3.2

In equation 3.2, E, denotes the amplitude of the electromagnetic wave. Equation 3.1 can be

combined with equation 3.2 to replace E to give Equation 3.3

u= akE, cos 2nvt 3.3

Equation 3.3 shows that when an EM radiation of enough frequency v interacts with a
sample, it introduces a molecular dipole moment that will oscillate with a similar frequency.
However, the induced polarizability will change with small displacements from their equilibrium

position giving molecular vibrations whose polarizability is defined by Equation 3.4.

a:ao—k(r—req)g—f 3.4

Where, a, describes the equilibrium polarizability, 7., is the bond length given at the

equilibrium position while r is the bond length at any given position. In the event of any harmonic

motion by the molecule, the displacement is defined by Equation 3.5.

T — Toq = Tmax COS 2TV} t 3.5

v;describes the frequency at which the molecule vibrates, 7,4, describes the optimal distance

where different atoms based on their equilibrium positions. Equation 3.4 can be combined with

3.5 to give Equation 3.6.
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a=a,+ (g—‘f) T'max COS 2TV; L 3.6
Equation 3.6 can then be substituted into equation 3.2 to give;

d
u= akE, cos 2nvt+E0rmax(a—f) cos 2mv; t cos 2mvt 3.7

u=ak, cos 2nvt + E?Ormax (Z—i) COS[ZT[(U - vj)t] + EZ—Ormax (Z—f) COS[ZT[(U + v; )t] 3.8
| |

! Anti-Stokes

Reyleigh Stokes scattering
scattering scattering

The combined equation 3.8 suggests that the excitation frequencies are based on the
vibrational bond lengths and can be leveraged to give more information about the vibrational

modes of any molecule of interest.

3.3 Theory of Surface-Enhanced Raman Spectroscopy

Conventional Raman is inherently weak due to the low probability of Raman scattering
events occurring. Only about one in 10 million scattered photons undergo Raman scattering. This
means that the Raman scattering cross-section, which represents the effective area for Raman
scattering, is extremely small [5]. To resolve such a weakness, SERS is often used since it can
achieve higher signal enhancements. The enhancement can be due to incident electric and magnetic
photons perpendicularly interacting with metal nanoparticles or roughened surfaces that help to
enhance signals. Target molecules attached to or near nanoparticles often experience plasmon
resonances consequently amplifying Raman signals. In principle, SERS enhancement is a result of
EM and chemical effects. EM enhancement is independent of the analyte while chemical
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enhancement is dependent on the probe and leverages the chemical interaction of the analyte on

the metal surface.

3.3.1 Electromagnetic Enhancement Mechanism

EM enhancement explains a bigger percentage of the SERS enhancement effect. EM field
enhancement is due to the roughness of the noble metal and its subsequent nanoparticle surfaces.
Two phenomena can be used to explain EM field enhancement behavior in SERS as the material
interacts with the roughened surface [6]. Firstly, close to the metal surface, there are
electromagnetic waves that create a local field signal enhancement. Secondly, the radiation
properties of the Raman dipole moment which was given in equation 3.1 can be affected by the
metallic environment which consequently enhances the radiation signals. A critical evaluation of

the two effects helps to explain the electromagnetic properties in SERS.

In local field enhancement, when EM radiations are directed at a metal surface that has a
small positive imaginary and negative real dielectric constant, the EM field close to the metal
surface is amplified. The amplification is a result of free electrons that oscillate freely resulting in
surface plasmons that can be propagated in the X and Y planes of the dielectric material [7]. When
nanoparticles are used instead of metal surfaces, an LSPR effect is realized due to the surface
plasmons that are localized on the surface of a nanoparticle. The electromagnetic field

enhancement mechanism is shown in Figure 3-2.
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Figure 3-2:Schematic of the electromagnetic field enhancement
used in SERS.

As shown in Figure 3-2, the enhancement in Raman signals is due to radiation fields
interacting with the localized surface plasmons of the roughened surface or for nanoparticles. The
LSPR is due to the resonance condition between the light’s incident photons and the electron cloud
generated from the nanoparticles. Consequently, there is a double oscillation of the conduction

resulting in the large enhancement behavior witnessed in surface-enhanced Raman spectroscopy.

3.3.2 Chemical Enhancement Mechanism

In SERS, the chemical approach to signal enhancement aims to explain how signal
enhancement is achieved through the exchange of chemical species between the analyte and
adsorbent. The approach involves the formation of new electronic states or charge transfer
transitions between the molecule and the metal surface, hence a better-scattering cross-section of
the molecule. The approach is also defined as the charge transfer method where an electron-
induced with sufficient energy moves from the Fermi level of the metal to the lowest unoccupied
molecular orbital of adsorbate (LUMO) [8]. Similarly, the electron can move from the highest

occupied molecular orbital (HOMO) to Fermin Level in retro-donation. The chemical
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enhancement mechanism often results in an enhancement in the order 10-10%. Figure 3-3 shows

the HOMO and LUMO mechanisms for chemical enhancement.
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Figure 3-3: Schematic of the charge transfer for chemical enhancement

3.4 Localized Surface Plasmon Resonance

LSPR is an optical process that occurs when the light of sufficient energy interacts with
conductive nanoparticles whose size is smaller than the wavelength of light. When such particles
are irradiated with photons of sufficient energy, the oscillating electric field causes the conduction
electrons in the nanoparticle to oscillate coherently, creating a localized surface plasmon [9].
Unlike the surface plasmon resonance where the induced plasmons oscillate along the metal-
dielectric interface, in localized surface plasmon resonance, the induced plasmons oscillate locally
to the nanostructure [10]. The absorption, which is wavelength selective eventually displays molar

extinction coefficients that are as large as 3*10''em™!.

LSPR can also be explained using the Mie scattering theory. The Mie solution to Maxwell’s

equation is important since it can be used to describe the scattering of an electromagnetic wave.
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The theory also contends that the polarizability of a particle is a measure of its ability to be
polarized by an external electric field. Equation 3.9 by Mariscal et al., [11] explains how the shape,

and dimensions of the nanoparticles, and the overall environment impact the extinction.

3
241N 4a3e;,2

Aln10

EA) = [— 3.9

(er+txem)?+g;?

where N, is the real density of the nanoparticle, a is its radius with the nanoparticle
assumed to be spherical. €, is the medium’s dielectric constant and it is assumed to be independent
of the wavelength and it is also a positive/real integer. A is the wavelength of the absorbing
radiation while €; and €, are the imaginary and real parts of the dielectric function. Finally, y is

the nanostructure’s aspect ratio.

The role of LSPR in detecting biomarkers in molecules and biosensing in general has already
been demonstrated. One way in which the approach has been used in biosensing is by monitoring
changes in the local environment of the surrounding nanoparticles and adsorbent. As analytes get
adsorbed on the metal nanoparticles, there are measurable deviations in the localized surface
plasmon resonance extinction wavelength since the adsorbed analyte will be dependent on the
refractive index of the environment [9]. The refractive, index n relates with the extinction

wavelength and dielectric constant as shown in equation 3.10.

Aoy = mAn[1 — exp(— %)] 3.10

where, m describes the refractive index of the bulk and how it shifts as per the surrounding
environment, d is the thickness of the adsorbate while [, is the exponential decay length of the of
the EM field. Therefore, monitoring the change in wavelength AA,,,,, which is a function of the
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decay length, the thickness of the adsorbate, and refractive index of the environment can help in
explaining the role of LSPR in biosensing applications. The changes in the wavelength can be

evaluated as a function of analyte concentration or time [12].

3.5 Theory of Laser Ablation in Liquid Technique

The laser ablation technique is one of the physical methods that has found great utility in
synthesizing nanoparticles. Unlike biological and chemical mechanisms, the nanoparticles
synthesized using laser ablation result in superior properties with the desired physical properties
of the generated nanoparticles being easy to achieve [13]. Pulsed laser ablation also allows size
control by changing the properties of the incident laser beam as well as the medium inside the
ablation chamber. Laser ablation has also been used in the production of nanomaterials and the
deposition of thin films. The continuous technique allows the production of colloid nanomaterials
that are scalable and stable, advantages that have seen the technique attract diverse applications as

shown in Figure 3-4.
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As shown in Figure 3-4, laser ablation in liquid has diverse applications including in water
splitting, drug delivery, pollution sensing, and in surface-enhanced Raman spectroscopy
applications [14]. Laser ablation in liquid is a technique that involves the interaction of a high-
intensity laser beam with a solid target immersed in a liquid environment. The process is based on
the principles of laser-solid interaction, which are modified by the presence of the surrounding
liquid. When a high-intensity laser beam interacts with a solid target, it can lead to the ejection of
material from the surface, forming a plasma plume. Figure 3-5 is the illustration of the laser

ablation in liquid approach used in this work.

A Q-switch delayed laser source is directed at the target with sufficient energy such that
particles are ejected from the ablated surface. The mechanism of generation of the nanoparticles
is defined by different physical phases. As the laser irradiates the target, the absorption energy and
temperature of the local liquid increase [15]. Consequently, the heated volume expands resulting
in thermoelastic stress waves forming a vapor phase that comes in the form of bubbles. Most of
the laser radiation is used in electron heating using inverse bremsstrahlung. Therefore, after
irradiation, the ablated material changes to the plasma phase Maaza ef al., [15] and the generated
nanoparticles are dependent on the nucleation rate of the bubbles. Figure 3-6 shows the possible

mechanism of how nanoparticles are generated using laser ablation in liquid technique.
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Figure 3-6: Mechanism of the formation of nanoparticles using laser ablation in

liquid. Maaza et al., [14]

As shown in Figure 3-6, the evaporated species undergo constant collision after they are
ejected from the ablated metal surface. The collision leads to a plasma plume that forms the basis
of laser ablation in liquid. Some of the factors that dictate the plume formation include the metal
being irradiated, the liquid being used, and the energy of the laser [16]. In liquids, the plume can
be quenched faster than in air. Therefore, there is a need for enough time to be allowed to achieve
the target dynamic equilibrium [17]. Some of the optimization parameters that need to be evaluated

using the laser ablation method are discussed under results and discussion.

3.6  Characterization Techniques

Characterization of a material is an important step through which the chemical, physical, and

microstructure properties of a material are explored using a variety of analytical techniques.
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Characterization forms the basic step through which the characteristics of a material are explored,
and subsequently, the diverse applications that are likely to come from the characteristics of the
material. The diverse analytical techniques provide critical insights into the properties of materials
at both visible and invisible scales, aiding understanding of material behavior, developing new
materials with specific properties, monitoring quality during processing, and evaluating

performance in various applications.

This section will highlight a theoretical and practical description of the techniques that were
employed in characterizing the prepared silver nanoparticles and the silver nanoparticle/trenbolone
acetate complex. The characteristic techniques discussed in this section include scanning electron
microscopy (SEM), Energy dispersive X-ray spectroscopy (EDS) and X-ray fluorescence
spectroscopy (XRF), ultraviolet-visible spectroscopy (UV-VIS), Fourier-transform infrared

spectroscopy (FTIR) and Raman spectroscopy.

3.6.1 Microscope-Based Characterization Technique

Microscope-based characterization techniques play a crucial role in analyzing materials at
various scales. These techniques provide detailed insights into the structure and properties of

materials.
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3.6.1.1 Scanning Electron Microscope

Scanning electron microscopy has been used to characterize nanoparticles/nanomaterials
due to its ability to provide high-resolution imaging of surfaces. SEM has been used to provide the
surface morphology of the material. SEM uses an electron rather than light to image the surfaces.
As shown in Figure 3-7, an electron beam is directed on the sample by heating a metallic filament

to form an image.
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Figure 3-7: Principle of the SEM system employed in characterizing prepared
silver nanoparticles.

The electron beams vertically/electromagnetically travel via the electromagnetic lenses
which help to focus the beam on the sample. When the highly concentrated beam hits the sample
surface, backscattered, secondary/auger, and X-rays are emitted. SEM leverages the backscattered
electrons to examine the image of a sample which can be in the nanoscale. The electrons that have
low energy are reflected giving insight into the material’s topography.
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In this work, the surface morphology of the prepared silver nanoparticles and the
AgNPs/trenbolone acetate complex was obtained with the help of scanning electron microscopy
(SEM, Leo-Stero Scan 440). SEM produces images by scanning a focused beam of electrons over
the surface of a sample and collecting the signals generated by the interactions between the
electrons and the sample. The process begins with an electron gun at the top of the SEM column,
which generates electrons through thermionic emission or field emission. These electrons are
accelerated down the column by an electric field and focused by a series of electromagnetic lenses
(condenser lenses and an objective lens) to create a fine beam. The focused electron beam is then
deflected by scan coils in a raster pattern across the sample surface, scanning it line by line. The
detected signals are processed and correlated with the beam's position on the sample. The
processed signals are then used to create a grayscale image, which is displayed on a monitor in

real time. The brightness of each pixel corresponds to the intensity of the detected signals.

3.6.1.2 Energy Dispersive X-Ray Spectroscopy

EDS was used together with SEM. EDS is a technique that allows elemental mapping of the
sample, providing a reliable estimate of the proportion of elements in terms of
concentration/intensity distributions. The EDS spectra provide the elemental composition using
emitted X-rays from the material after the material absorbed a beam of electrons of sufficient
energy. In the analysis, a high-energy beam of charged particles is focused on the material. The
inner shells of the material are excited by electrons, providing the image of the sample. The SEM
microscope is integrated with EDX and with an electron backscatter diffraction pattern detection
and analysis system. EDS was employed on regions that were randomly selected on the sample

surface using an acceleration voltage of between 7 to 10kV. The EDS characterization helped to
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provide profile maps of the elements and to perform sequence analysis of the particles from the

regions of interest.

3.6.1.3 Transmission Electron Microscope

TEM is a powerful microscopy technique that uses electron beams to image and analyzes
the structure of materials at the nanoscale. The technique works by transmitting electrons through
thin sections of the sample, providing an idea about existing defects and the nature of the crystal.
In TEM, electrons are accelerated at high voltage to high energy levels. The transmitted electrons
form an image that is detected after interacting with the sample. Unlike a light microscope, TEM
helps to achieve a much better resolution due to the smaller wavelength of electrons. A schematic

diagram that demonstrates how TEM functions is provided in Figure 3-8.
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Figure 3-8: Schematic Diagram showing the working of Transmission Electron Microscopy
(TEM) Das et al., [18]

Figure 3-8 also shows the source of the electrons and how the lenses can be used to achieve
diffraction patterns. As shown in the schematic, the TEM has a column equipped with different
systems whose role is to control the beam being directed to the sample. The components are also
important in producing images as well as diffraction patterns. The system is made of the source, a

stage, and the display unit.
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The source is by thermionic emission where electrons are released from the source gun
before being directed to the sample through a system of lenses. The lenses aid in focussing the
beam onto the sample on the stage system. After the lenses, there is an objective lens that creates
the image from an electron signal which is transmitted through the sample where further
magnification can be done. Thereafter, there is a system of several lenses that focus the image onto

the CCD detector which projects the image for display on the digital screen.

3.6.2 Spectroscopy-based Characterization Techniques

Spectroscopy-based characterization techniques involve measuring a material's response to
various frequencies of electromagnetic radiation to reveal its chemical composition, crystal
structure, and photoelectric properties. This section will explore the theoretical analysis of the

different spectral techniques employed in this work.

3.6.2.1 Ultraviolet-visible -NIR Spectroscopy

UV-Vis-NIR spectrophotometer is a reliable spectroscopic method often used to provide the
optical properties of a material under study. The optical properties that the instrument analyses
include absorbance, reflectance, and transmittance of the material. The technique works by
assessing the interaction tendency of the sample with oncoming electromagnetic radiation. The
UV-Vis-NIR spectroscopy wavelength range is from 200 to 2500nm which implies that it covers
a wide range, from UV to NIR [19]. The ability of non-transparent materials to absorb, reflect, or
scatter electromagnetic radiation makes it possible to explain the optical properties of the material.
Figure 3-9 shows the typical schematic working of a UV-VIS spectrophotometer, with a detailed

evaluation of how it provides optical characteristics of a material.
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When characterizing nanoparticles, UV-VIS helps to provide a better picture of the

plasmonic properties of the nanoparticles, including finding the optical band gap.
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Figure 3-9: Schematic diagram which shows how a UV-VIS
spectroscopy works.

The number of photons absorbed by a sample plays an important role in explaining the
material’s properties. Absorbance is described as the difference between the number of incident
photons from the transmitted photons. The amount of light absorbed is also characteristic of the
analyte concentration such that higher concentrations record better absorbance as defined by the

Beer-Lambert law. The ratio of the intensity of light after passing through a sample to that before

passing through the sample i.e. IL gives transmittance. The absorbance, which is often based on
o

the transmittance can then be expressed as;

A=—lo gi 3.11
where A is the number of photons absorbed by a sample, I is the intensity of light after
passing a sample, and I, is the intensity of light after passing through a sample. Two external
factors can be considered as key determinants when exploring absorbance. The first assumption is
that the absorbance is directly proportional to the concentration of the solution for the sample

employed in the experiment A X C. The second assumption is that absorbance has a direct
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correlation with the length of the light path which is also the same as the length [ of the cuvette
holding the sample (A o I). The two assumptions can be considered in Equation 3.11 to give

Equation 3.12.

A= loglizscl 3.12

where ¢ is the constant of proportionality called molar absorptivity or the molar extinction
coefficient that measures the probability of electronic transition. From equation 3.12, absorbance

is directly related to the concentration of the adsorbing species as given by the Beer-Lambert law.

3.6.2.2 Fourier Transform Infrared Spectroscopy

FTIR spectroscopy works using infrared radiations that lie between visible and microwave
radiation on the electromagnetic spectrum. Some of the infrared radiations are transmitted while
others get absorbed which gives molecules their unique characteristic behavior. The working of
FTIR in its characterization is based on the premise that every functional group/bond needs a
different frequency for absorption [20]. Therefore, a characteristic peak is obtained for each of the

functional groups or parts of the molecule under study.

When using FTIR, the light is often measured using an infrared spectrometer that produces
an output of an infrared spectrum. The FTIR spectrum represents the graph of absorbed light
against the wavelength. A block diagram depicting the mode of operation of FTIR is shown in
Figure 3-10. Essentially, the FTIR uses an interferometer to measure the energy that goes into the

sample.
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Figure 3-10: FTIR Spectrometer system.

3.6.2.3 Laser-Induced Breakdown Spectroscopy

Laser-induced breakdown Spectroscopy (LIBS) is a rapid, versatile, and sensitive
analytical technique that uses a high-energy laser pulse to ablate a small amount of material from
a sample's surface, creating a high-temperature plasma. The plasma emits light with characteristic
wavelengths corresponding to the elements present in the sample. By analyzing the emitted light
with a spectrometer, the elemental composition of the sample can be determined. A laser pulse of
sufficient energy is focused on the sample, causing the removal of a small amount of material via
thermal and non-thermal mechanisms, creating a microplasma. The ablated material interacts with
the trailing portion of the laser pulse, forming a high-temperature plasma containing excited atoms,
ions, and electrons. The emitted light is then recorded in the form of spectra/emission lines with

the help of a CCD detector.

By comparing the intensities of the emission lines to those obtained from calibration
standards, the concentrations of the elements in the sample can be determined. The difference in
energy between the discrete energy levels occupied by the electrons in a given atom corresponds

to specific energies described by the equation:
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_hc

E
A

3.13

Where E describes the wavelength that can be observed visually in the resulting LIBS spectra, h

is Planck’s constant, c is the speed of light while A is the wavelength.

3.6.3 X-Ray Based Characterization Technique

X-ray-based characterization techniques are essential in materials science for analyzing the
structure and properties of materials. The focus of this section will be on the energy-dispersive X-
ray fluorescence technique and X-ray diffraction that were used to characterize silver

nanoparticles.

3.6.3.1 X-Ray Diffraction

X-ray diffraction is the most common approach used to study the crystal structure, chemical
structure, and physical properties of materials under observation. Using X-rays, XRD helps in
exploring the geometry and shape of molecules. It is based on the elastic scattering of X-rays from
structures that have long-range order. The X-rays hitting the target sample get diffracted since the
wavelength of the X-rays is of the same order as the inter-atomic spacing in the crystals [21].

Figure 3-11 show the schematic representation of the working of X-ray diffraction.
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Figure 3-11: Diffracted X-Ray Beam after hitting the samplé.

When an X-ray beam strikes the orderly three-dimensional structures of atoms within a
crystal, the majority of the X-rays will undergo destructive interference, effectively negating each
other [22]. However, in certain specific orientations, the X-ray beams can interfere constructively,
enhancing one another. It is this constructive interference of diffracted X-rays that generates the

distinctive X-ray diffraction pattern, which is essential for determining the structure of the crystal.

According to Braggs, the X-rays are diffracted from a family of planes within a crystal and

the relation can be given using Bragg’s equation given in 3.14.

n(A) = 2dsin 6 3.14

Here 7 is an integer (1,2, 3...n), A is the wavelength, d is the distance between the atomic
planes, and 0 is the angle of incidence of the X-ray beams. For a given set of crystal lattice planes,
the X-rays will be diffracted constructively if the path difference between the waves scattered from
adjacent lattice planes is an integer multiple of the wavelength. This leads to the formation of a
strong diffracted beam. When the particle size of the crystal is small, the diffracted beam tends to

broaden. A schematic of an X-ray diffractometer is shown in Figure 3-12.
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Figure 3-12: Schematic Diagram of an X-ray diffractometer.

The difference between the diffracted and incident X-ray beam dictated by the path length
is significant since it provides more information about the structure, crystallography, and physical
properties of the material under study. For this work, the XRD analysis was performed using an
XPERT-PRO diffractometer system, which employed a monochromatic CuKa radiation source
with a wavelength of 0.1541 nm. The diffraction pattern was measured within the angular range

of 10 to 40 degrees, with a step size of 0.01671 degrees.

3.6.3.2 X-Ray Fluorescence

The XRF technique works through radiation interaction with a sample. The first principle
of such interaction is through photoelectric absorption where the atoms fully absorb the radiation
to produce X-rays whose energy gives information about the sample. The process of interaction of

radiation with matter is described using Beer-Lambert law;

um

Ir =1,e 4 3.15
where I is the intensity after transmission through matter, is I, the initial intensity, pu the mass
attenuation coefficient, m is the mass of the sample, and A the irradiated area. Samples exposed to

X-rays and gamma rays of shorter wavelengths are likely to undergo ionization of the atoms. The
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process of ionization involves electrons being ejected from the metal surface especially when the
incident photons have energy that is higher than the ionization energy of the atoms. As the inner
electron of the atoms is ejected, the atom becomes unstable. An outer electron then fills the hole
left behind, releasing energy in the form of a photon. This emitted radiation has energy

characteristics of the atoms present and is termed fluorescent radiation.

3.7 Density Functional Theory

DFT was developed in the 1960s as an alternative to the Hartree Fork providing better
computational efficiency at lower costs. With DFT, it is possible to explore the properties of many-
electron systems using functions of the spatially dependent electron density instead of wave
functions. The theoretical model can be traced to the Thomas-Fermi model which assumes that an

atom has uniform electron distribution.

In Hartree-Fock's theory, energy can be given in the form of equation 3.16.

Eyp=V+ (hWP)+ 1/2(PJ(P))— 1/2(PK(P) 3.16

The individual terms can be defined as follows:

V describes the energy for the nuclear repulsion

(hP) - is kinetic plus potential

P describes the density matrix in the function

1/2(PJ(P)) - Classically, the function describes the electron Coulomb repulsion

-1/2(PK(P)) - Is negative since it is used to explain the exchange of energy due to the quantized

nature of the electrons.
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In DFT, it is important to consider the electron correlation energy, and as such, the equation can

be changed to Equation 3.17.

Exs=V+ (hP)+ 1/2(PJ(P)) + Ex[P] + E;[P] 3.17

where Ex[P] describes the exchange component while E[P] is correlational functionality.

3.7.1 The Basis Set Selection

Basis sets in the framework of density functional theory can be used for an accurate
prediction of structural parameters and vibrational modes of a molecule under study. Choosing a
basis set is crucial in DFT calculations because the accuracy and reliability of the results heavily
depend on the quality and appropriateness of the basis set used. Since the system studied in this
work was simply a single molecule with only 147 atoms, a 6-311++ G (d, p) basis set combined
with the dispersion correlation functional Becke-Lee-Yang-Part (B3LYP) was considered. This
basis set was selected since it has proven to be reliable and with improved accuracy in calculating
geometries compared to other basis sets, making it suitable for obtaining precise molecular
structures and properties. Similarly, when combined with the B3LYP functional, the 6-311++G (d,
p) basis set offers good predictive power for the thermochemical properties of organic molecules,
making it a popular choice for studying small organic molecules [23]. Greater basis sets have also

been shown to be reliable since they provide better results as it is closer to the infinite basis set.
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3.7.2 DFT in air and using a solvent

The use of Density Functional Theory (DFT) in air and employing any solvation process
like the Integral Equation Formalism Polarizable Continuum Model (IEFPCM) in the original
environment are significant considerations in computational chemistry. Like other solvation
methods, IEFPCM accounts for the interaction between a solute molecule and its surrounding
solvent environment, offering a practical way to simulate the effects of solvation during the

interaction between the analyte and its environment.

Adekoya et al., [24] explains that when DFT is applied in the air, it allows for the accurate
prediction of electronic properties and behaviors of molecules without considering the influence
of solvation effects from the surrounding environment. This approach is particularly useful for
studying isolated molecules or materials in vacuum or gas-phase conditions, providing a
fundamental understanding of their intrinsic properties. Conversely, using IEFPCM in the original
environment involves incorporating the effects of solvation into the computational model. This is
crucial when studying molecules or materials in a solution or liquid phase, where interactions with

the surrounding solvent significantly impact their behavior.

The IEFPCM method is the widely used method for modeling solvent effects. The [IEFPCM
method provides a computational approach that is efficient and helps to account for a solvent in
DFT calculations by treating the solvent as a continuum with different dielectric constants. This
approach allows for the consideration of the solvent's influence on the electronic structure and
properties of molecules without explicitly including solvent molecules in the calculation, reducing

the computational cost significantly.
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In this work, DFT was carried out both in air and water using the IEFPCM solvation model.
The overall aim of using the two approaches was to underscore the influence of water in predicting
the vibrational behavior of the molecule. Including solvation effects in DFT analysis can help

predict and interpret Raman and FTIR experimental results.
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4 Materials and Methods

This section explores the materials used in the study and the instrumentation used in
synthesizing silver nanoparticles. The instrumentation of the Raman spectrometer and the FTIR
system employed in the study was also explained. The last part is the computation approach to

density functional theory and the use of Dmol; as employed using material Studio.

4.1 Materials

4.1.1 Trenbolone Acetate

Trenbolone acetate ([(8S,13S,14S,17S)-13-methyl-3-0x0-2,6,7,8,14,15,16,17-octahydro-
1H-cyclopenta[a]phenanthren-17-yl] was sourced from Ultimate Precision Anabolic (UPA) and
used without any further purification. The purity of trenbolone acetate as stated by the
manufacturer was 99.99%. A syringe was employed to extract and dispense 2ul of trenbolone
aliquot, including both pure samples and those with lower concentrations, onto a microscope slide
wrapped in aluminum foil. Subsequently, Raman spectra were acquired by illuminating the sample,
which had been allowed to dry on the prepared substrate (the aluminum foil-wrapped slide), using

a laser.

4.1.2  Silver Nanoparticles

Analytical grade silver nanoparticles (99.9% pure) were acquired from Sigma Aldrich and
ablated directly without any further purification. Silver granules were ablated in water using a Q-
switch delayed 1064nm laser. The ablation time was optimized at 8 hours, the energy of the laser

was 250mJ, and the pulse repetition frequency was SHz.
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4.2  Instrumentation

4.2.1 Raman Spectrometer

All the Raman spectral measurements were carried out using a portable Raman
spectrometer system (EZRaman-N portable Analyzer) from Enwave Optronics. The system is
equipped with an EZRaman Analyzer software that allows background subtraction through Auto
Baseline 2 and smoothing with the help of Boxcar which was set at 1. The system was equipped
with a 785nm laser and the optimized parameters were laser power set at 150mW, exposure time,
and spectral accumulations of 5. The measurements were done over the 100cm™'-4000cm™! spectral
range and analyzed in the “fingerprint” spectral region of 500-1800 cm. The spectral resolution of

the Raman system used was 7cm™.

4.2.2 FTIR Spectroscopy

FTIR spectra were recorded using Spectrum Two (PerkinElmer, USA) within the spectral
range 4000cm™! to 400cm™! with a resolution of 4cm™'. The analysis was carried out by placing the
analyte sample in a unit cell before the spectra were acquired in transmission mode. All the spectra

were plotted using OriginPro 2021, version 9.8.0.200.

4.3 Computational Details

This sub-section presents details for the theoretical calculations employed in the study with
an emphasis on how pristine silver nanoparticles /Ag (1 1 1) slab and trenbolone acetate adsorbate

were optimized and binding energies obtained.
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4.3.1 DFT Analysis of Trenbolone Acetate

Theoretical computations of Trenbolone acetate were performed using Gaussan09W while
the molecular visualization was done through Gauss View 6. The molecule was optimized using
B3LYP which is a functional hybrid approach in combination with the 6-31G (d, p) basis set which
is a functional correlation exchange of the Becke-Lee-Yang-Part and the most used DFT method.
The same level of theory was used for vibrational frequency analysis. The basis set is the most
commonly used due to its speed accuracy and ability to provide reproducible vibrational frequency

results [1].

Harmonic vibrational numbers for infrared spectroscopy and Raman spectroscopy intensities
were analytically calculated after fully optimizing the molecular geometries without any symmetry
restrictions. Vibrational frequencies/wavenumbers (real harmonic) for the molecule were obtained
proving the localization of the global minima on the potential energy surfaces. The calculated
vibrational modes were displayed using Gauss View-05 software. The obtained vibrational
frequencies were properly assigned through potential energy distribution (PED) analysis of the
basic modes with the help of the VEDA 4 program. DFT helped to provide a solid foundation of
the theoretically calculated Raman spectra while the PED analysis was performed to achieve
vibrational assignment and understand the structural-vibrational properties of the trenbolone

acetate.

4.3.2 Geometry Optimization

To find the most optimized geometry, energy calculations were done using the 6-311++ G

(d, p) basis set. The molecule together with the numbering of the atoms is shown in Figure 4-1.
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Figure 4-1:Molecular model of Trenbolone acetate molecule with the atom numbering system
as appears in VEDA 4 program.

The global minimum electronic energy obtained in the optimization process was -996.9
Hartrees without the solvent while with the solvent (water) was -1000.34 Hartrees for the same
basis set. The structural parameters obtained from the optimization process formed the hallmark
for computing the vibrational frequencies of the molecule at the defined basis set and level of
theory. Each characteristic in a molecule has a specific vibrational behavior and when coupled in

systems, can change frequencies and intensities.

4.3.3 Dmols in Materials Studio

Adsorption studies of trenbolone acetate on silver nanoparticles were carried out using
DMoL3 implemented in Biovia Materials Studio. The user interface complied with Windows
standards making it possible for quantum mechanical calculations. To ensure the optimization of
the most feasible adsorption site on the substrate surface, the adsorption locator module in the
materials studio was used. The adsorption locator uses Monte Carlo in a lattice dynamics style to

come up with the most feasible lattice configuration. The optimized configuration parameters were
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then used as inputs for the subsequent DFT calculations. The work leveraged the face-centered

cubic of Ag (1 1 1) when constructing the slab and the unit cell optimization was set at 4.02 A.

The first step was to import trenbolone acetate (3-D atomistic model) from PubChem. The
next step was to build the structure and the supercell of silver where the lattice parameters were
length a=b = 4 A. While building a supercell, the spectral range was set at 5 A giving the length
of the slab as = 20 A. The length was found to be feasible since the longest side of trenbolone
acetate was 13.8 A. The extra length was to allow the molecule to freely adsorb on the substrate

without overlapping.

The next step was to independently do geometry optimization of the adsorbate and the
adsorbent. During optimization, the quality was set to fine, and the function used was General
Gradient Approximation (GGA) with Perdew Burke Ernzerhof (PBE) which provides better total

energies during optimization.

After the molecules and substrates were optimized, the next step was to adsorb the
molecule on the substrate with the help of an adsorption locator. In the adsorption locator setup,
the quality used was medium and three cycles were used with 15,000 steps to reduce the time for
calculation and to achieve better accuracy. The optimized structure of trenbolone acetate was
introduced as the adsorbate on the optimized silver slab. Some of the properties that were explored
in the adsorption calculations include adsorption energies, the total density of states projected

density of states, and the energy distribution.
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5 Results and Discussion

This section is divided into four sub-sections, as per the objectives of the study. The first
section explores results obtained for the synthesized pristine silver nanoparticles and their
characterization using different techniques. The second part explains localized surface plasmon
resonance studies of trenbolone acetate. The third sub-chapter looks at how silver nanoparticles
can be used as substrates in surface-enhanced Raman spectroscopy. This is followed by sub-
chapter 4 and sub-chapter 5 which present results on the DFT study of trenbolone acetate and the

adsorption of trenbolone acetate on silver nanoparticles respectively.

5.1 Laser Ablation in Liquid and Characterization of Synthesized Silver Nanoparticles

This sub-section describes the optimization process used in generating silver nanoparticles
using the laser ablation in liquid (LAL) technique. Thereafter, generated nanoparticles were
characterized using both microscope-based, spectroscopy-based, and X-ray-based analytical
methods. Some of the parameters that will be explored in optimizing the LAL approach include

ablation time, pulse repetition rate, and laser energy.
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5.1.1 Colloidal Silver Nanoparticles

To generate silver nanoparticles, analytical grade silver nanoparticles (99.99% pure) were
used as the target. The silver granules were put in a beaker containing 10ml of distilled water and
then an Nd: YAG 104nm Q-switch delayed laser was focused on the target to generate silver
nanoparticle colloids. During ablation, the beaker containing water was manually moved to ensure
the surface was evenly ablated and to generate evenly distributed nanoparticles. The generated
nanoparticles were inspected physically for color change. Figure 5-1 shows the yellowish and

brownish color of the nanofluid after ablation which shows evidence of silver nanoparticles.

Figure 5-1: Observed color change on the silver nanofluids prepared at different ablation times.

Significant research has linked the yellow-brownish color to the presence of silver
nanoparticles. Alhamid et al., [1], Mulfinger et al., [2], and Hussain ef al., [3], have all confirmed
that colloidal silver nanoparticles are yellowish. The yellow color confirms the plasmonic eftect
due to the vibrating lattice atoms within the silver nanoparticles. The color change from yellow to
brown has also been shown to depict the presence of silver nanoparticles. Therefore, the physical

inspection and observation of the change of color in the nanofluid provided a preliminary way of
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confirming that the generated nanoparticles are indeed silver. Lyane et al.,[4] explain that the
change in the color of the nanofluid provides the basis for understanding the optical properties of
silver nanoparticles as explored using UV-VIS and Raman spectroscopy among other techniques

in the subsequent section.

5.1.2 Characterization of Silver Nanoparticles

Characterizing nanoparticles by exploring their physicochemical properties (size, shape,
structural crystallography, etc.) is an important step in assessing their subsequent applications.
Accurate and valid information about nanoparticles using different characterization techniques
helps to ascertain their therapeutic and diagnostic efficacies and other applications that are
dependent on the particle’s physicochemical properties. This section discusses how silver

nanoparticles were characterized using different methodologies.

5.1.2.1 X-ray Diffraction

The crystallinity of the synthesized silver nanoparticles was examined using X-ray
diffractometry (XRD) in the Bragg—Brentano geometry. There were three visible peaks centered
at 20 = 19.06°, 27.59% and 40° corresponding to (1 1 1) which was the sharpest peak; (2 0 0) and
(2 2 0) planes which belong to the face-centered cubic (FCC) crystalline AgNPs structure. The

peak positions of the planes are shown in Figure 5-2.
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Figure 5-2: XRD Spectra of laser ablated silver nanoparticles.
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As shown in Figure 5-2, there were no other peak planes corresponding to unexpected

phases within the spectra which shows that the synthesized silver nanoparticles were pure. The

miller indices and the angle are shown in table 5-1.

Table 5-1: Miller indices from XRD Spectra.

Miller Indices 20 degrees 0 radians
111 19.06° 9.53
200 27.59° 13.79
220 40.46° 20.23
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The appearance of a large intense peak at 19.06° and a small peak at both 27.59° and 40.46° both
confirm the presence of silver nanoparticles. The broad peak corresponds to the face-centered

cubic (F C C) crystalline planes.

Using the most intense band at 19.06°, the crystalline size was obtained based on the Scherrer

equation below.

KA

- BCOSO 3.1

In equation 5.1, D is the average crystalline size, K is the Scherrer constant provided as 0.94
since the silver nanoparticles are spherical, B is FWHM given in radians, 0 is the Bragg’s angle

in degrees. A is the X-ray wavelength where for CukK,, the value is 1.54 Angstroms or 0.154nm.

The value of FWHM based on the band at [1 1 1] was obtained from the origin as 0.98 and in

terms of radians, the value of FWHM is 0.017 radians.

Therefore, substituting the values in equation 5.1, the crystalline size can be given as;

0.94x0.154  0.14476

= = = 0.014476/0.0165 =~ 9nm
0.017%c0s13.6  0.017%0.972

The results obtained using TEM for the same samples (nanoparticles synthesized using 8 hours
of ablation time) showed the particle size to be 10nm. Therefore, the results obtained using TEM

and XRD are almost similar with a minimal slight deviation.

5.1.2.2 UV-VIS Spectroscopy

UV-VIS spectrophotometry was carried out to further confirm the presence of the
nanoparticles. The results indicated a surface plasmon band at 408nm which is an indication of the

presence of the nanoparticles. Several authors have reported the silver nanoparticle absorbance
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between 400 and 450nm with the variation being a result of the technique used to synthesize the
nanoparticles or the base liquid in the case of the laser ablation method. For biological methods
that leverage the use of leaf extracts, Agustina et al., [5] reported a localized surface plasmon
resonance peak of 400nm. Fernandez-Arias et al., (2015) [6] also reported an LSPR peak at 402nm
when using water as the base liquid. Therefore, the results obtained for this work were consistent
with what has been reported by other authors. This section focuses on the optimization parameters

that were used to characterize silver nanoparticles.

5.1.2.3 Ablation Time

Ablation time can be defined as the time required for a significant mass to be ejected from
a metal target after exposure to laser radiation. Varying ablation time has been shown to have
diverse physiochemical effects on the generated nanoparticles. In terms of particle size, Mafuné et
al., (2000) have reported that more time is used to ablate the sample results in nanoparticles with
smaller sizes. An increased ablation time also led to higher ablation mass as evidenced by an
absorption band that has an increased intensity. Bhuiyan et al., (2015) [7] reported that an increase
in ablation time leads to nanoparticles that are finer and with narrow size distributions. The effect
of ablation time on UV-Vis peak intensity has also been investigated by Baladi et al., [8]) using a
1064 nm laser with an energy of 250mJ and ethanol as the base liquid. The conclusion drawn was
that an increase in time leads to a higher concentration of the nanoparticles which is similar to the

results obtained in this research.
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Figure 5-3:Absorbance spectrum of silver colloids for different ablation times by the
same energy (200mJ) and pulse repetition frequency (5Hz).

The results in Figure 5-3 show that there is a direct correlation between absorbance and the
time of ablation. According to Desarkar et al., [9], a longer ablation time generates more
nanoparticles as reflected in increased absorbance. The increase in absorption has also been
associated with more particles agglomerating and as such, more energy getting absorbed. The
figure shows that the absorbance band is at 400nm after which there is a tail part that is a result of
the particle plasmon excitation and the also the interband transitions [10]. Amendola et al., [11]

also, explain that the band around 400nm shows that the generated nanoparticles are spherical.
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5.1.2.4 Ablation Energy

Energy is an important parameter when exploring the synthesis of silver nanoparticles.
Bola [12] reported that when the laser pulse energy increases, the generated nanoparticles also
increase in size. A change in energy from 9 to 13mlJ resulted in a change in size in the range of 9
to 22nm. From this research, it was observed that the peak absorbance of every sample had a linear
relation with the concentration of the generated nanoparticles while the intensity of the yellow
color characteristic of the silver nanoparticles changed based on the laser energy. Figure 5-4 shows

the impact of laser energy on the absorbance of silver nanoparticles.
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Figure 5-4:UV-Vis spectra of AgNPs at different ablation energies and 20-minute
ablation time and 5Hz frequency.
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As shown in Figure 5-4, the peak absorbance generally increases with an increase in the
ablation energy but with all spectra consisting of strong absorption due to plasmon resonance
around 400nm. As stated by Bola (2014) [12], the higher the peak absorbance the more the
concentration of silver nanoparticles in the solution. Therefore, we can conclude from this
observation that the higher the laser power, the more concentrated the nanoparticles tend to be in
the solution. Although not noted in this research, Hernandez-May et al., [13] emphasized that the
range between 100 — 180mJ can be regarded as an optimal range used for laser ablation and that it
is not possible to generate nanoparticles with less than 100mJ energy or more than 180mJ. The
research also noted that there is the possibility of saturation when synthesizing nanoparticles if the

energy is above 180mJ.

5.1.2.5 Pulse Repetition Frequency

The laser pulse repetition rate had a notable impact on the development of the silver
nanoparticles. Repetition rate is defined in this case as the number of laser pulses per second that
hit the metal target. This study showed that there was a linear relationship between the
concentration of silver nanoparticles and the pulse repetition rate in the lower ranges of 1,2 and 5
Hz as shown in Figure 5-5. Amendola & Meneghetti, [11] state the linear relationship is reported

since the repetition rate is longer than the lifetime bubble cavitation time.
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Figure 5-5:UV-Vis spectra of AgNPs at different repetition rates with time maintained at
1 hour and energy at 200mJ.

In this study, SHz was the threshold in the production of synthesized nanoparticles. Beyond
this threshold, the concentration of silver nanoparticles reduced linearly as shown in the inset of
Figure 5-5. Amendola & Meneghetti [11] note that beyond the threshold, the metal target
temperature increases higher than the room temperature reaching an energy threshold for the
detachment of the metal surface. A high pulse repetition also maintains the heat produced during
ablation and also helps to reduce energy waste. Unfortunately, this only acts to speed up

aggregation and the coalescing of the nanoparticles [14].

100



5.1.3 Raman Spectroscopy

Raman spectroscopy can characterize silver nanoparticles providing detailed information
on their structural, chemical, and physical properties. Analyzing the Raman spectra of silver
nanoparticles provides notable insights into their vibrational modes, surface chemistry, and
interactions with surrounding molecules. This section provides a characteristic analysis of silver

nanoparticles using Raman spectroscopy.

5.1.3.1 Laser Optimization

The synthesized nanoparticles were characterized using Raman spectroscopy; with 532nm
and 785nm laser strengths to acquire the background SERS spectrum before interacting with the
target analyte. An aliquot of the nanofluid was loaded on the surface of an aluminum foil which
was covered with a slide and then let to dry in the ambient air. Figure 5-6 shows the Raman spectra

of silver nanoparticles using the two laser powers.
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Figure 5-6: Raman spectra of silver nanoparticles using 532nm and 785nm laser
strengths.

Some of the peaks that were observed were 204cm™! for the 785nm laser which appeared
at 199cm™ when using the 532nm laser. An intense band at 415cm™ was visible for the 785nm
laser and almost invisible for the 532nm laser. The small band at 521cm™ could be visible when
using 785nm and shifted to 505cm™ when using a 532nm laser. The peak at 791cm™ was the most
intense band when using a 532nm laser. This band was way low when using a 785nm laser. 910cm”
"'and 1164cm™ were only evident when using the 785nm laser while the bands at 1391cm™ and
1578cm™! were only sharper and more enhanced using the 785nm laser as compared to the 532nm

laser.
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The significant spectral variations of 785nm and 532nm laser when characterizing silver
nanoparticles paint a better picture of subsequent SERS characterization. 785nm laser is more
feasible for such characterization since it provides more spectral features and improved signal
intensity. The prepared silver nanoparticles had a plasmon resonance band around 411nm (the
green region). Since the 532nm laser is closer to this region, it benefits from the strong plasmonic
effects that eventually result in significant enhancement of the signals in the UV region which is
between 530cm™! and 795¢m™!. Therefore, to properly characterize silver nanoparticles, a 785nm

laser can be used since it reveals the peaks that are masked by the high fluorescence 532nm laser.

The lack of more spectral information within the medium frequency region of 1000cm’!
and 1800cm™ when using 532nm laser suggests that subsequent characterization when the probe
is adsorbed to the nanoparticles would be probably explained better using 532nm laser since any
Raman scatter bands within this region would easily be attributed to the probe. This is unlike when
using a 785nm laser where more silver nanoparticle bands would easily overlap with the signals

from a probe that has Raman active modes within the same region.

5.1.3.2 Substrate Optimization

The interaction between the nanoparticles and the adsorbing surface is key in defining the
Raman signal and in providing valuable information about the nanoparticles. For this work, three
substrates were used as adsorbent surfaces in characterizing silver nanoparticles. As shown in

Figure 5-7, the three substrates showed different signal enhancement behavior for a 532nm laser.
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Figure 5-7: Characteristic Raman spectra of silver nanoparticles on Aluminium foil,
calcium fluoride glass, and microscope glass, using a 532nm laser, 10 seconds exposure
time, and 5 accumulations. The spectra have not been background subtracted to show the
similarity.

Aluminum foil was the best substrate for characterizing silver nanoparticle signals. The
spectra were obtained on the edge of the coffee ring after drying. The spectra that can be directly
attributed to silver nanoparticles include 205cm™, 417cm™, 809cm™, 915cm™, 1180cm™, 1377cm’
!, 1445cm™ and 1578cm™!. All the bands can be assigned to silver colloids as noted by [15]. The
spectra obtained were similar to what was reported by Joshi ef al., [16] who used a chemical
synthesis method for preparing silver nanoparticles and assigned the bands as 233cm™ (Ag-O
stretching), 470cm™'& 627cm™! (stretching vibration of C-N-C), 1364cm™ and 1544cm™ for the
carboxylic symmetric and the antisymmetric C=0 stretching vibration. Calcium fluoride and

1

microscope glass only provided peaks at 1377cm™ and 1578cm™ with no peaks in the lower
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frequencies. Lewis et al., [17] noted that calcium fluoride provides no means for increasing the
rather weak Raman signals. The improved signals when using aluminum foil allow for improved

Raman signal and obtaining more Raman features.

All the low-frequency vibrations could only be obtained using an aluminium foil substrate.
Aluminium substrate’s high reflectivity especially in the visible and near-infrared spectral range
improves its utility when coupled to surface-enhanced Raman spectroscopy [18]. When a laser
beam is directed onto the aluminum substrate, a significant portion of the incident light is reflected,
ensuring efficient excitation of the sample [19]. The substrate also has low autofluorescence in the
spectral range used for Raman spectroscopy, minimizing background noise and improving the
signal-to-noise ratio of the Raman measurements. Gudun et al., [18] utilized the sensitivity and
versatility of aluminium foil in making a SERS substrate for characterizing gold nanoparticles. Al
foil is also known to yield a very low and featureless spectral background which is unlike glass
that exhibits interference from the strong broadband that easily masks the important fingerprint

bands at important spectral regions [19].

The conclusion that can be drawn from this finding is that aluminum foil can be used as an
important substrate which can be complemented with the SERS tendency of silver nanoparticles
to achieve an even higher signal enhancement behavior. When used as a substrate for Raman
spectroscopy, aluminium facilitates the creation of SERS-active substrates providing plasmonic

enhancements for the Raman signals.

5.1.4 Fourier Transform Infrared Spectroscopy

FTIR was used in conjunction with Raman spectroscopy to ascertain the nanoparticle’s

chemical structural characteristics as indicated in the spectra of silver nanoparticles in Figure 5-8.
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Figure 5-8: FTIR Spectra of Silver Nanoparticles.

The results show that FTIR exhibits prominent peaks at 2359cm™!, 1571cm™, 1905cm™,
and 2103cm™. Other minor peaks were noted to be at 1631cm™ and 1383cm™'. The bands have
previously been reported by Marimuthu et al., [20] who assigned the bands to the stretching

vibration of the C=0 group and C-C methoxy compounds stretching vibration.

5.1.5 Energy Dispersive X-Ray Spectroscopy

Energy dispersive X-ray spectroscopy was used as an effective analytical technique to
provide chemical elemental information. In this research, the EDX was coupled to SEM and helped

to provide the elemental composition of the silver nanoparticles. The EDS analysis was employed
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on the nanoparticles with Figure 5-9 showing an example of the EDS spectra on the synthesized

nanoparticles.
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Figure 5-9:EDS spectra of silver NPs optimized at different ablation times.

In the EDS spectra, strong signals could be observed from the silver atoms in the
nanoparticles at around 3keV which is characteristic of metallic silver nanoparticles. These results
were in line with those reported previously by [21]. As shown in Figure 5-9, there is a linear
relation between the intensity of the characteristic silver peak and the time of ablation used to
synthesize silver nanoparticles. This linear relationship shows that the concentration of silver
nanoparticles increases with the increase in ablation time and demonstrates the sensitivity of EDS

in characterizing different concentrations of silver nanoparticles.
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5.1.6  Energy Dispersive X-ray Fluorescence

EDXRF spectroscopy was employed in this work as an analytical method used to prove
the existence of silver nanoparticles and then quantify them by measuring the spectral energy and
intensity. X-ray fluorescence is based on the principle of interaction of radiations with matter
causing either photoelectric absorption or scattering of the photons. Maaza et al., (2018)[22]
contend that the XRF technique is of great value in evaluating nanoparticles due to its versatility
and ability to provide multiple analyses almost simultaneously. Besides, it ensures that the
elements can be quantified without any damage to the sample. This work used an energy-dispersive
X-ray fluorescence spectrometer Shimadzu series EDX800HS, model CE (212-23701-36), for
spectral data measurements. The EDXRF spectrum of the synthesized nanoparticles is shown in

Figure 5-10.
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Figure 5-10: EDXRF Spectra of synthesized silver nanoparticles indicating the peak position of silver.
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Using the X-ray fluorescence analysis, it was observed that the two forms of silver; Ag-La
and Ag-Lj are both evident. The two scatter bands have previously been reported by Fierascu et
al., [23] who reported a small shift in the bands due to the difference in the method used to
synthesize the nanoparticles. This line is produced when an electron from the M shell transitions
to fill a vacancy in the L shell while the Ag-L line results from an electron transitioning from the
N shell to fill a vacancy in the L shell. Therefore, based on the XRF spectra, we can confirm the

presence of silver nanoparticles in the prepared nanofluid.

5.1.7 Laser-Induced Breakdown Spectroscopy

Silver nanoparticles were further characterized using laser-induced breakdown
spectroscopy to help explore whether the generated silver ions were Ag?>" or Ag®. The charge
type/state is important in determining how the nanoparticle will interact with the target analyte as
well as the stabilization mechanism of silver nanoparticles. Similarly, the HOMO-LUMO gaps of
silver and analyte composites are significantly influenced by the charge state. Modeling the type
of charge of the silver nanoparticles influences the interaction of silver nanoparticles and the target
analyte. Emission lines showed the presence of both Ag" and Ag**. Figure 5-11 shows the emission

spectra of silver nanoparticles with an emphasis on the charge of silver ions.
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Figure 5-11: LIBS spectra for silver nanoparticles showing Ag emission lines.

200

Figure 5-11 implies that the analyte will adsorb with silver nanoparticles either through its
Ag" or the Ag** to form a complex that changes the refractive index of the emerging environment.
The charge also dictates how trenbolone acetate will adsorb on the silver slab which affects the
efficiency of surface-enhanced Raman spectroscopy. In SERS, the enhancement of Raman signals
is significantly influenced by the charge transfer interactions between the analyte and the silver

substrate. Therefore, understanding the charge helps in predicting how effectively an analyte will

bind to silver nanoparticles or other silver surfaces [24].
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5.1.8 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM); MIRA3 TESCAN with 5 kV and a high-pressure
vacuum was used to study the morphology of the synthesized nanoparticles. The SEM was coupled
to EDX 300 ISI from the Oxford instruments with a Si detector. The samples were prepared by
dropping 6 pl of the aliquot on a carbon grid and letting it dry under a fluorescent lamp. After
drying the sample, it is only the nanoparticles that remain on top of the carbon thin film. The
nanoparticles were observed at different ablation times and their morphology is shown in Figure

5-12.
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Figure 5-12: SEM image of synthesized Nanoparticles, 10a, at 2 hours laser ablation, 10b at 5 hours
laser ablation and 10 ¢ and 10 d are for 8 hours laser ablation; X200 and X100 magnification

respectively.

As can be seen in Figure 5-12, several particles were agglomerated as is expected for

colloidal particles in solution. The agglomeration increases with particle concentration. The size

of silver nanoparticles recorded using SEM was estimated using ImageJ software. Another

observation made is that the nanoparticles are spherical.
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5.1.9 Transmission Electron Microscopy (TEM)

The TEM analysis was done using the Tecnai Osiris instrument from FEI Company which
is optimized for its high speed and high-speed EDX measurements in the STEM mode. The
instrument is equipped with four detectors that are integrated into the pole piece hence allowing
detection of up to 200,000 X-ray counters over a 0.9 srad solid angle. The instrument is also
equipped with an 11 Mpx Gatan Orius CCD microscope camera allowing both conventional bright
field and dark field as well as high-resolution TEM imaging. TEM was employed for silver

nanoparticles synthesized under different ablation times to explore the influence it has on particle

sizes.
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Figure 5-13: Histograms showing particle sizes from TEM analysis (inset. TEM images) for silver
nanoparticles ablated at 8 hours (left) and 4 hours (right) with particle sizes 11nm and 16nm
respectively.
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Figure 5-14: Histogram showing the size of silver nanoparticles ablated at 2 hours, average
particle size is 21nm

Figure 5-13 and Figure 5-14 show that the particle sizes reduce with an increase in ablation
time with the ablation at 8 hours showing the smallest particle size. Similar results were reported
by Baruah ef al., [25] who noted that the extended ablation duration increases the number of laser
pulses hitting the target resulting in the generation of a higher quantity of nanoparticles. An even
higher ablation time causes the nanoparticles to reach a point where they impede the laser beam
penetration to the target. Therefore, the laser energy is absorbed by the nanoparticles that are
already formed causing them to heat. The increase in temperature causes the particles to melt and
fragment leading to the formation of smaller particles. The results demonstrate that for applications
that require nanoparticles less than 10nm, longer ablation times will be used during the synthesis
process. A summary of the impact of laser ablation time on the absorbance of localized surface

plasmon band and the particle size is given in Figure 5-15.
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Figure 5-15: Impact of ablation time on particle size and the absorbance of the
plasmon band of silver nanofluid.

As shown in Figure 5-15, the size of generated silver nanoparticles inversely relates to the
ablation time. Conversely, an increase in ablation time during laser ablation of silver in liquid leads
to an increase in the absorbance of the surface plasmon resonance (SPR) band of the resulting

silver nanoparticles probably due to more nanoparticles being generated.
5.1.10 Conclusion

This section has provided an in-depth characterization of silver nanoparticles. The work
has shown that laser ablation in the liquid approach is a reliable method for synthesizing
nanoparticles of different sizes. The results show that it is possible to make particles of different
sizes by varying ablation parameters like the ablation time and repetition frequency. The average

particle size obtained using laser ablation was 24nm. Particle size affects the interaction between
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particles and analytes in biosensing applications. The size of particles can determine how
effectively they bind to target molecules, impacting the accuracy and reliability of detection. The
smaller particles obtained in this work exhibit a higher surface area to volume ratio which improves
the particle’s sensitivity in detecting trenbolone acetate. The sensitivity of the smaller nanoparticles
was particularly important in detecting trenbolone acetate at lower concentration levels. Another
important observation noted in the characterization is the lower aggregation of nanoparticles as
shown using both SEM and TEM. The non-aggregation is important since it explains the improved
binding nature of the nanoparticles with the target analyte. Therefore, objectives one and two were
achieved with spherical silver nanoparticles being synthesized using laser ablation and optical

characterization was effectively carried out to explore the nature of the generated nanoparticles.
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5.2 Localized Surface Plasmon Resonance in Detecting Trenbolone Acetate

Localized surface plasmon resonance is a renowned approach that can be used in bio-detection
even at low concentrations. The techniques offer a sensitive and label-free way of detecting minor
changes in a molecule. Traditional LSPR-based biosensing uses the sensitivity of plasmon
frequency to changes in the local refraction index at the nanoparticle surface [26]. This section
explores results that were obtained by assessing the changes in the plasmon band due to the

interaction of silver nanoparticles with trenbolone acetate.

5.2.1 Investigating the Beer-Lambert Law

According to Beer-Lambert law, it is recognized that in situations where concentrations are
low, the level of absorption correlates directly with the amount of solute present [27].
Consequently, in these low-concentration scenarios, an increase in the number of particles in a
solution leads to a corresponding rise in absorbance values, as each particle absorbs a considerable
amount of light. In this work, the Beer-Lambert law was investigated, with a focus on the
concentration under which it no longer holds. With UV-VIS, the spectral range upon which the
radiations are absorbed was explored and kept to be between 200nm and 800nm. Maximum
absorption of radiations occurred at around 408nm for silver nanoparticles and 349nm for
trenbolone acetate dopant. To ensure that the absorbance does occur, the spectral range was
maintained between 310nm and 440nm for both nanoparticles and the target analyte. Figure 5-16
Shows the investigation of the law with a focus on the specific concentration under which the law

is obeyed.
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Figure 5-16:UV-VIS spectra of Trenbolone showing the absorbance band at 349nm (A) and the effect of
concentration to signal intensity (B, the inset shows the calibration for concentrations between 0.1ppm
to 70ppm) depicting the limit of Lambert-Beer Law.
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A significant finding is the consistent increase in absorbance with the rise in trenbolone
concentration up to 70 ppm. This outcome aligns with expectations, as spectroscopy attributes
absorbance primarily to two factors: the concentration of absorbing substances and the distance

light travels through the sample, as described by the Beer-Lambert law in Equation 5.2

A=ExbxC 5.2

In equation 6-1, A is the amount of energy absorbed € is the molar extinction coefficient, b
describes the thickness of the cuvette while C describes the concentration of the analyte. Equation
6-1 suggests that absorbance is likely to be higher at a higher concentration of the analyte since

more particles will be absorbing the incident photons [28].

As indicated in Figure 5-16, the law seems not to hold after 70ppm which indicates that
this has to be treated as the threshold concentration level. A primary factor contributing to the
deviation from the linear trend, particularly beyond this threshold, is the increased coulombic
interactions among molecules, leading to modifications in the electronic structure of the target
analyte. At elevated concentrations, the likelihood of molecular interactions rises, consequently
affecting the molar absorptivity coefficient crucial for absorbance determination.[29].
Furthermore, at higher concentrations, the increased presence of substances leads to greater light
scattering and absorption within the material, causing additional distances for light to traverse. In
mixtures containing multiple phases, such as the AgNPs and trenbolone acetate in this study, the
refractive index changes due to changes in the dielectric environment. This heightened scattering

at elevated concentrations explains the deviation from the Beer-Lambert law.

At the optimal concentration (70ppm), the incident photons may undergo self-quenching,
resulting in decreased intensity in the absorption as well as a reduction in the activities of
nanoparticles. The self-quenching tendency may lead to the formation of a core shell around silver
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nanoparticles which influences the sensing behavior. Moreover, the luminescent properties of
trenbolone acetate result in the failure of the law, as fluorescent emissions get to the detector,
causing the absorbance signal to die off, especially at higher concentrations [30]. In addition,
reabsorption of the emitted radiation is assumed which suggests the failure of the law in such

circumstances.

5.2.2  Detection Limit of Trenbolone Acetate Using Absorbance Measurements

To explore the experimental detection limits, UV-VIS was employed within a concentration
range below 70ppm since that is the region where the Beer-Lambert law holds. The ranges are also
considered since they are the detection limits for steroids and other performance-enhancement

drugs as approved by the World Anti-doping Agency (WADA) as shown in Figure 5-17.
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Figure 5-17:UV-VIS spectra of trenbolone for the biosensing region of interest (A) and on the calibration
curve (B).
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The analytical technique used to detect trenbolone and other anabolic steroids dictates the
detection limit likely to be achieved. WADA has set the detection limit to be between 2 to 40ng/MI.
Therefore, the sensitivity of any analytical technique is measured by the ability to achieve this
detection limit. A more sensitive analytical technique is likely to achieve a lower detection limit.
For the absorbance measurements using UV-VIS, concentrations were measured using
concentration ranges between 1 to 50 ppb which falls within the recommended WADA limits. As
shown in Figure 5.17 (B), there is a linear correlation between intensity (given as the area under
the band) and concentration of trenbolone acetate dopant. Using regression analysis, it is possible
to explore the detection limit of UV-VIS based on the response of the plasmon band. Using the

sensitivity curve, the limit of detection can be given as;

Lop =% 5.3
s
In equation 6.2, o can be expressed as Vn * standard error given on the y-intercept after
plotting a regression line, n describes the number of variables while S is the slope. Based on

equation 6.2, the LOD was 9.12ppb which is within the limits set forth by the World Anti-doping

Agency.

5.2.3 Optimizing AgNPs: Trenbolone Acetate Ratio

The mixing ratio of silver nanoparticles to trenbolone acetate has a notable influence on
the plasmon behavior and in using localized surface plasmon resonance in bio-detection.
Therefore, the optimal ratio at which the nanoparticles are mixed with the target analyte was
explored since it was determined that varying the mixing volume had a significant impact on both
the band position and the position of the LSPR band and the absorbance of the nanoparticles as

shown in Figure 5-18.
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Figure 5-18:Ratio of Tren Ac to Silver nanoparticles (A) and the influence of AgNPs concentration on the
Tren Ac band position (B).

Several observations can be made as indicated in Figure 5-18. One of the observations was
that there was a notable red shift in the silver nanoparticle plasmon band with a slight change (red-
shifting) in the absorbance. On the other hand, the results also show that there were more evident
shifts when the volume of nanoparticles used increased (as shown in the spectra marked red in
Figure 5-18A). The figure shows that doubling the volume of nanoparticles reduces the intensity
of the absorbance band to nearly zero. On the contrary, the plasmon band of silver nanoparticles
at 411nm increases significantly. Therefore, the intensity pattern specific to the trenbolone
absorbance band contrasts with that of the LSPR of the nanoparticles. This outcome is anticipated
because increasing the concentration of silver nanoparticles (by increasing the volume of
nanoparticles) implies that more of them absorb light, thereby diminishing the presence of light
absorbed by Trenbolone. Hajizadeh et al., [31] noted similar results when exploring the impact of

cyanide on the localized surface plasmon resonance band using silver nanoparticles. The author
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observed that increasing the amount of cyanide while maintaining the volume of silver
nanoparticles led to a reduced intensity in the surface plasmon resonance. Hajizadeh et a/ [31]
asserted that mixing the ratio of silver nanoparticles to cyanide as 1:0.5 provided the desired signal
enhancement. For this work, the ratio of silver nanoparticles to trenbolone was maintained at 1:1
to optimize their interaction and to obtain the best signal enhancement. This ratio was also the

most optimal one in maintaining the desired signal specific to silver nanoparticles.

5.2.4 Impact of Trenbolone Acetate on the LSPR Band

The influence that a molecule has on the LSPR band after binding often forms the basis for
biosensing applications. Binding nanoparticles with the analyte changes the dielectric environment
and such changes can be monitored using optical techniques. This section explores some of the

changes to the local environment after mixing trenbolone acetate and silver nanoparticles.
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5.2.5 Change in the Intensity of the Plasmon Band

In this section, the concentration of trenbolone acetate was varied to explore the subsequent

impact on the localized surface plasmon band. The change in the plasmon band in terms of

intensity and shifts in the band position is assessed and presented in Figure 5-19.

F-Y

w
1

Mean Normalized counts (a.u)
- N
1

| [===50ppb Tren+AgNFPs

7 |===5ppb Tren+AgNPs o
|===7ppb Tren+AgNPs 07
[=—=8ppb Tren+AgNPs
[e====20ppb Tren+AgNPs 0s -
[====25ppb TrentAgNPs
[===30ppb Tren+AgNPs 0.5 1 5 -1 11

LSPR band shift
=)

0

[====1ppb Tren+AgNPs j j 0.9 j j
=== 3ppb Tren+AgNPs ) n
[=——4.5ppb Tren+AgNPs 08 408 20 ]

T v T v T

T T T T T T T T T T T T v T T
250 300 350 400 450 500 550 4600 0 5 10 15 20 25

6-4A wavelength (nm) 6-4B Concentration (ppb)

30

Figure 5-19: 5-194; Influence of Varying Tren Ac Concentrations on the LSPR Position of AgNPs
(inset: absorbance band of AgNPs) and the 5-19B is the LSPR shift

Notable insights were explored using UV-VIS spectroscopy after mixing trenbolone acetate
with silver nanoparticles. For instance, mixing the nanoparticle with analytes led to a reduction in
the intensity of the localized surface plasmon resonance band. The reduction can be attributed to
the competition between absorption and scattering since within the wavelength range that is similar
to that of the plasmon resonance of silver nanoparticles, the molecules of interest can either absorb
or scatter the oncoming radiations. Therefore, the intensity reduces since not all radiations will be

absorbed by the molecules. The other reason for the reduction in intensity is the fact that analytes
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get adsorbed on the silver nanoparticles creating a core shell-like structure that changes the optical
characteristics, including altering the absorbance. Silver nanoparticles are known for their LSPR
behaviors that explain their potent absorption and scattering capabilities, which account for their
potent absorption and light scattering abilities, trenbolone acetate gets adsorbed on the nanoparticle
surface, influencing the nearby electromagnetic field and consequently changing the LSPR
characteristics. In label-free analysis, the intensity of the plasmon band can be monitored at

different analyte concentrations to build a calibration strategy for quantitative purposes.

5.2.6 Red-shift in the LSPR Band

Besides the change in intensity, mixing silver nanoparticles with trenbolone acetate
resulted in a shift in the localized surface plasmon band, an aspect that can be used in the sensing
of trenbolone acetate. The shift in LSPR diminishes initially and then escalates exponentially as
the concentration of the analyte increases as shown in Figure 5-19B. When the concentration of
trenbolone acetate is low, the individual molecules easily interact/adsorb on the nanoparticle
surface resulting in the possible coupling of the EM field. It is from the coupling that a wider LSPR
band is reported occasioned by the fluctuations in the refractive index of the surrounding
environment. The LSPR band not only looks wider but also less distinct. Upon binding, any slight
changes in the electromagnetic field result in a wider change in the LSPR band position and
intensity. Such sensitive changes form the hallmark of biosensing applications and confirm the
Drude model that ascertains that the LSPR band linearly correlates with the refractive index of the
surrounding environment [32]. According to the model, a shift in the plasmon band exponentially

changes with the nanoparticle size.
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5.2.7 Effect of Trenbolone Acetate on FWHM Band Broadening Behavior

Different ways can be used to assess how sensitive a biosensor is. Some of the ways include
ascertaining the limit of detection (LOD), using the figure of merit (FOM), and the quality factor
among other ways. The figure of merit holds particular significance since it can be explained based
on sensitivity and the FWHM of the absorbance or the transmission. Similarly, the figure of merit

given in Equation 5.4 can help to ascertain the signal-to-noise ratio of the obtained signal.

S
FWHM

FOM = 5.4

In equation 6.3, S is sensitivity, FOM is figures of merit and FWHM is the full width at
half maximum. To ensure that this work focuses on how silver nanoparticles can be used towards
optical biosensing, the influence of changes in concentration of trenbolone acetate on the full width
at half maximum of the absorbance band was explored. Figure 5-20 shows how the width of the

LSPR band changes with the concentration of trenbolone acetate.
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Figure 5-20: How LSPR bands contract with the increasing concentrations of the trenbolone
acetate

From Figure 5-20, the band broadening tendency is evident, suggesting a possible
interaction of Tren Ac and silver nanoparticles. The interaction resulted in a change in optical
properties. For instance, the widening of LSPR can be explained by the reduced plasmonic
interaction of tren Ac and silver nanoparticles. At low concentrations of trenbolone acetate, there
is minimal electrical field interference due to the higher abundance of silver nanoparticles
compared to trenbolone acetate. Consequently, at higher analyte concentrations, the interaction

with the silver nanoparticles is greater resulting in the narrowing of the plasmon band.

Combining the nanoparticles with trenbolone acetate also leads to changes in electronic
transitions used for the absorption of light. This interaction may result in changes in the full width

at half maximum (FWHM) compared to bare nanoparticles. Another potential cause for band
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narrowing is heightened particle agglomeration with increasing trenbolone concentration, a

phenomenon termed an ensemble effect.

5.2.8 Core-Shell Structure of Silver Nanoparticles

The agglomeration behavior of the Tren ac/silver nanoparticle complex was evaluated to
help assess the core-shell structure of silver nanoparticles. Energy dispersive X-ray spectroscopy
(EDS) was carried out to explore the concentration of elements for silver nanoparticles and for

silver nanoparticle/trenbolone acetate complex.
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Figure 5-21: The EDS Spectra of AgNPs with atomic weight percentage concentration of Atoms
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Using EDS, it was possible to identify peaks attributed to silver at 3 eV and 3.2eV and
those attributable to Oxygen as shown in Figure 5-21. However, the reported carbon is due to the
carbon tape that was used as the substrate on which the sample was placed for analysis. The results
show that silver was the most abundant element with a 50.08% concentration level. However, on
mixing silver nanoparticles with trenbolone acetate, the percentage concentration of silver and

oxygen changes as shown in Figure 5-22.
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Figure 5-22; The EDS Spectra of Tren Ac Adsorbed on AgNPs with the atomic weight percentage
concentrations

As shown in Figure 5-22, there was a significant reduction in the concentration of silver after
mixing the nanoparticles with trenbolone acetate. The EDS results show a reduction in the
concentration of silver nanoparticles from 50.01% to 19.4%, while the percentage concentration
of Oxygen increased from 12.11% to 43.19%. These percentages represent averages derived from

five spectra collected at distinct points, as illustrated in the accompanying inset graphs. A reduced
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concentration of silver implies that post-mixing shows that a substantial portion of the
nanoparticles became impeded by incoming radiation. This alteration indicates the formation of a
core-shell structure wherein trenbolone acetate atoms encapsulate the silver nanoparticles.
Consequently, incoming radiation predominantly interacts with the surface of the analyte, with
fewer radiations penetrating through to the silver atoms. The presence of oxygen, which increased
in concentration, further supports the core-shell hypothesis. Trenbolone acetate comprises carbon,
oxygen, and hydrogen, with hydrogen being undetectable via EDS due to its low atomic number.
Given the rise in oxygen concentration from 12.11% to 43.19%, it can be inferred that the majority
of excited oxygen atoms originated from the analyte since those from the nanoparticles were
enveloped by the analyte atoms after adsorption. Thus, the discernible conclusion is that trenbolone
acetate molecules aggregate on the surface of Ag NPs, assuming a core-shell-like configuration

[33].

5.2.9 Conclusion

Localized surface plasmon resonance (LSPR) was a key aspect in understanding the plasmon
behavior of silver nanoparticles and how it can be used in label-free detection of trenbolone acetate.
The main aim of this section was to explore the optical properties of trenbolone acetate and Tren
Ac/silver nanoparticles complex. In assessing LSPR in bio detection of trenbolone acetate, some
of the optical properties that were explored include changes in the localized surface plasmon band
of silver nanoparticles, changes in the band width and band intensity as well as the core-shell
behavior of silver nanoparticles and how it influences detection of trenbolone acetate. The results
in this section showed that the dielectric environment changes after mixing the nanoparticles with

the analyte. The changes were sensitive to any slight concentration changes demonstrating the
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ability of LSPR to achieve sensitive analyte detection capabilities. UV-VIS also demonstrated to
be an effective optical technique in ascertaining the optical properties of silver nanoparticles
through  its  plasmon band. Our paper published in  Nature  scientific

https://www.nature.com/articles/s41598-024-56456-w already demonstrated the feasibility of

using localized surface plasmon resonance in detecting trenbolone acetate and the results could be
extended to other androgenic anabolic steroids and other biosensing applications. Therefore, based
on the results and subsequent publication, it can be concluded that objective three of the work has

been achieved.
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5.3 Silver Nanoparticles as Substrates Used in Surface-Enhanced Raman
Spectroscopy

For this part of the study, different concentrations of trenbolone acetate were mixed with silver
nanoparticles which acted as substrates. The volume of the nanoparticles to that of the analyte was
1:1. Thereafter, an aliquot of the mixture was micro-pipetted and dropped on aluminum foil which
is a hydrophobic surface that concentrates the target sample. The sample was characterized both

in liquid form and when dried on the surface as is the case for drop coating deposition Raman.

5.3.1 Raman Spectra of Trenbolone Acetate and Tren Ac/AgNPs Complex

The Raman spectra of unaided trenbolone acetate were different from those of trenbolone
acetate when mixed with silver nanoparticles. This section explores the ability of Raman
spectroscopy to characterize and monitor the spectral changes of trenbolone acetate when mixed

with silver nanoparticles.

5.3.1.1 Raman Spectra of Trenbolone Acetate

Trenbolone acetate (Tren Ac) has a benzene ring which is made of six carbons with
alternating double bonds. The characteristic Raman scatter bands of the molecule are shown in
Figure 5-23. The Raman spectra of trenbolone acetate were collected in the liquid phase without

any further pre-treatment.
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Figure 5-23: Raman spectrum of trenbolone acetate.

The most active Raman vibrational bands were observed between 900cm™ and 1750cm™. The

spectral assignments of the bands can be summarized as follows;
C=0 Stretching

The carbonyl (C=0) group of the acetate ion provides symmetric vibrations at 1576, 1659,
and 1724 cm™!. The 1659 and 1724cm™! vibrational modes have the highest percentage contribution
at 80% and 86% respectively as will be shown while discussing potential energy distribution

(PED).
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Deformation vibrations

Bending normal modes are found between 1095 and 1647cm™!, including the (HCH),
O(HCC) (methine group), and 3(HCO). Trenbolone acetate is also made of three cyclohexane and
one cyclopentane ring which provide the steroid nature of the molecule. Therefore, 3(CCC) and
d(COC) bending modes were evident. The bending mode configurations are assigned at 372 and
351cm™ for OCC and CCO respectively. The §(CCC) is assigned in low-frequency vibrations
between 212 and 963cm™'. The rocking motion of the methyl group which is also common in an

acetate molecule is evident at the § (CCC) with a band positioned at 793cm’!.
C-C and C-O stretching Vibrations

The acetate part (CH3COO-) of the molecule is also defined by the C-O stretching
vibration that is observed between 900 and 1300cm . There are dominant bands at 924, 1013, and

1269cm™ all of which can be assigned to the C-C and C-O stretching vibrations.
Torsional Vibrations

Difterent types of torsional vibrations are also evident in trenbolone acetate molecules. The
vibrations can be assigned as low-frequency and medium-frequency vibrations. The medium
frequency torsional vibrations include 7 (HCCC) at 1000/1380/1293/1424 and 1320cm™'. The other
medium frequency torsional vibration is T (HCOC) at 1329, 1062, and 1468cm™’. Other than 1329
and 1468cm-1, the rest provide asymmetric contributions. Low-frequency torsional vibrations are

assigned in frequencies less than 400cm™ and assigned to CCCC and HCCO bands.
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5.3.2 Surface Enhanced Raman Spectra of Trenbolone Acetate

In this section, the Raman spectra (RS) and surface-enhanced Raman spectra (SERS) of
trenbolone acetate and trenbolone acetate when mixed with silver nanoparticles were explored.
The aim was to explore the enhancement tendency of silver nanoparticles when used as substrates.
Figure 7-2 depicts the comparison of the Raman spectral characterization for a 6ppm trenbolone

acetate dopant and Tren ac when mixed with silver nanoparticles.

80 3
o

70 - > n
60

—_ | AgNPs

:. 50 6(')0 9(')0 12'00 15'00 18'00

) = Gppm Tren Ac +AgNPs

> 1 =—o=—6ppm Tren Ac <

a 40 - <+ 2]

2 > N ™

o (ee]

——

L=

600 900 1200 1500 1800
Wavenumber (cm'1)

Figure 5-24: Raman and surface-enhanced Raman spectra of trenbolone acetate and
Tren Ac when mixed with silver nanoparticles

In Figure 5-24, the tendency of silver nanoparticles to be used as possible substrates for
signal enhancement is demonstrated. The results show that all the Raman scatter bands reported

an enhanced intensity demonstrating the feasibility of silver nanoparticle substrates as possible

135



enhancers of the Raman scatter bands. Consequently, signal enhancement can be determined as

follows;

I -C
FF = SERS™“SERS 55

Irs—Crs

where EF is the enhancement factor, Isgrs is the intensity of the band (given as area under
the band) for the enhanced sample; when in liquid and when dried. Csgrs is the concentration of
the probed sample when diluted with silver nanoparticles, Irs is the intensity of the sample (area

under the band) before adsorbing with silver nanoparticles and the concentration equivalent is Crs.

5.3.3 Orientation of Tren Ac on Silver Nanoparticles using SERS

The interpretation of SERS spectra can provide important information about the orientation
of the molecule on the metallic nanoparticles especially in the monolayer regime[34]. SERS can
also help to explore the molecular moieties used in the interaction and how strong the adsorption
process is. The adsorption process of Tren Ac on silver nanoparticles is also an important aspect
that helped to achieve signal enhancement as seen in Figure 5-24. The adsorption can be monitored
using the absorbance extinction spectra since the analyte introduces aggregation of nanoparticles

in the suspension.

In this section, the resulting SERS signal will be used to explain the adsorption behavior of
Tren Ac on the nanoparticles. Adsorption is an important step where the aqueous substrate
(AgNPs) chemically interacts with the analyte through chemical groups demonstrating some kind

of affinity towards the metal NPs [35].
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Figure 5-25: Comparison of SERS and Raman spectra of Trenbolone acetate at different
concentrations. 7-3B shows band broadening and wavenumber shifts within 1800 to 2200cm™.

Some of the bands such as 1608,1744 and 1898cm! could only be detected by adsorbing the
molecule with silver nanoparticles. The SERS peak intensity increased with an increase in
concentration especially for Raman scatter bands at higher wavelengths. However, for low-

wavelengths, there was no clear correlation between the concentration of the analyte with the peak
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intensity. The low-wavelength region showed more Raman activity and supposedly more

interaction between the nanoparticles and the Tren Ac analyte.

The other important observations were peak broadening and wavenumber shift of the
spectral bands are the notable features that can be used to distinguish SERS from conventional
Raman. It is observed that some peaks are shifted to the lower wavenumber when SERS is
introduced. For instance, the peak at 2108cm! shifts to 2085¢cm™ in normal Raman while the peak
at 617cm’! shifts to 614cm. Joydeep et al., [36] argues that the magnitude of the wavenumber
shift is a measure of the degree of chemical enhancement which is based on the charge transfer of
the lone pair of electrons from trenbolone acetate adsorbent as it is transferred to the lowest vacant

orbital of the silver nanoparticles.

The shift in some of the wavenumbers is also due to the impact of the surrounding
environment on the vibrational modes of the molecule. The adsorption of the molecule on the
nanoparticles changes the chemical bonds, hence causing a shift in the wavenumbers. The
theoretically obtained results in SERS can be better interpreted using density functional theory
which helps to explore the most likely adsorptive site/sites in trenbolone acetate, which provides

a clear picture of the charge transfer mechanism in SERS.

Density functional theory analysis on trenbolone acetate showed that the most
active/adsorptive site on the molecule is oxygen since it is the most electropositive. Therefore, the
interaction between the silver nanoparticles and trenbolone acetate involves the formation of
strong ionic compounds between the positively charged silver ions and the negatively charged
oxygen atoms in the molecule. This interaction leads to the creation of a shell of Ag>O around the
particle, resulting in a redshift in the plasmon peak. The oxygen atoms in trenbolone acetate

provide the electron-rich/dense region that facilitates the adsorption and interaction with the silver
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nanoparticles, influencing the spectral characteristics observed in the adsorption process. In SERS,

the interaction is observed in terms of shift in some of the wavenumbers.

In SERS (experimental), the most prominent wavenumber shifts were reported at 2086cm’!
(+ 12 cm! redshift) which is assigned to the C=C triple bond functional group, 1608 and 1744cm"
! both of which report + 18 cm™ redshift) and are assigned to the carbonyl (C=0) functional group
often present in steroids. C=0 can be regarded as the most important active site that will cause
chemical transformations when adsorbed on silver nanoparticles. The carbonyl group is also polar
since carbon is partially positive and oxygen is negative which makes them susceptible to
nucleophilic attack. The electrophilicity of the molecule supports this assertion and as such,
trenbolone acetate’s oxygen molecule at the 1600 — 1750cm™, functional group provides the most
active site for adsorption. Therefore, the shifts in wavenumber within this region provide SERS
with its capability to be used as a sensitive and label-free analytical technique when adsorbed on

silver nanoparticles.

5.3.4 Theoretical Analysis of SERS using DFT

Surface-enhanced Raman was also explored theoretically with the help of DFT. The Ag 10
nanocluster was imported from the quantum cluster database and then optimized in Gaussian with
the BL3YP/LANL2DZ calculation as shown in Figure 5-26. The silver nanocluster, associated
with experimental silver nanoparticles are relevant nanoscale representation and presents unique

electronic and optical properties that are significantly influenced by quantum effects [24].
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Figure 5-26: Structure of Ag-10 cluster optimized with BL3YP/LANL2DZ.

The next step was to import the optimized molecule of Trenbolone acetate and then adsorb
it to the modeled silver nanocluster surface. The two were then optimized again using the same
basis set to achieve the lowest conformation of the molecule. Frequency calculations were carried
out using the Gaussian 09W program for both trenbolone acetate and Trenbolone acetate adsorbed

on the silver nanocluster surface and are presented in Figure 5-27.
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Figure 5-27 SERS simulated spectra for the Ag 10 Tren complex calculated at the
B3LYP/LANL2DZ level.
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The results show that some of the Raman scatter bands had an enhanced intensity when the
analyte was adsorbed on silver nanoparticles. All the low-frequency Raman scatter bands (< 1000)
and some of the medium-frequency bands reported a higher enhancement. Bands referred to in this
range include 532, 612, 964, 1364, and 1468cm™. The presence of nanoparticles creates localized
surface plasmon resonances that amplify the electric field near the surface, consequently
amplifying the Raman signals. Similar results were noted experimentally as previously discussed
in 3.1.2. Therefore, the electromagnetic field enhancement from localized surface plasmon is more

effective in increasing the vibrational frequency of low-frequency modes.

There were also notable redshifts in some of the Raman scatter bands. For instance, the
Raman band at 1724cm™ is assigned to C=O (carbonyl) stretching vibration. The C=0O is the
strongest vibrational mode due to its significant dipole moment. Upon adsorption, the band
redshifts to 1668 cm™. Other redshifts were noted for 1260, 1364, and 1476cm™. The bands can
be assigned to symmetric bending vibration of methyl groups (8(CH33), and the C=C stretching.
Some of the bands also report a reduction of intensity in the SERS spectrum. Badillo ef al., [37]
noted that functional groups closer to the surface and vertically oriented show a significantly
higher enhancement than other functional groups. In this case, the adsorption was more likely
through the carbonyl and methyl groups. The theoretical results are consistent with what was

presented experimentally in the previous section.

The ability to detect and quantify analytes, Tren Ac in this case based on redshifts without
requiring chemical labels highlights the robustness and simplicity of label-free SERS methods. In
this work, it is possible to monitor the shifts in Raman scatter bands for different analyte

concentrations for building a calibration strategy that can be applied in quantitative analysis.
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5.3.5 Conclusion

In this sub-section, the role of silver nanoparticles as possible substrates used in surface-
enhanced Raman spectroscopy has been demonstrated. Before this step, the characteristic Raman
spectra of trenbolone acetate were obtained and properly assigned with the help of density
functional theory. The unique chemical fingerprint of trenbolone acetate was explored for the first
time, since to the best of our knowledge, no literature has provided Raman vibrational
spectroscopic analysis of the steroid. Besides characterizing trenbolone acetate, the role of silver
nanoparticles as possible substrates has been explored. Using nanoparticles in SERS allowed
single molecule detection of the molecule. Silver nanoparticles provided its plasmonic property by
supporting localized surface plasmon resonances that strongly couple to light at specific
wavelengths, leading to a substantial increase in the Raman signal. Using SERS, it was possible
to achieve signal enhancement to X 11 orders of magnitude when compared to conventional
Raman. The enhancement tendency of silver nanoparticles in SERS allows possible detection of
the molecule in matrices such as urine and blood which would be expected in routine doping
analysis. Some of the bands that can be used as biomarkers in detecting trenbolone acetate in such
complex matrices include 1273, 1334, 1418, 1618, and 1750cm™’. The subtle characteristic peaks
are strongly enhanced when using silver nanoparticles. The results formed the basis of a submitted

publication and demonstrate that objective four was achieved.

In this section, the adsorption tendency of trenbolone acetate on silver nanoparticles has also
been demonstrated. The shift in wavenumbers, especially within the 1600 — 1750 cm™ spectral
range provides the most active adsorbent site for silver nanoparticles. Oxygen molecule in the C=0
functional group is highly electronegative and as such, would lead to changes in the chemical

bonds and the corresponding Raman peaks. The changes in intensity and shifts in specific
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wavenumbers provide surface-enhanced Raman spectroscopy with its ability in label-free

detection of trenbolone acetate and other anabolic steroids used in doping.

5.3.6 Drop-Coating Deposition Raman Spectroscopy

Drop coating deposition Raman was employed as a complementary technique to surface-
enhanced Raman spectroscopy. In DCDR, the mixture of trenbolone acetate and silver
nanoparticles was dried on a hydrophobic aluminum surface to help pre-concentrate the sample

and achieve better signal intensity.

5.3.6.1 Impact of Aliquot Volume

The volume of the aliquot micropipette on the foil was optimized as shown in Figure 5-28.
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Figure 5-28: Impact of aliquot volume on the size of the coffee ring on both a dried drop on Aluminium
foil and glass slide (5-28a) and the impact on the spectral intensity for spectra taken on the edge of the
ring after drying on Aluminium foil.

The volume of aliquots that are often deposited ranges from nano to milliliters. Manual

aliquot microdroplets are often performed with a volume range of 1 to 10 pl. The other option is
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to use an ink-jet printer that allows the creation of aliquot volumes to nanoliter dimensions [38].
This work sought to explore the volume that would help to enhance the Raman signal for a
particular concentration of trenbolone acetate adsorbed to silver nanoparticles. The results show
that a smaller aliquot volume results in better signal intensity. Ortiz et al., [39] note that after
drying, droplets often have an inhomogeneous distribution of the molecules with many moving
toward the edge. The inhomogeneity can be more pronounced for bigger aliquot volumes due to
thicker and less uniform coatings. The higher spread of the bigger aliquot also increases the risks
of the probe interacting with the substrate, increasing background interference. The signal-to-noise
ratio for the deposition spectrum in the low volumes was higher than at larger volumes [39]. The
unequal evaporation rate was also found to be a contributing factor in defining the differences in

signal intensity.

Halvorson et al., [40] observed that 2ul was ideal in using DCDR in aqueous sample
volumes and larger sample volumes were not required to improve spectral resolution. The
optimized volume displayed a distinct “coffee ring” deposit that allowed for achieving a high
signal-to-noise ratio. The small aliquot volume demonstrates the benefits of SERS and DCDR
complimentary techniques that leverage very small sample volumes in analytical processes,

desirable in doping analysis.

5.3.6.2 Signal Distribution in Coffee Ring Effect

When the drops of a prepared mixture of colloid and trenbolone acetate probe were
deposited on the target substrates (aluminum foil and glass slide), the drying effect was such that
the mixture moved on the edge of the ring during the evaporation process. Simakova et al., [41]

noted that SERS spectra are always influenced by fluctuations in signal intensity and distribution.
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Therefore, a suitable volume and appropriate mixtures have to be used for an optimal signal

intensity to be found. The optical microscope bright field image of the dried drop of the mixture is

shown in Figure 5-29.
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Figure 5-29:The optical image of a dried coffee ring of a probe mixed with silver nanoparticles with E
depicting the edge of the ring and C depicts the center. 5-29b signal distribution at the center and
edge of the ring using a 785nm laser.

The signal of the SERS analyte was measured at the edge and center of the dried drop. The
results showed a lack of homogeneity in terms of how the probe concentrations are distributed.
The signal obtained at the edge reported an enhancement factor that is three times more than the
spectra obtained at the center of the ring. During spectral acquisition, it was noted that even on the
edge of the ring, intensity variation could be observed. The spectra reported in Figure 5-29 are an
average of thirty spectra taken at the edge as well as at the center of the ring. The results reported
in this work were similar to Li et al., [42] who argued that the ring region gave a higher signal

intensity and more Raman features than the central region.
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PC3 (1.3%)

5.3.7 Principal Component Analysis to Confirm Signal Distribution

To explore the (in)homogeneity of the data acquired at the edge and center of the dried
drop in the two spectra regions, a principal component analysis was done to assess the
(di)similarity in the data acquired in the two regions. Figure 5-30 shows the score plot and the

loadings plot for data acquired both at the center and the edge of the dried coffee ring.
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Figure 5-30:Principal component analysis and loadings plot for data acquired at the edge (red) and center
(blue) of the coffee ring after the drying of trenbolone acetate and silver nanoparticle SERS mixture.

The score plot showed that data acquired at the edge and center of the ring were
inhomogeneous. The spectral classification could be explained using 94% of PC-1, 2.4% of PC-2,
and 1.3% of PC-3. Most of the data acquired at the edge of the dried drop are due to positive
eigenvalues of the first principal component. The specific bands of this classification are 1650 -
1800cm™! and all the other bands above 2000cm™'. The classification is thus explained by analyte
concentration with those at the edge corresponding to higher intensity bands. Therefore, better

characteristic assessment for such probes using drop-coating deposition should be carried out on
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the edge using a confocal Raman spectrometer system since the edges help to provide an enhanced

signal intensity as compared to the spectra obtained at the center.

5.3.8 DCDR and SERS as Complementary Techniques

While silver nanoparticles have been used as reliable substrates that enhance the detection
of trenbolone acetate, the desired signal could not be found when the spectra were acquired for a
sample in liquid form. Therefore, to achieve an enhanced signal, the sample was dried on the

aluminum foil. The signal intensities for conventional Raman, SERS, and DCDRS are shown in

Figure 5-31.
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Figure 5-31:Comparing the signal intensity of 3ppm trenbolone acetate using
785nm conventional Raman, SERS in liquid, and SERS after drying a 2ul
aliguot mixture of silver nanoparticles and probe on Al foil.
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Using equation 5.5, the enhancement factor for SERS+DCDR was obtained to be X 60
while for SERS in liquid, the enhancement factor was noted to be X 11. Therefore, combining
SERS and drop coating deposition helps to significantly improve the signal that can be leveraged

in analytical detection for sub-ppm analyte concentrations.

The 1196cm™ band can be assigned to the C-O stretching vibration that may as well be
associated with the ether linkage that is often associated with any steroid. The band at 1414cm™
can be assigned to the CHs rocking and bending vibrations. 1677cm™! is assigned to the C=0O
stretching vibration which is often due to ketone functional groups associated with steroids [43].
The other bands above 2000cm™ can as well be assigned to C-H stretching vibrations from the

aliphatic hydrocarbon chains.

5.3.9 Conclusion

This work has shown that both SERS and drop coating deposition Raman (DCDR) can be
used as complementary techniques to improve the signal intensity when probing associated dopant
analytes at sub-ppm concentration level. The enhanced signal can help to achieve better sensitivity
when detecting dopants like trenbolone acetate in complex matrices as is often the case in anti-
doping tests. While DCDR provides a way to preconcentrate the probe and consequently improve
signal detection, the optimization process is shown to be critical in achieving desired results.
Optimizing the substrate was noted to be key with Aluminum foil providing its hydrophobic and
reflective surface that achieves less background interference. The type of laser strength also
showed to be important in improving the characterization of silver nanoparticles before they are
subsequently applied in SERS. While highly reproducible spectra are obtained when combining

SERS and drop-coating deposition, smaller aliquot volumes demonstrated great potential in
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achieving a better Raman signal, a move that would provide a remarkable breakthrough in
demonstrating the feasibility of Raman spectroscopy as a technique that requires very minimal
sample volume for analytical purposes. The results provide great insight into the analytical
capability of different Raman methodologies in detecting performance-enhancement drugs in anti-

doping.
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5.4 Density Functional Theory Study of Trenbolone Acetate

This section presents results overview of the theoretical vibrational assignment (Raman,
FTIR, and SERS) of trenbolone acetate and how the results compare with what was obtained
experimentally. Theoretical computations of trenbolone acetate were performed by using the DFT
approach based on the B3LYP/6-31G (d, p) basis set. The molecule was optimized using the same
basis set by finding the minimum energy. The molecular electrostatic potential (MEP) surface was
studied to ascertain the most active attack zones with the energy gap for trenbolone acetate also
obtained. Vibrational analysis was carried out within the most prominent regions based on the
potential energy distribution assignments obtained using vibrational energy distribution analysis
(VEDA). Combining experimental and theoretical analysis provided better insights into

ascertaining the molecule’s vibrational bands.

5.4.1 Simulated and Experimental FTIR Spectra of Trenbolone Acetate

The strong infrared absorption observed in the C=0 stretching vibration is attributed to the
molecular dipole moment generated by this mode of vibration. The simulated infrared data
indicates that the bands at 1626 and 1727cm™! exhibit the highest intensity, corresponding to the
stretching vibrations of C=C and O=C, respectively, as validated by the theoretical density

functional theory (DFT) calculations.

The FTIR spectra simulated in both water and air exhibited bands that closely resembled
those observed in Raman spectra, whether simulated or experimental. Consistent with findings in
Raman spectroscopy, the range spanning 1500 to 1700cm™ showed the highest infrared activity.

This spectral region is attributed to the carbonyl group (C=0), known for its significant polarity
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and strong absorption of infrared radiation. The polar nature of the carbonyl group accounts for its
activity in both infrared and Raman spectroscopies. Moreover, this region hosts the most prominent
stretching vibrational peak of the carbonyl group, making it an ideal biomarker functional group
for detection using both Raman and infrared techniques. Figure 5-32 shows the simulated and

experimental spectra of the trenbolone acetate dopant.

Notably, the FTIR simulation conducted in the air revealed additional infrared active bands
compared to those observed in water. Specifically, the DFT simulation in air unveiled a distinct
band at 1727cm’!, which was absent in the theoretical calculations performed in water. This
difference could be attributed to the dielectric properties of water, which can induce chemical

reactions and electron transfers, thereby influencing molecular behavior.

5.4.2 Simulated and Experimental Raman Spectra of Trenbolone Acetate

Experimental and simulated Raman spectra (both in air and in water) are presented in this
section. The Raman spectrum obtained experimentally for Tren exhibited a notably closer
resemblance to the simulated spectrum in the air compared to that in water. This similarity was
assessed by generating a regression curve between the two spectra (experimental versus simulated

in both air and water), illustrated in Figure 5-32.
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Figure 5-32: Experimental and Simulated Raman spectra of trenbolone Acetate.

It was noted that both the experimental and simulated Raman spectra displayed prominent
bands within the spectral range of 1500 to 1760 cm™'. These bands were attributed to vibrations
associated with H-C-H bending (1500 -1580 cm™"), C=C stretching (1620 - 1670 cm™), and O=C
stretching (1725 - 1760 cm™). Typically, this spectral region is characterized by vibrations

originating from the ketone (C=0) and alkene (C=C) functional groups.
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5.4.3 Vibrational Assignment and PED using VEDA 4 Program

VEDA 4 was used to achieve the potential energy distribution of theoretical vibrational

spectra obtained using density functional theory. Before VEDA, the quantum chemical

calculations were obtained using a 6-311++G (d, p) basis set. The detailed interpretation of the

vibrational spectra was done to obtain a detailed interpretation of the fundamental modes [44]. No

scaling was employed and the band assignments are shown in Table 5-2.

Table 5-2: Band assignment for simulated Raman and FTIR spectra of trenbolone acetate.

Simulation
wavenumb | Experiment | Simulation | Experiment Proposed band Associated Atom
ers (cm™) al wavenumb al assignment numbers
DFT wavenumb | ers (cm!) | wavenumb (PED%)
Raman (in | ers (cm™) DFT ers (cm™)
air) Raman FTIR (in FTIR
air)
523 519 501 - O=C-Cbend, (14) | 2 | 21 | 23 | -
523 - - 528 C-C-C-C,out, (12) | 13 12 | 5
558 558 C-C-C, bend, (10) | 4 5 7 -
611/613 - 649 O-C-O0-C,out,(35) | 2 | 23| 1 |21
624/656 624 624 671 0O=CC, bend, (15) 2 | 21|23 | -
748 716 707 750 CC, str, (18) 13 |5 - -
784 - - - C-C=C,bend, (18) | 5 |12 | 14 | -
791 - 800 - C-C, str, (11) 6 | 11 | - -
879 871 894 892 C-C, str (10) 20 | 22 | - -
922 - - - C-C, str (10) 23 | 21 | - -
968 973 HCCC, tor, (12) 34 113 | 5 4
994 1005 - 964 CCC, bend, (11) 20 1 22 | 19| -
1012 1046 1038 1031 CC, str (10) 9 7 - -
1067 1094 1066 1067 0=C, str (10) 1 7 - -
1121 1160 - 1110 C-C, str (13) 18 | 15 | - -
1168 - - 1174 C-C, str (10) 7 5 - -
1252 1274 1262 1275 H-C-C, bend, (27) | 27 | 8 9 -
1302 1308 - 1329 H-C-C, bend, (11) | 25 | 6 | 11 | -
1337 1384 1337 1374 H-C-C,bend, (23) | 25| 6 | 11 | -

153




1406 1418 1402 1402 H-C-O,bend, (12) [ 26 [ 7 | 1
1471 1444 - 1444 H-C-H, bend, (16) | 47 | 23 | 46
1478 - - - H-C-C-O, tors, (15) | 47 | 23 | 21
1502 1578 - 1539 H-C-H, bend, (32) | 35 | 13 | 34
1622 1657 1621 1666 C=C, str, (57) 1917 -
1729 1725 1727 1759 O=C, str, (88) 3 22 -

The chemical equation of Trenbolone acetate is C20H2403 which implies that it has 135
normal modes as per the formula 3"® where n is the number of atoms in the molecule. The
vibrational modes can be categorized into 45 stretching modes, 46 bending modes, and 44 torsion
modes, aligning with the anticipated count of vibrational modes. Similar to other steroids,
trenbolone acetate comprises various functional groups such as the ketone group (C=0), the alkene
group (C=C), the alkane (C-C and C-H), and the aromatic ring. The acetate group (O=C-O)
represents a distinctive functional group that sets this molecule apart from other steroids. The
vibrational modes, as outlined in Table 5-2, are active in both infrared (IR) and Raman

spectroscopies.

Trenbolone acetate possesses a structural framework comprising three distinct rings. The
primary ring is a cyclohexane ring composed of six carbon atoms, serving as the central structural
element. The second ring is a cyclopentane ring, featuring five carbon atoms, while the third is an
aromatic benzene ring characterized by alternating double bonds. Analysis of Table 5-2 reveals
that within the spectral range of 500 to 800cm', the bending modes & (CCC) and & (OCC) are
explained by the bonds. Additionally, this region encompasses out-of-plane wags 6 (CCCC) and 6

(OCOC), indicating uncoupled bonds undergoing similar angular bending internal coordinates.

Below 1000cm™, Vedad et al., [45] suggest the presence of typical modes such as out-of-

plane bending of -CH groups and ring deformations associated with all steroid molecules.
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Specifically, for trenbolone acetate, Raman bands were identified at 523, 613, 748, 784, 879, and

922cm™, corresponding to ring deformation vibrational modes.

Within the spectral range of 1590 to 1800cm™, vibrational modes associated with double
bond stretches, C=C, and O=C moieties are prominent. According to simulated Raman spectra, the
most intense band is observed at 1596cm™ in solvation conditions and at 1622cm™ in air. This
band, attributed to the CC stretching vibration, contributes 57% of the information, indicating it as
the most Raman active mode in the molecule. In FTIR, the band at 1622cm™! is replicated through
simulation in a solvent, while in air, the most intense band is at 1727cm’!, assigned to the v (O=C)
vibration. This specific vibration contributes 88% of the potential energy distribution. Notably, the
intensity of the FTIR band at 1727cm’! surpasses that observed in Raman spectra. FTIR simulation
in water demonstrates better reproducibility of experimental results in the v (O=C) vibrational
mode. A peak at 1727cm’!, observed at 1722cm™ by Vedad et al., [45], is regarded as one of the
most prominent peaks useful for distinguishing different forms of estrogen. This peak,
characteristic of the carboxyl group, is assigned to ketones and typically found experimentally

between 1720-1740cm™, serving as a marker for the Estrone molecule according to [45].

The spectral region spanning 1200 to 1500cm™ elucidates deformation vibrations with
bending normal modes at 6(HCC) (methine group), 6(HCO), and 6(HCH). These normal bending
modes are coupled with various internal bending coordinates. Between 700cm™ and 1000cm™’, a
combination of v(CC), 8(CCC), and t(HCCC) vibrations are observed. As detailed in this section,
all vibrational modes are both Raman and infrared active. However, the simulation, as depicted in
Table 1, yields more Raman and IR bands compared to experimental data, indicating that some
modes possess similar energies, and their corresponding bands are not resolved in the observed

spectra. The results obtained using SERS support those generated in localized surface plasmon
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resonance, showing the capability of the two approaches in label-free sensing of trenbolone

acetate.
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5.5 Adsorption of Trenbolone Acetate on Ag (1 1 1) Surface; A DFT Study

This sub-chapter explores the use of DFT in exploring the interaction behavior of silver

nanoparticles with trenbolone acetate after adsorption.

5.5.1 Introduction

The interaction behavior of any analyte as it is adsorbed on the nanoparticle surface is key
in defining the enhancement behavior in SERS. Ideally, how the analyte is anchored on the
nanoparticle, the bond strength that exists from the interaction, and the changes in electronic or
structural systems are key in spectroscopic applications [46]. Experimental SERS can be
complemented with DFT modeling for a better interpretation of the SERS spectra. Besides
understanding the specific molecular sites involved in interaction with the metal substrates, it is
also possible to explore adsorption geometrics explaining the interaction. In this study, DFT-D has
been leveraged to elucidate the molecule-surface interactions of trenbolone acetate on the silver
surface. Investigations were done to understand the interaction by employing solvation
possibilities using water as the solvent. The results that will be presented to explore the interaction
include the adsorption energy, the solvation energy, the total density of states, and the partial
density of states, all of which help to ascertain the interaction behavior of trenbolone acetate on
the Ag (1 1 1) surface. The adsorption behavior of trenbolone acetate on silver nanoparticles
provides a reference for the molecule’s detection based on the surface-enhanced Raman
spectroscopy (SERS) technique. Guo et al., [47] argues that the sensitivity of SERS is often
manipulated by the interaction between the analyte molecules and the metallic nanostructures.
Therefore, the adsorption behavior of trenbolone acetate on a silver surface was explored through

DFT simulation and experimental SERS.
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With the help of DFT, the SERS spectra of the adsorbed molecule will also be interpreted.
The computational approach allowed the interpretation of SERS spectra by identifying any
possible shifts in the Raman spectral positions after the analyte is adsorbed on the nanoparticles.
Using DFT, it was also possible to explore molecular sites that define the analyte/nanoparticle
complexing. Therefore, this sub-chapter seeks to respond to the following pertinent questions; such
as band positions of the Raman scatter bands, shifts in Raman frequency relative to the normal
modes, and identifying sites where the adsorbate gets adsorbed on the nanoparticles. The section
also seeks to explore the adsorption geometries and the nature of the active site involved in the
chemical reaction. An effective response to these questions will form the basis for a spectroscopy-
based analytical technique in detecting and possibly quantifying trenbolone acetate and other drugs

often abused in sports.

5.5.2  Computational Details

The DFT-D method Bucko ef al., [48] which is executed in DMol3 in the Materials Studio
BIOVIA environment Issahaku ef al., [49] was used to do calculations in this section. The method
is preferred since it accounts for any possible van der Waals interactions between trenbolone
acetate and silver nanoparticles. The generalized gradient approximation (GGA) method was
leveraged to approximate the exchange-correlation function since it gave a better description of
the electronic system. The double-numerical quality basis set with polarization functions (DNP)

was also employed.
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5.5.3 The Unit Cell and Surface Construction

The unit cell of bulk silver was optimized based on the 12 x 12 x 12 Monk Horst-Pack
mesh of k points. The conjugate gradient method was then used to relax the unit cell. Figure 5-33

shows the schematic representation of the optimized bulk Ag.

Figure 5-33: Schematic representation of the optimized Bulk Silver unit cell.

After the unit cell, the surface was constructed by using a 3 x 3 supercell based on five
layers. The top layer was allowed to relax both with and without the adsorbent. The top layer of
the substrate was frozen to ease the time for calculations. A vacuum distance of 20 A was
maintained as that was the most feasible distance that allowed the molecule to be fully placed on
the slab without overlapping. Spherical silver nanoparticles were constructed with the bonding

crystallographic surface being kept at Ag (1 1 1).

To introduce the adsorbate on the optimized silver slab, the adsorption locator feature on
Dmol3 was used. Using the adsorption locator allowed the trenbolone molecule to be introduced
on the silver slab generating the adsorbate-sorbate configuration, generated using the Monte Carlo
approach which is embedded in the adsorption locator module. The two relaxed for all the degrees
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of freedom, including having the molecule rotate on the silver surface without further constraints.
Minimum energies of the adsorption-adsorbate systems were also obtained in the adsorption
locator. Figure 5-34 shows the top view and the surface slab for trenbolone acetate adsorbed on a

silver surface.

Surface slab

Frozen layer

Figure 5-34: Trenbolone acetate adsorbed on Ag (1 1 1) slab with the side and the top view. Color code;
oxygen: red, grey: carbon, and white: hydrogen
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5.5.4 Adsorption Energy

For a favorable adsorption for the substrate and the adsorbate, the energy of the adsorbed

system is lower than when the adsorbate is combined with the substrate, and the adsorption energy

will be negative [50].

Understanding the nature of the interaction between trenbolone acetate dopant and silver
nanoparticles is critical in explaining the application of SERS in the spectroscopic-based detection
of doping materials. The process of adsorption can occur physically or through chemical
adsorption derived from dominant forces [51]. Physical interaction arises from weak interactions
(< 0.4eV) while chemical interactions are a result of stronger forces often > 0.4eV [51]. The
chemical bonding process involves the transfer of electrons between the adsorbent and adsorbate.

The adsorption energy was carried out using DFT in Dmol3. A summary of the binding energies

is presented in Table 5-3.

Table 5-3: Adsorption energies of the surface, adsorbate, and surface + Adsorbate.

System

The energy of the system (eV)

Total surface

-412897.623

Adsorbate -29068.18521
Surface + Adsorbate -441908.54
adsorption energy -57.28

The energy released when the molecule is adsorbed on the substrate explains how well the

analyte is bound on the substrate. The formula for adsorption energy is given by the formula

defined by [52].
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Eads = (Esurface + Eadsorbate) —E (surf+adsorbate)

In the equation, E(surf+adsorbate) describes the total energy of the total energy of the adsorbate
combined with the relaxed surface. Esurr is the energy of the relaxed surface while Eadsorbate 1s the
energy of the relaxed adsorbate. The negative adsorption energy of the system shows that the
adsorption of the molecule on the silver slab will be favorable. While doing the simulations for the
slab, trenbolone acetate, and the adsorbed system for the adsorption energy calculations, the same
exchange-correlation function was used to achieve the desired accuracy. Similarly, geometric

relaxation was carried out to lower the forces on the atoms.

The adsorption energy being negative also implies there is a coupling between the
nanoparticle plasmon resonance and the adsorbate molecular resonance which are key in both
LSPR wave-shift sensing and SERS sensing. Bailey et al., [S3]explains that the molecular structure
and surface affinity influence SERS sensitivity such that having a strong surface affinity provides
the highest signal-to-noise ratio in any SERS experiment. Since the adsorption energy is negative,
it can be concluded that there is adsorption of trenbolone acetate on silver nanoparticles as the
trenbolone molecule will be near the silver surface. The higher density of the molecules near the

metal surface results in an enhanced Raman signal [54].

The next step is to prove that trenbolone acetate adsorbs on silver nanoparticles through
chemisorption rather than physisorption. While clarifying the adsorption of Triphenylamine on
Au(111), Zheng et al., [55] leveraged HOMO-LUMO studies to assess the behavior of electron
states. Zhang et al., [56] noted that upon adsorption, some of the new unoccupied electron states
filled the energy region between the HOMO and LUMO of the free Triphenylamine molecule. The
conclusion drawn from the study was that the interaction was chemisorption due to the exchange

of electrons. Physisorption involves weak van der Waals forces between the adsorbate and
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adsorbent while Chemisorption involves the formation of strong chemical bonds between the
adsorbate and adsorbent [57]. Chemisorption can also be explained using the core-shell nature of
silver nanoparticles as noted in the EDS spectra in the previous sections. We explore the nature of
adsorption through frontier molecular orbital analysis and quantum chemical analysis as discussed

in section 5.5.5.

5.5.5 Quantum Chemical Calculations

In this section, quantum chemical analysis was done with the help of density functional
theory using the Gaussian 09 software package. Table 5-4 shows the atom number distribution,
HOMO, and LUMO of trenbolone acetate. Frontier molecular orbital analysis helps to obtain
frontier electron density for predicting positions that are most reactive within the © electron system
and the subsequent reactions in the conjugated systems. During molecular interactions, the lowest
molecular orbital is an electron acceptor and possesses energy corresponding to electron affinity.
On the other hand, the highest occupied molecular orbital is the level that donates electrons, and it

is linked to the molecule's ionizing potential.

Table 5-4: Optimized structure of Trenbolone Acetate and the frontier molecular orbital density
distributions

37

Q ‘@

2@
Optimized Trenbolone “” s .‘ .
Acetate 33 ’ 0 ,
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a) MEP

b) HUMO

¢) LUMO

HOMO and LUMO helped to understand the adsorption process of trenbolone acetate on
the silver nanoparticle surface. The HOMO and LUMO showed that density was unevenly
distributed on the atoms. In the color scheme utilized in the molecular electron potential map
(MEP), blue represents regions with electron deficiency, light blue indicates regions that are
deficient in electrons, and yellow represent regions that are rich in electrons. Consequently,
carbons offer the lowest probability for the analyte to interact with silver. In the model that is
structurally optimized, the Highest Occupied Molecular Orbital (HOMO) is situated
predominantly along the most negatively charged oxygen along the benzene ring which creates an

opportunity for either chemical bonding or electronic transitions. The calculated energy values of
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the HOMO and LUMO along with other pertinent chemical parameters describing the interaction

between Trenbolone acetate and silver nanoparticles are outlined in Table 5-5.

Table 5-5: HOMO and LUMO chemical parameters describing the interaction between Tren Ac
and AgNPs.

Enomo The energy of the Highest Occupied | -0.22365 H 6.086eV
Molecular Orbital
Erumo The energy of the Lowest -0.08409 H | -2.288eV

Unoccupied Molecular Orbital

Egap = ELumo-Enomo Energy gap +0.13965H | 3.798eV
1 = (ELumot+Enomo)/2 Chemical potential -0.15387 H | 2.094 eV
n = (ELumo-Enomo)/2 Chemical hardness +0.069825 H | 1.899¢V
¥ = -(ELumotEnomo)/2 Electronegativity +0.15387 H | -2.094 eV

o= % Electrophilicity index +0.1696 H 1.154 eV

The band gap energy is consistent with the absorbance band obtained using UV-VIS
spectroscopy for trenbolone acetate. The absorbance band was found to be 348nm wide. Therefore,

the band gap energy can be obtained mathematically as;

E=— 5.6
y)
_ 6.63%10734x3x108

rypwpera VA 107*°J which can be converted to eV:

leV=1.6%10"1%

Therefore, E = 3.56eV, which only slightly deviates from the computational calculation results.
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Therefore, the minimum energy that will be required to excite an electron from HOMO to
LUMO where it can participate in the reaction. The experimentally obtained band gap for silver

nanoparticles based on its absorbance band is given as;

6.63%1034x3%108
408+10~9

=4.875* 10" J;

From equation 9.1, the energy in eV is 3.05¢V.

It can be observed that the reacting species have band gap values that are close indicating that their
energy levels are well-aligned and that there is efficient charge transfer or chemical reactions between
them. This alignment of band gaps allows for effective interaction between the species, facilitating
processes like electron transfer or the formation of chemical bonds. Essentially, when the band
gaps of reacting species are close, it signifies a favorable match in their electronic structures,
promoting strong interactions. The transfer of electrons also shows that the adsorption process is

chemisorption rather than physisorption.

Other than the band gap, the other molecular orbital parameter that was explored is the
chemical potential that serves as a measure to evaluate a molecule's tendency to explain the
reactivity and stability of the molecule. The chemical potential of trenbolone acetate is way less
than the band gap which explains the ease with which trenbolone acetate can participate in a
chemical reaction. While the band gap is 3.798eV, the chemical potential (energy required to add

the molecule to a response) is 2.094eV. Therefore, trenbolone acetate will easily react.

The chemical potential is also higher than the chemical hardness which often explains the
molecule’s resistance to engaging in reaction. Therefore, the fact that chemical hardness is lower
than chemical potential shows that Tren Ac readily participates in a reaction. On the other hand,
electronegativity and the electrophilicity index indicate a molecule's capability to attract electrons
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and its electrophilic potency, respectively. The higher electronegativity also supports the
molecule’s tendency to attract positively charged ions towards it. Hence, although Density
Functional Theory (DFT) has offered insights into the opto-molecular behavior of trenbolone
acetate. The adsorption studies and the spectroscopic studies show changes in the electronic
structure of the molecule upon binding on silver nanoparticles which is a significant interaction
that gives remarkable insights into using SERS as an approach for the detection of the molecule.
The nanoparticle-molecule interaction results in the mutual excitation of the Raman polarizability
from the local electromagnetic field hence generating an enhanced Raman signal of the molecule
[58]. Therefore, the experimental results obtained in sub-chapter 5.4 are hereby supported
theoretically with emphasis on the nature of the interaction between trenbolone acetate molecule

and silver nanoparticles.

5.5.6 Density of States

To have a better understanding of the interactions between the Ag (1 1 1) surface and the
Tren Ac adsorbate, the electronic properties were studied using total density of states (TDOS) and
partial density of states (PDOS). TDOS and PDOS were obtained for isolated pristine silver
nanoparticles Ag (1 1 1) and trenbolone acetate models as well as trenbolone acetate adsorbed on
silver nanoparticles. Water was used as a solvent to mimic what was done in the lab. From the
TDOS plots in Figure 5.35, the pristine Ag (1 1 1) surface has peaks at and below the Fermi level

which is often the case for metals.

The TDOS shows peaks at the Fermi level and below as well as above the Fermi level for
silver. More peaks are reported below the Fermi level between -20eV and -7.5eV. There is only

one notable peak above the Fermi level. After the adsorption of trenbolone acetate on silver, the
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calculated total density of state was noted to be similar to what was noted in silver nanoparticles.

However, after adsorption, a more intense peak was obtained at around -10eV.
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Figure 5-35: The TDOS was calculated using DFT-D/GGA formalism for Ag (a), Trenbolone acetate (b), and
Ag/Tren Ac complex (c).
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The Fermi level often represents zero energy value (0.0eV) at which the valence band is at
its maximum and the electrons are likely to be found. Therefore, having a new and more intense
peak between -7.5e¢V to -10eV implies that trenbolone acetate is introducing new states that are
occupied by electrons and which are then transferred to the AgNPs surface. Therefore, the
adsorbent is likely to have a significant influence on the electronic structure and physical properties
of pristine silver nanoparticles. The fading of the silver nanoparticle peak above the fermi level
indicates that trenbolone acetate is accepting electrons from silver, hence depleting the number of
electrons in this region [59]. The electron transfer from silver nanoparticles to trenbolone acetate
results in changes in the chemical bonding and reactivity among other properties. The adsorption
energy results show that the interaction of the trenbolone acetate molecule with silver is strongest

with most negative energy values between -12.5eV and -7.5eV.

The other observation made was the reduction in the band gap after trenbolone acetate was
adsorbed on the silver nanoparticles. The band gaps for the obtained density of states can be

summarized below;

Egap for Tren Ac 3.75eV

Egap for silver nanoparticle 2.2eV

Egap of Tren Ac/AgNPs complex 1.3eV

Therefore, the interaction energy can be calculated based on the equation given by Shukla et al.,

[60].

Interaction energy = E Tren Ac/agNPs — [EagNps + 2E Tren]

= 1.3 - [2.2 +2*3.75]
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=-8.4eV

The high value of interaction energy shows that there is strong adsorption between Tren Ac and

silver nanoclusters and that the interacted system is thermodynamically favorable.

DOS is important in explaining surface-enhanced Raman spectroscopy, especially using
chemical enhancement mechanisms rather than electromagnetic enhancement. Cong et al., [61]
explain that chemical transfer between the substrate/ nanoparticle and analyte changes the
distribution of electron density of the molecules. Consequently, there is more polarizability and
enhanced Signals reported in enhanced Raman spectroscopy. Unlike the EM enhancement strategy
which enhances the Raman signal by 10'°, chemical transfer enhances the signals to a tune of 10°
for a metal-molecular system. In such a system, the direction where the metal is aligned with the
analyte will dictate the charge transfer process. Positioning is influenced by how the Fermi level
is located within the metal as well as the HOMO/LUMO positions within the molecule. The highest
level of photoinduced charge transfer often happens when the charges are transferred to or from
the levels that are close to the Fermi level. Therefore, an increased density of the state near the
Fermi level contributes to SERS as noted by Muehlethalel et al., [62] who enhanced the density
of the states by introducing oxygen in molecules, facilitating exciton resonance. According to
Fermi principles, the probability for electrons to shift is linearly related to the density of states

around the Fermi level in the chemical transfer process [61].

5.5.7 Mulliken Charge Distribution and Bond Length

The Mulliken charge distribution is a crucial concept in understanding the electronic
structure and properties of molecules. In this study, Mulliken charge distribution on trenbolone

acetate molecule was carried out to understand the distribution of electronic charge on the
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molecule, information that also contributes to explaining how the molecule interacts and adsorbs
on the substrate. The Mulliken charges are also associated with other molecular properties like
dipole moment and polarizability that contribute to SERS behavior for both chemical and
electromagnetic enhancement. Figure 5-36 shows the Mulliken charge distribution in trenbolone

acetate.

Figure 5-36: Mulliken Charge distribution (A) and bond length (B) for Trenbolone acetate
molecule.

From the Mulliken charge distribution, O3 is the most negatively charged atom (-0.587¢V)
and as such, most available for electrostatic interaction when adsorbed on the surface. The most

electronegative atom has the highest tendency to attract electrons, resulting in a higher degree of
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polarization enhancing the Raman signal[63]. In terms of bond length, O3 exhibits one of the
lowest bond lengths (1.2414) which implies that it is loosely held and can easily engage in
reaction. Therefore, by leveraging Mulliken charges, it is possible to refine detection methods to
make them more sensitive and specific. For example, understanding how charge distributions

change upon binding can improve the design of sensors that detect biomolecular interactions.

5.5.8 Conclusion

This work has demonstrated that density functional theory can be used as a computational
and interpretative tool that can help to elucidate the chemical reactivity of trenbolone acetate with
silver nanoparticles. In the work, theoretical studies about the affinity of silver ions Tren Ac at a
molecular level have been demonstrated. DFT has helped to underscore the chemical transfer
capability of trenbolone acetate and the ease with which the molecule can interact with silver
nanoparticles. Through the frontier orbitals, HOMO and LUMO, it was possible to explore the
chemical reactivity and molecular interactions of trenbolone acetate and silver nanoparticles. The
DFT simulation showed that O* was the most negative atom in trenbolone acetate and would be
easily attracted to silver nanoparticles forming a complex. The process is defined by the transfer

of electrons between the substrate and analyte from HOMO to LUMO.

DFT has been used as an effective quantum mechanical modeling tool to study the
adsorption tendency of trenbolone acetate on silver nanoparticles. In this section, DFT has been
employed to analyze the molecular structures, energies, and vibrational frequencies using
theoretical computations. With the help of DFT, it was possible to explore the vibrational

frequencies of trenbolone acetate, comparable to what was achieved experimentally.
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This section has also shown that surface-enhanced Raman is credited to be one of the most
feasible spectroscopic techniques that can elucidate the orientation and the adsorption behavior of
a molecule onto the metal surface based on scattering enhancement. Dastafkan et al., [35] already
demonstrated that the relative enhancement of some of the SERS bands could be used to ascertain
the orientation of a molecule on nanoparticles based on surface selection rules. Unlike in the
previous section where the chemical reactivity of trenbolone acetate was carried out, this section
theoretically explores the adsorption mechanism of Trenbolone acetate on silver nanoparticles.
The most active adsorption sites were explored with the feasibility of SERS as a vibrational-based

analytical tool applicable to sensing being demonstrated.
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6 General Conclusions and Future Studies

6.1 General Conclusions

This chapter concludes the entire thesis, explaining how each of the chapters in the results
and discussions contribute to the overall goal and specific objectives of the research. Generally,
the thesis aimed at exploring the feasibility of vibrational-spectroscopy-based analysis and
localized surface plasmon resonance aided by density functional theory in the label-free detection

of trenbolone acetate.

The first part of the results explored the role of laser ablation in liquid technique in
synthesizing silver nanoparticles. The work demonstrated that it is possible to fabricate silver
nanoparticles of different sizes (within the range of 10nm — 54nm) by varying different ablation
parameters such as laser ablation time, energy, and pulse repetition frequency. The small
nanoparticles generated in the work showed that it is possible to leverage laser ablation to
synthesize nanoparticles with high surface area, providing remarkable adsorption tendencies
suitable for biosensing applications. Besides the yellowish-brown color that is proof of generated
nanoparticles, spectroscopic and electronic techniques were also used to study the nanoparticles,
showing that objective one of this work was successfully achieved and the generated nanoparticles

could effectively be applied in subsequent analytical studies.

The second set of results investigated the role of localized surface plasmon resonance
spectroscopy in the detection of trenbolone acetate and by extension, other anabolic steroids. Silver
nanoparticle plasmonic behavior was monitored using UV-VIS spectroscopy. It was observed that
the plasmon band of silver nanoparticles red-shifts after the adsorption of trenbolone acetate. The

LSPR band position varied inversely and exponentially with the concentration of trenbolone
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acetate. The change in the plasmon band was monitored to concentrations as less as Sppm of the
analyte. Besides the shift in plasmon band position, the bandwidth of the analyte/ nanoparticle
complex was monitored. The results showed that trenbolone acetate adsorbs on the silver
nanoparticles' core shell as depicted in the change in concentration of the mixture as monitored
using energy dispersive spectroscopy. The change in the plasmon band at low concentrations
showed the ability of localized surface plasmon resonance spectroscopy to detect low-analyte
concentrations through the influence of refractive index and change in the dielectric field of the

local environment. The results showed that the goal of the second objective was achieved.

Surface-enhanced Raman spectroscopy as a label-free analytical technique was also
investigated in this study. Silver nanoparticles were used as substrates providing a localized
electromagnetic field that enhanced the signal. Together with other vibrational techniques like
FTIR and drop-coating deposition Raman, the trenbolone molecule was characterized. Density
functional theory and vibrational energy density distribution (VEDA) proved to be effective tools
in understanding the vibrational spectra of trenbolone acetate. To the best of our knowledge, this
was pioneer research that provided molecular information about trenbolone acetate. In the fight
against doping, the results are critical since they aid in building a spectral library that can be
leveraged by the World Anti-doping Agency (WADA) in building a spectroscopy-based analytical
laboratory in its anti-doping efforts. The characteristic assignment and functional groups specific

to this molecule also form the basis for further research on steroids abused in sports.

The adsorption tendency of trenbolone acetate on silver nanoparticles was also evaluated
with the help of SERS and the study of frontier molecular orbitals. The energy band gap obtained
through the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital

(LUMO) studies based on DFT showed that chemical potential energy is lower than the band gap
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energy demonstrating the ease with which the molecule can engage in chemical reaction. The DFT
study showed that negatively charged oxygen molecule is the most active site that would allow the
adsorption of silver nanoparticles. Electronegativity and electron affinity studies showed that
trenbolone would easily donate its oxygen atom for a chemical reaction. In the molecule, the
functional group responsible for the reaction is C=0O which is within the wavenumber 1620cm™!
and 1750cm’!. This region was the most active and would easily engage in reaction with silver.
The Ag+ (proven using LIBS) would easily react with the oxygen to form a complex that
influences both plasmon behavior and SERS behavior in terms of wavenumber shifts. The ketone
group located in the acetate ester part is thus responsible for the drug’s pharmacological activity,
providing insights into the steps that WADA has to take when investigating the drug’s doping

tendency.

6.2 Future Studies

Future work for this study will focus on building and commercializing a novel prototype
biosensor for detecting steroids and other performance-enhanced drugs based on the knowledge of
localized surface plasmon resonance, surface-enhanced Raman/vibrational techniques, and the
adhesion tendency of the analyte on silver nanoparticles. The biosensor will allow not only the

detection but also quantification of performance-enhancement drugs with better sensitivity.

To achieve this goal, improved theoretical studies of drug/nanoparticle complexes will be
achieved with the help of molecular dynamics (MD). MD simulations will provide better insights
into the dynamic behavior of biomolecules and how they interact with the nanoparticles that are
relevant to biosensing. MD simulations can predict how biomolecules recognize and bind to

specific targets, aiding in the design of biosensors with high specificity and sensitivity by
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elucidating the molecular recognition processes. Other studies like surface interactions and the
binding energies of the molecule on nanoparticles will also be understood better with the help of

molecular dynamics.

Molecular dynamics will also come in handy in improving the sensitivity and selectivity of
a biosensor, especially by elucidating structural changes of the molecule upon adsorbing on the
nanoparticles. While knowledge of the localized surface plasmon resonance, molecular
characterization, and signal enhancement tendency using SERS has already been demonstrated in

this thesis, building a biosensor prototype will require knowledge of molecular dynamics.
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