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Abstract

This thesis presents the development of a proof-of-concept sensor for the sensitive and selective
detection of Trans-A°-tetrahydrocannabinol (THC) using a molecularly imprinted polymer (MIP)
synthesized with a THC template. The sensor combines MIP technology with Raman spectroscopy
to achieve label-free monitoring of THC based on a single identifying Raman peak. The MIP
sensor exhibits a prominent peak at 1614 cm in the Raman spectrum, attributed to the THC target
molecule, enabling the selective quantification of bound THC with a low detection limit of 250
ppm. Comparative studies with a non-imprinted polymer (NIP) control demonstrate higher
sensitivity of the MIP to the THC target molecule (67% higher average intensity), confirming the
presence of THC-specific recognition sites within the synthesized MIP material. Additionally, the
selectivity of the MIP-based sensor is demonstrated by analyzing the Raman spectrum of MIP

exposed to Cannabidiol (CBD), ethanol, and acetone.
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Lay Summary

In this thesis a novel MIP-based sensor is developed for THC detection, utilizing Raman
spectroscopy for label-free monitoring. The sensor demonstrates high sensitivity, selectivity, and
a low detection limit for THC, offering potential applications in quality control, forensic analysis,
medical diagnostics, and drug screening. The successful implementation of this sensor contributes
to the advancement of THC detection technologies and provides a promising platform for the

sensitive and selective quantification of THC in various analytical settings.
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Chapter 1: Introduction

1.1 Molecularly imprinted polymers (MIPs)

In this section molecularly imprinted polymers (MIPs), which are synthetic polymers that are
designed to selectively recognize and bind to a target molecule [1], are discussed. In the beginning,
a brief history and an introduction to this type of material is presented. Following, the application
of MIPs in chemical sensing platforms is reviewed.

1.1.1 Introduction to MIPs

The idea of molecular imprinting has been around since the 1930s. The roots of the molecular
imprinting concept can be traced back to when Soviet chemist Polyakov observed the remarkable
adsorption properties of silica particles that were prepared in the presence of soluble additives. The
basic principle of molecular imprinting, which involves creating a polymer network around a small
template molecule to create a complementary nanocavity, was noted during this period [2], [3].
The first paper reporting on the development of MIPs, with the exact term “imprinted polymer”
used, was published in 1984 by K. Mosbach and B. Sellergren in Lund, Sweden. G. Wulff also
contributed to the development of MIPs and published papers on the topic in the 1980s. However,
it was not until 1985 that Wulff used the term "imprinted polymer"” to describe these materials.
The difference between Mosbach and Sellergren's approach and Wulff's approach was that
Mosbach and Sellergren focused on noncovalent interactions between the host and target, while
WuIff tended to use covalent binding to create the imprint [3], [4].

In addition, the term "molecularly imprinted polymer sensor" was introduced by S. Piletsky in
1992, although the author had previously published papers on the production of MIPs in Russian

literature as early as 1989. The development of MIPs has since led to research on various



applications of this technology, including separation and sensing materials, and catalytic reactions
[4].

Molecularly imprinted polymers (MIPs) are synthetic materials that function like the biological
antibody-antigen system by selectively binding to specific molecules. In other words, they are
synthetic polymers that are designed to selectively recognize and bind to a target molecule. MIPs
offer the same specificity and selectivity as biological receptors, but with added advantages such
as durability and low cost [4], [5]. MIPs are fabricated in a variety of ways, but they all share a
fundamental structure and are created using a process called molecular imprinting, which involves
polymerizing a mixture of monomers, cross-linking agents, and a template molecule. Firstly, a
polymer is created that includes the target or template molecule bound to a functional group of the
host either covalently or noncovalently. Secondly, the template molecule is taken out from the
polymer, leaving behind a specific cavity ready for rebinding. Finally, the MIP is exposed to a
sample that contains the target molecule, and the cavity selectively takes up the target molecule
from the complex sample [6], [7].

Due to their cross-linked nature, MIPs are resistant to harsh physical conditions, making them
useful in various fields such as chemical separation, sensors, catalysis, and more. Another
advantage of MIPs is their ability to be designed for almost any target molecule, regardless of size
or complexity. Using MIPs with a sensing system can be useful for monitoring the environment
or detecting abnormalities [2].

1.1.2 MIP Synthesis

In this section, the basics of the synthesis of MIPs are explained. MIPs are fabricated by imprinting
synthetic copolymers with sites that are unique to a specific reference compound or a group of

reference substances. These copolymers are highly cross-linked and act as a scaffold around the



template molecule or a dummy template molecule with a similar structure. This process results in
the formation of a three-dimensional structure that captures and selectively binds the target
molecule. In simpler terms, MIP materials are made by creating a mold of a specific molecule and
using it to create a material that can selectively capture that molecule [8]. The key components
needed for the proper synthesis of MIPs are the template molecule, functional monomer, cross-
linking agent, reaction initiator, and solvent [9]-[11].

The shape and functionality of the cavities inside the MIP are defined through the template
molecule. The choice of a template molecule (or its structural equivalent) is influenced by
economic considerations, the availability of commercial sources, and the potential for establishing
suitable interactions with different functional monomers. It is essential for the template molecule
to possess chemical inertness and stability throughout the polymerization procedure [9].

The functional monomer is essential in the formation of a 3D polymer skeleton and is usually
categorized into three common groups, acidic (for instance methacrylic acid and acrylic acid),
alkaline (for instance 4-vinylpirydyne), and inert (for instance styrene) [9]. It should be noted that
functional monomers play a crucial role in creating the binding sites within molecularly imprinted
polymers (MIPs) and facilitating the binding interactions with target molecules [11].

The cross-linker in an imprinted polymer serves three main functions. Firstly, it controls the
morphology of the polymer matrix. Secondly, it stabilizes the imprinted binding site. Lastly, it
provides mechanical stability to the polymer matrix. Divinylbenzene (DVB), triethylene glycol
dimethacrylate (TEGDMA), and ethylene glycol dimethacrylate (EGDMA) are widely used as
common cross-linking agents in MIPs [9], [11].

The reaction initiator, which is typically used in small quantities (around 1% of the total weight of

the reaction mixture), plays a crucial role in the formation of MIPs. This reaction component



belongs to the group of azo compounds and can generate free radicals when subjected to elevated
temperatures or UV radiation. Common examples of reaction initiators include 1,1'-
Azobis(cyclohexanecarbonitrile) (ACHN), 2,2'-Azobis(2-methylpropionitrile) (AIBN), and
benzoyl peroxide [9].

The final major component is the solvent (progen) which has two essential functions. Firstly, it
acts as a medium to bring together all the components involved in the polymerization, including
the template, functional monomer(s), cross-linker, and initiator, into a single phase. Secondly, it
plays a crucial role in creating the pores within polymers since it affects the conformations of
polymer chains [9], [11].

The properties of synthesised MIPs such as their physical characteristics, structure, and
effectiveness of them are affected by various factors such as the composition of the reaction
mixture (including the selection of cross-linking monomer, functional monomer, and porogenic
solvent), and the temperature and duration of the reaction. All these elements collectively influence
the overall properties like morphology, and functionality of the MIP [10].

To create MIPs, a reaction mixture containing the key components explained above is prepared.
During the polymerization process, a complex is formed between the template and the functional
monomer. This complex is then surrounded by excess cross-linking monomer, resulting in the
formation of a three-dimensional polymer network. Once the polymerization is complete, the
template molecules are trapped within the polymer matrix. After that, thorough washing is carried
out to remove the template molecules, leaving behind cavities that are complementary in size,
shape, and molecular interactions to the original template molecule. This process is called
molecular imprinting and the polymerization technique is called precipitation polymerization [10].

Precipitation polymerization is a technique used to produce MIPs by conducting cross-linking



polymerization in highly diluted monomer solutions that also contain the template species. In this
process, the continuous phase of the reaction mixture becomes a nonsolvent for the formed
polymer once it reaches a critical molecular weight. As a result, spherical MIP particles with
diameters ranging from a few micrometers to smaller sizes are obtained [12]. MIP nanoparticles
offer distinct advantages over other MIP types, including their greater surface-to-mass ratio,
facilitating an increased number of accessible recognition sites. Additionally, MIP nanoparticles
exhibit lower heterogeneities and improved solubilities, which have been pivotal in their effective
utilization across a wide range of applications [3]. The fabrication process for MIPs is shown in

Figure 1-1.
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Figure 1-1. The synthesis process of MIPs [13].



1.1.3  Utilization of MIPs in sensing

MIPs have gained considerable interest as a highly promising material for sensing applications
[14]. This is primarily due to their unique ability to possess selective binding sites that are specific
to a variety target analytes. As it was briefly mentioned in section 1.1.2, during the synthesis of
MIPs, functional monomers and crosslinking agents are polymerized in the presence of the
template molecule as a mold, resulting in the formation of complementary binding sites in size,
shape, and chemical functionality to the target molecule [2], [4], [6].

The history of usage of MIPs in sensing dates back to the 90s. For instance, Piletsky et al.
developed a MIP-based sensor for the detection of low-weight organic molecules. In their paper,
they highlight the advantages of MIP-based sensors, including stability, cost-effectiveness, and
ease of fabrication. Furthermore, they point out to the fact that the ability to customize the
molecular imprinting process enables the development of sensors with specific affinity towards
different low-weight organic molecules [15]. On top of that, Mosbach provides insights into the
preparation methods and analytical applications of MIPs, highlighting their importance in selective
sensing and separation techniques. The paper also introduces the various fields of application for
MIP-based sensors which include environmental monitoring, food safety, pharmaceutical analysis,
and biomedical diagnostics [16].

MIP nanoparticles (NPs) have been used as the sensing layer in different traditional sensing
platforms as they have significant advantages in their characteristics and properties. Their great
features like improved chemical reactivity, binding capacity, and kinetics, as well as their uniform
spherical shape, stability, and ease of dispersion, ease of preparation, reusability, and robustness
for chemical and physical stresses have made them suitable candidates for integration with sensing

platforms to produce MIP-based chemical sensors [6], [12].



One of the many applications of MIPs in sensing is selective sensing of different gaseous target
analytes. In literature, MIPs have been combined with different transduction mechanisms to
produce selective and sensitive gas sensors [6]. Some of the various approaches that were
employed and combined with MIPs to detect and measure analytes are quartz crystal
microbalances (QCM), electrochemical sensors , resistive methods, and optical sensors [2]. Here,
some examples of utilization of MIPs for sensing is provided.

Zhang et al. investigated the gas-sensing properties of combination of single-walled carbon
nanotubes (SWCNTSs) and MIPs for methanol detection. The SWCNT-MIP composites showed
enhanced sensitivity and selectivity compared to control samples. The results highlight the
potential of these composites for developing efficient methanol gas sensors with applications in
environmental monitoring and industrial safety [17]. In another study, Weng et al. presented a
novel method for detecting gaseous formaldehyde. Their approach combined the sensitive mass
detection capability of quartz crystal microbalance (QCM) with the exceptional selectivity and
stability provided by MIPs. By leveraging these advantages, they achieved accurate and reliable
determination of formaldehyde gas with a limit of detection of about 20.5 uM [18]. In another
research, Haghdoust et al presented the development of a MIP-based QCM sensor for the selective
detection of penicillins in aqueous media. The study focuses on designing MIPs with specific
binding sites for three penicillins and immobilizing them on the QCM sensor surface. Through
experiments and optimization, the sensor demonstrates high sensitivity, rapid response, and
excellent selectivity towards penicillins, even in the presence of interfering substances [19].
Gaseous acetone was selectively detected, through resistive sensing, with a limit of detection of
66 ppm using a composite of MIPs and gold nanoparticles as the sensing layer by

Jahangiri-Manesh et al. [20]. Volkle et al. developed a novel conductive MIP by blending of MIPs



with conductive polymers which resulted in a significant signal enhancement, both in QCM and
resistive measurements, enabling the detection of R-(+)-limonene gas concentrations as low as 50
ppm [21]. In a recent study, Raziq et al. introduced the first-ever MIP-based electrochemical sensor
for detecting the SARS-CoV-2 nucleoprotein (ncovNP). The sensor incorporates a disposable thin
film electrode chip, equipped with MIP-based selectivity for ncovNP, and connected to a portable
potentiostat. The resulting ncovNP sensor exhibited a linear response to ncovNP in lysis buffer,
detecting concentrations as low as 15 fM and quantifying them down to 50 fM [22]. A sensor for
direct detection of Hepatitis C Virus (HCV) using a MIP recognition element has been developed
by Antipchik and colleuges. The integrated electrochemical sensor allows quantitative evaluation
of HCV envelope protein E2 and HCV-mimetic particles in human plasma, with a low limit of
detection of 4.6 x 104 ng/mL [23]. Feng et al. created a fluorescent sensor by combining a MIP
layer with CdTe quantum dots (MIP-QDs) for detecting tetrabromobisphenol-A (TBBPA). The
MIP-QDs composite showed desirable morphology and photoluminescence properties and the
sensor exhibited a strong linear response in the concentration range of 1.0-60.0 ng/mL, with a low
detection limit of 3.6 ng/g [24]. In another study, an optical sensor was developed using
molecularly imprinted polymers coated with green carbon dots (CDs) for propranolol detection.
The sensor exhibited a linear response in the concentration range of 0.8-65.0 nmol L—1 with a low
detection limit of 0.2 nmol L—1. It demonstrated advantages such as cost-effectiveness, rapid
response, high sensitivity, and selectivity for propranolol determination [25].

1.2 Overall background on cannabis

Cannabis, a plant belonging to the Cannabaceae family, has been widely cultivated and utilized
for various purposes throughout history. It contains a diverse array of chemical compounds known

as cannabinoids, which exhibit different properties and effects on the human body. This section



provides a comprehensive overview of cannabis, focusing on its two primary cannabinoids: Delta
(9)-tetrahydrocannabinol (THC) and Cannabidiol (CBD) [26]-[28]. We delve into the chemical
structures and physical properties associated with THC and CBD. Additionally, we explore the
significance of THC detection. Furthermore, a review of THC detection techniques is presented to
highlight the existing methodologies and advancements in the field. By gaining a deeper
understanding of cannabis and its key constituents, we lay the foundation for the subsequent
sections, where the combination of molecularly imprinted polymers (MIPs) and Raman
spectroscopy will be investigated for THC sensing, providing a valuable contribution to the field
of analytical chemistry.

1.2.1 Introduction to Delta (9)-tetrahydrocannabinol (THC) and Cannabidiol (CBD)
Delta (9)-tetrahydrocannabinol (THC) is the primary psychoactive compound found in cannabis
plants. It is a member of the class of cannabinoids, which are a diverse group of chemical
compounds naturally occurring in cannabis. THC is responsible for the euphoric and mind-altering
effects commonly associated with cannabis use [28], [29].

The chemical formula of THC is C,; H3,0,, the chemical structure shown in Figure 1-2, and it is
is a lipophilic molecule, meaning it readily dissolves in fats and oils. It is a yellowish, sticky resin
at room temperature and can also exist in crystalline form. The molecular weight of THC is
approximately 314.46 g/mol. It exhibits a melting point range of 157-162 degrees Celsius [26],

[28], [30].



A®-Tetrahydrocannabinol (A%-THC)

CgHyy

Figure 1-2. Chemical structure of delta (9)-tetrahydrocannabinol [26].

In addition to its psychoactive effects, THC has demonstrated various pharmacological properties.
It interacts with the endocannabinoid system (ECS) in the human body, specifically binding to
cannabinoid receptors. The CB1 receptors, predominantly found in the central nervous system,
mediate the psychoactive effects of THC. Activation of the ECS by THC leads to the modulation
of neurotransmitter release, resulting in altered cognitive and physiological responses [31], [32].
Beyond its recreational use, THC has been the focus of research due to its potential therapeutic
applications. It has shown promise in the management of pain, nausea and vomiting, muscle
spasms, and appetite stimulation. Furthermore, THC exhibits anti-inflammatory, neuroprotective,
and antioxidant properties, making it of interest in various fields, including medicine and
pharmacology [29], [33], [34].

Understanding the chemical and physical properties of THC is crucial for comprehending its
interactions with the human body and its implications for health. Furthermore, investigating
reliable detection techniques for THC is essential for ensuring accurate analysis and regulation in
the cannabis industry.

Cannabidiol (CBD) is one of the major phytocannabinoids found in the cannabis plant, along with
delta-9-tetrahydrocannabinol (THC). While THC is renowned for its psychoactive effects, CBD is

non-intoxicating and does not induce the typical psychoactive effects commonly associated with
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cannabis consumption. CBD has gained significant attention in recent years due to its potential
therapeutic properties and its wide range of applications in the field of medicine [26], [35], [36].
Chemically, CBD is represented by the molecular formula C,,H;,0,, the chemical structure
shown in Figure 1-3, indicating its composition of 21 carbon atoms, 30 hydrogen atoms, and 2
oxygen atoms. It is a lipophilic compound, meaning it has a high affinity for fats and oils. CBD is
typically derived from the industrial hemp plant, a variety of cannabis that has been selectively
bred to contain high levels of CBD and negligible amounts of THC. The molecular weight of CBD
is approximately 314.47 g/mol. It exhibits a melting point range of around 180 degrees Celsius
[26], [30], [37].

CHy

OH
| Cannabidiol (CBD)
CH3 >!
CH
2 OH CsHyy

Figure 1-3. Chemical structure of CBD [26].

CBD is available in different forms, including oils, capsules, and edibles, catering to individuals
seeking alternative remedies for their health and well-being. As research on CBD continues to
expand, it holds the promise of offering novel treatment options for various medical conditions
[35], [38].

By providing an overview of CBD's chemical composition, and non-intoxicating nature this
section sets the stage for understanding the significance of CBD detection from THC, as they have

a similar chemical structure.
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1.2.2 THC sensing

The accurate detection of A°-tetrahydrocannabinol (THC) is of great importance. The ability to
reliably and selectively detect THC is crucial in various fields [39]. In this section, we will explore
the significance of THC detection and review the existing techniques employed for its sensing. By
understanding the importance of THC detection and examining the current methods available, we
can appreciate the need for innovative approaches that offer improved sensitivity, selectivity, and
convenience. The development of novel THC sensing techniques can contribute to advancements
in various applications and ensure the safety and compliance of cannabis-related products.
1.2.2.1  Importance of THC detection

The detection of THC holds significance across various domains, including clinical, forensic,
quality assessment, air quality monitoring, and law enforcement purposes. Firstly, understanding
the impact of THC on the human organism and its medicinal benefits is crucial for medical
practitioners and researchers. By detecting THC levels, medical professionals can gain insights
into its effects and tailor treatment plans accordingly. Additionally, in the field of cannabis
cultivation, the ability to determine different stages of plant growth through THC detection can
aid growers in optimizing cultivation practices and ensuring desired potency [40].

Furthermore, for scientists in the laboratory, THC detection plays a vital role in quality assurance
of cannabis products and provides valuable information for product development procedures.
Moreover, in forensic analysis, the rapid detection of THC is essential for legal investigations,
enabling accurate assessment of impairment levels and enforcement of cannabis-related driving
regulations [40]-[42].

Finally, THC's intoxicating effects, including cognitive and motor function impairments,

necessitate the development of simple, robust, and reliable detection techniques. This requirement
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extends to various applications, ranging from clinical assessments to air quality monitoring, where
the presence of THC needs to be identified accurately. Overall, the growing need for accurate THC
detection is driven by cannabis legalization, common use, and the diverse applications that rely on
its identification and quantification [43], [44].

1.2.2.2  Review of THC detection techniques

Various established techniques such as high-performance liquid chromatography (HPLC) and gas
chromatography (GC) coupled with mass spectrometry (MS) or flame ionization detection (FID)
are considered gold standards for THC determination [45]-[48]. However, these methods typically
require sample pre-treatment and suffer from time-consuming and costly processing [49].

Mass spectrometry-based techniques, commonly used for THC analysis, provide high specificity
and accuracy but involve complex and expensive processes. Sample transportation to a laboratory,
followed by extractions, dilutions, incubations, centrifugations, and drying techniques, are
necessary for THC detection in breath samples. Additionally, the standard THC detection method
relies on blood samples, which require costly, intricate, and time-consuming chromatography with
mass spectrometry analysis. These limitations have spurred scientists to develop portable, non-
invasive, rapid, and cost-effective sensor technologies for on-site THC screening. The aim is to
overcome the drawbacks of conventional methods and enable efficient THC detection in field and
roadside testing scenarios [41]. Here, some examples of THC detection in literature is presented.
Mishra et al. have developed a wearable electrochemical sensor in the form of a ring for the
simultaneous detection of THC in oral fluids. The sensor includes a voltammetric THC sensor and
has a disposable sensing electrode ring cap for easy replacement. It utilizes multi-wall carbon
nanotube/carbon electrode technology for THC detection. The sensor demonstrates fast and

accurate detection of THC in diluted oral fluids without interference from the matrix. This portable
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and convenient sensor shows potential for roadside drug testing and self-assessment by drivers
prior to driving [50].

In a recent study, Ramzy et al. presented a review paper that focused on the innovative methods
for the fast and precise detection of THC through breath analysis. In there they report that ongoing
researchs are focused on exploring various techniques such as carbon nanotubes, biosensors,
electrophoresis, and fluorescent probes as potential approaches for THC detection [41]. THC
sensors were developed by Zhang et al. using carbon nanotubes (CNT) or carbon beads with
poly(MAA-Co-EGDMA) through molecular imprinting technology. These sensors exhibited high
sensitivity and selectivity for THC detection, surpassing nonimprinted polymer electrodes. The
detection limit achieved by CNT-MIP electrodes was 0.18 £ 0.02 ng/mL. Morphological analysis
confirmed the presence of polymers on the carbon material surfaces, and thermal stability was
assessed through TGA [51]. In another study, Wanklyn et al. have developed a screen-printed
carbon electrode sensor for the detection of THC in oral fluids. The sensor utilizes a reagent
overlayer containing a mediator that reacts with THC to form an electrochemically active
compound. The sensor demonstrated the ability to detect THC spiked in undiluted oral fluids
within 30 seconds. However, the sensor's sensitivity was found to be lower than the acceptable
criteria based on a trial with samples from cannabis smokers [52]. In a recent study, Solin et al.
demonstrate the effective use of EDC/NHS coupling chemistry with nanocellulose to create
efficient anchor layers for immobilizing anti-immune complex antibodies on surfaces. The unique
properties of nanocellulose, including its high surface-to-volume ratio, abundance of OH groups,
and hygroscopicity, facilitate surface functionalization and water permeation, providing a
hydrophilic spacer for the sensing antibodies. THC detection is successfully achieved using both

surface plasmon resonance (SPR) and paper-based sensing systems [53].
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A category of previous research efforts have focused on the development of a portable Raman
spectrometer, specifically designed for on-site applications, enabling the ultralow detection of
THC in various sample matrices, including body fluids, plasma, and purified saliva. These studies
have aimed to achieve exceptional sensitivity, allowing for THC detection at concentrations
ranging from nano to picomolar levels. The utilization of Raman spectroscopy technology in these
devices offers a non-invasive and rapid detection method, enabling efficient and reliable THC
analysis in diverse real-world scenarios [54]-[56].

1.3 Raman spectroscopy based gas sensing technique

In this section, we delve into the application of Raman spectroscopy as a powerful technique for
gas sensing. Raman spectroscopy has emerged as a valuable tool in various scientific and industrial
fields due to its unique capabilities in molecular identification and characterization [57], [58]. In
subsection 1.3.1, we provide an introduction to Raman spectroscopy, exploring its fundamental
principles and highlighting its significance in analytical chemistry. Subsequently, in subsection
1.3.2, we delve deeper into the principles and advantages of utilizing Raman spectroscopy
specifically for gas sensing applications. By understanding the underlying mechanisms and
benefits of Raman spectroscopy in gas sensing, we can appreciate its potential for accurate and
sensitive detection of gases in diverse environments.

1.3.1 Introduction to Raman spectroscopy

This section provides an introduction to Raman spectroscopy, explaining the underlying principles
and techniques involved in the analysis of molecular vibrations. The basics of Raman scattering,
instrumentation, and the interpretation of Raman spectra are discussed, setting the foundation for

the subsequent discussion on its application in gas sensing.
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Raman spectroscopy is an invaluable analytical technique that provides deep insights into the
molecular composition and structural characteristics of various materials. It is based on the
phenomenon of inelastic scattering of monochromatic light, typically from a laser source, by
molecules within a sample. When light interacts with a sample and scatters, there are two
outcomes: elastic scattering, known as Rayleigh scattering, and inelastic scattering, called Raman
scattering. In elastic scattering, the scattered light retains the same energy as the incident light,
resulting in the same frequency, wavelength, and color. In inelastic scattering, the scattered light
has a different energy than the incident light, leading to a distinct frequency, wavelength, and
color. This inelastic scattering process leads to a frequency shift in the scattered light, known as
the Raman shift, which is directly correlated to the vibrational modes of the molecules. By
analyzing the intensity and frequency of the scattered light, Raman spectroscopy enables the
identification and characterization of chemical bonds, functional groups, and molecular

interactions [59]-[61].

Monochromatic Detector

\ laser

Figure 1-4. Basics of Raman spectroscopy [62].
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The origins of Raman spectroscopy can be traced back to 1928 when Indian physicist Sir C.V.
Raman discovered the Raman effect, for which he was awarded the Nobel Prize in Physics in 1930.
Since then, Raman spectroscopy has evolved into a versatile and widely used technique in various
scientific disciplines and industries [63].

The fundamental principle of Raman spectroscopy lies in its ability to provide detailed molecular
information by probing the vibrational energy levels of molecules. When the incident laser light
interacts with a sample, a small fraction of the scattered light experiences a change in energy due
to molecular vibrations. This energy shift corresponds to the specific vibrational modes of the
molecules, reflecting their unique chemical properties and structural arrangements. By analyzing
the resulting Raman spectra, which consist of characteristic peaks at different Raman shifts,
researchers can decipher the molecular fingerprint of the sample [59]-[61].

1.3.2 Principals and advantages of Raman spectroscopy in gas sensing

Here, the principles and advantages of Raman spectroscopy in gas sensing applications are
elaborated. The unique features of Raman spectroscopy, such as its non-destructive nature,
molecular specificity, and rapid analysis capability, are highlighted. Additionally, its ability to
detect and identify various gases and volatile organic compounds (VOCs) makes it a promising
technique for THC sensing.

Raman spectroscopy offers several unique advantages for gas sensing applications. One of the key
principles of Raman spectroscopy in gas sensing is that each gas molecule has a specific Raman
scattering fingerprint, which allows for the identification and quantification of different gases in a
mixture. This enables selective and sensitive detection of gases with high specificity [64], [65].
One advantage of Raman spectroscopy in gas sensing is its non-destructive nature. It does not

require sample preparation or direct contact with the gas, making it suitable for real-time
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monitoring and remote sensing applications. Additionally, Raman spectroscopy is a label-free
technique, meaning it does not require the use of additional chemical tags or probes for detection
[66].

Raman spectroscopy also offers high sensitivity, especially when combined with advanced
techniques such as surface-enhanced Raman scattering (SERS). SERS can enhance the Raman
signal by several orders of magnitude, allowing for the detection of trace amounts of gases. This
sensitivity, combined with the ability to detect multiple gases simultaneously, makes Raman
spectroscopy a valuable tool for gas sensing in various fields, including environmental monitoring,
industrial safety, and medical diagnostics [66], [67]. It must be noted that surface-enhanced Raman
scattering (SERS) is a technique that enhances Raman signals by utilizing noble metals as SERS-
active materials, enabling the detection of analytes at extremely low concentrations. This
enhancement is achieved through the interaction between the incident laser and the noble metal
nanoparticles or islands, which leads to the generation of intense localized electromagnetic fields
known as localized surface plasmon resonances. These enhanced electromagnetic fields
significantly amplify the Raman signals, allowing for highly sensitive detection and analysis of
target analytes [68], [69].

Furthermore, Raman spectroscopy has a fast response time, enabling real-time monitoring and
rapid detection of gases. It can provide qualitative and quantitative analysis, allowing for the
determination of gas concentrations. The technique is also versatile and can be adapted for
different gas sensing configurations, including fiber-optic probes for remote measurements and
miniaturized handheld devices for on-site analysis [70]-[72].

Overall, Raman spectroscopy offers numerous advantages for gas sensing, including non-

destructive analysis, high sensitivity, fast response time, and the potential for miniaturization and
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portability. These features make it a valuable tool for a wide range of gas sensing applications,
contributing to improved environmental monitoring, industrial safety, and health-related
diagnostics.

1.4 Combination of MIP and Raman spectroscopy for sensing

This section explores the integration of molecularly imprinted polymers (MIPs) with Raman
spectroscopy for sensing. Subsection 1.4.1 discusses the rationale behind combining MIPs and
Raman spectroscopy, highlighting their unique advantages. Subsection 1.4.2 reviews previous
studies on MIP-based Raman spectroscopy sensing, showcasing the potential of this combined
approach for advanced sensing platforms.

1.4.1 Rationale for combining MIPs with Raman spectroscopy

Raman spectroscopy has emerged as a valuable technique for target analyte screening due to its
non-destructive nature and high sensitivity. However, the presence of complex matrix interference
poses a significant challenge in achieving accurate and reliable detection of target analytes.
Complex matrices introduce background signals and interferences that can obscure the spectral
features of the analytes, limiting the effectiveness of Raman spectroscopy as a standalone method.
To overcome these limitations, researchers have recognized the potential of combining Raman
spectroscopy with MIPs as a powerful approach for target analyte detection in complex matrices.
By incorporating MIPs into the sensing system, the specificity of the detection process can be
greatly enhanced [73].

The integration of MIPs with Raman spectroscopy offers several advantages. First, MIPs provide
a selective recognition element that can effectively capture and bind the target analyte of interest,

even in the presence of interfering substances within complex matrices. The tailored binding sites
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in the MIPs ensure high affinity and selectivity towards the target analyte, enabling accurate
detection and quantification [73], [74].

Second, Raman spectroscopy complements the MIPs by providing a sensitive analytical method
for characterizing the molecular composition and vibrational characteristics of the analytes. The
non-destructive nature of Raman spectroscopy allows for the direct analysis of samples without
altering or destroying them. This enables the detection of target analytes in their native state,
preserving their spectral signatures and facilitating reliable identification [66], [74].

1.4.2  Previous studies on MIP-based Raman spectroscopy sensing

In this subsection, we delve into previous studies that have explored the integration of MIPs with
Raman spectroscopy for sensing applications, aiming to overcome the challenges posed by
complex matrix interference.

The integration of MIPs with surface-enhanced Raman scattering/spectroscopy (SERS) has been
widely explored as a potential method for chemical sensing in the fields of food safety,
environmental monitoring, and clinical diagnostics. This approach involves combining MIPs,
which are synthetic receptors with specific binding sites, with SERS, a technique that enhances
Raman signals for improved detection sensitivity. By merging MIPs with SERS, researchers have
developed chemical sensors that offer enhanced selectivity and sensitivity in detecting target
substances [73].

Ren et al. conducted a study where they synthesized MIP-coated silver microspheres for the
selective detection of bisphenol A (BPA) using SERS. The results demonstrated the high affinity
and selectivity of the MIP-coated microspheres towards BPA, achieving a detection limit of 1 nM
[74]. Lv et al. developed a selective molecularly imprinted plasmonic nanosensor capable of

detecting protein biomarkers in human serum, with a limit of detection of 10 nM [75]. Similarly,
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Bompart et al. synthesized composite MIP particles containing SERS-active silver nanoparticles
and selective binding sites for (S)-propranolol, resulting in a sensitive nanosensor with a detection
limit of 100 nM [76]. Araki et al. developed a sandwich-structured SERS substrate comprising an
organic layer positioned between an Au thin layer and a layer of gold nanoparticles (AuNPsS).
Notably, the organic layer was molecularly imprinted to enable selective gas detection. Raman
spectra obtained using the MIP-SERS substrate exhibited distinct peaks corresponding to the target
gas molecule, 2-phenylethanol [77].

In another study, a selective and sensitive MIP-based SERS sensor was developed for detecting
paclobutrazol residues in complex environments. By optimizing the SERS substrate and utilizing
MIPs, the sensor achieves a detection limit of 0.075 pg/g in soil [78]. Ekmen et al. proposed a
MIP-SERS sensor for quantifying malachite green (MG) in tap water and carp samples. Magnetic
nanoparticles with molecular imprints (MIP@Fe304 NPs) are synthesized using reversible chain
transfer catalyzed polymerization (RTCP). The MIP@Fe304 NPs exhibit high selectivity and
adsorption capacity. A silver dendrite-based SERS platform is used for analysis, achieving low
detection limits [79].

These examples highlight the potential of combining MIPs with Raman spectroscopy to create
highly selective and sensitive sensors for various target analytes in different sample matrices.
These sensors find applications in areas such as food safety, environmental monitoring, and
clinical diagnostics. Some of these sensor technologies have been reviewed by Ma et al. [73].

1.5 Motivation and objective

This section presents the motivation behind the current study and defines the specific objectives

that the research aims to achieve. It discusses the significance of developing a selective and
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sensitive THC detection method based on MIPs and Raman spectroscopy, highlighting the
potential impact and applications of such a system.

The detection of THC, the main psychoactive compound in cannabis, holds significant importance
due to its widespread use and potential implications in various fields. The objective of this thesis
is to combine MIP and Raman spectroscopy to develop a sensor that enables selective detection of
THC. The motivation behind this research lies in the need for sensitive and selective THC detection
methods that are fast, non-invasive, and can be applied in diverse settings. By achieving these
goals, this study aims to contribute to the advancement of THC detection technologies for
applications in areas such as quality control, forensic analysis, medical diagnostics, and drug
screening.

1.6 Thesis Outline

The synthesis of MIP and NIP NPs, characterization methods, sensor preparation and gas sensing
setup are presented in Chapter 2:. Next, the results obtained from characterization and gas sensing
are shown in Chapter 3:. In the end, a brief review of the achievements and contributions and future

works are presented in Chapter 4:.
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Chapter 2: Methodology

2.1 Materials

In this section, a list of the main materials used in this study and where they were obtained from
is presented. These materials were crucial in conducting the experiments and synthesis conducted
throughout the study, and their selection was based on their properties and suitability for the
intended purposes.

The following substances were procured from Sigma-Aldrich: Methacrylic acid (99%), Ethylene
glycol dimethacrylate (98%), Acetonitrile, 2,2'-Azobis(2-methylpropionitrile), Acetone, and
Ethanol.The rest of the materials used in this study are low temp Bath oil purchased from VWR,
A°-tetrahydrocannabinol (THC) acquired from Superior Extracts, and Cannabidiol (CBD) obtained
from Honest Botanicals.

2.2 MIP and NIP NanoParticles synthesis

This section provides detailed method of MIP and NIP NPs fabrication. The precipitation
polymerization method was employed to synthesize MIP nanoparticles in this study. The detailed
procedure involved the following steps as shown in Figure 2-1 and Figure 2-2:

1. Firstly, 253 microliters of methacrylic acid (MAA) were combined with 30 milliliters of
acetonitrile, which served as the functional monomer and solvent respectively in the synthesis
process. This mixture ensured the presence of the necessary building blocks for the polymerization.
2. Subsequently, 314 mg of A°-tetrahydrocannabinol (THC) distillate, a specific compound acting
as the template molecule, was added to the MAA-Acetonitrile mixture. The addition of the
template molecule was followed by 20 minutes of magnetic stirring to ensure a homogeneous

distribution within the mixture.
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3. To facilitate the formation of a crosslinked polymer network, 566 microliters of ethylene glycol
dimethacrylate (EGDMA), functioning as the crosslinker, was introduced to the mixture.
Additionally, 80 mg of 2,2'-Azobis(2-methylpropionitrile) (AIBN), serving as the initiator, was
added. Magnetic stirring was continued for 2 minutes after the addition of EGDMA and AIBN.

4. To prevent light exposure, the glassware containing the mixture was covered with aluminum
foil. Nitrogen gas was then purged into the mixture for 15 minutes to create an inert atmosphere.
This is done to prevent the presence of oxygen, which can interfere with the polymerization

process.

(b)

Figure 2-1. Synthesis process steps 1 to 4: (a) Mixing using a magnetic stirrer (steps 1 and 2), (b) Mixing and

using aluminum foil for light exposure prevention (steps 3 and 4), (c) Purging nitrogen gas (step 4).

5. The mixture was transferred to an oil bath and subjected to a temperature of 60 °C for a duration
of 14 hours. This allowed for the polymerization reaction to take place, resulting in the formation
of MIP nanoparticles.

6. After completion of the polymerization process, the next step involved the removal of the

template molecule. The mixture was subjected to a sonicator for 5 minutes, followed by 5 minutes
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of magnetic stirring. This sonication-stirring cycle was repeated 4 to 5 times to ensure efficient
removal of the template.

7. In order to separate the synthesized nanoparticles, the magnets within the glassware were
removed, and the mixture was centrifuged for 10 minutes at a speed of 6000 rpm. This
centrifugation step helped in the separation of the nanoparticles from the remaining solution. The
process of centrifugation and nanoparticle separation was repeated seven times to ensure thorough
template removal.

8. Finally, the synthesis of the non-imprinted polymer (NIP) was carried out using the same
procedure as mentioned above, but with the omission of the step involving the addition of THC
(template). This allowed for the fabrication of control nanoparticles without the presence of a

specific template molecule.
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(d)

Figure 2-2. Synthesis process steps 5 to 8: (a) Polymerization in the oil bath (step 5), (b) Sonication for template
removal (step 6), (c,d) Sonication for MIP and NIP NPs separation (steps 7 and 8).

By following this detailed procedure, MIP nanoparticles were successfully synthesized, while NIP
nanoparticles were synthesized as a control group for comparison purposes. Figure 2-3 shows the

schematic of MIP NPs synthesis used in this research.
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Figure 2-3. Schematic of MIP NPs synthesis.

After the synthesis of the nanoparticles, characterization tests were conducted to understand the
morphology, size distribution and chemical composition and other properties of the synthesized
material.

2.3 MIP and NIP NanoPatricles characterization

In this thesis, Raman spectroscopy and scanning electron microscopy (SEM) are used to
characterise synthesised MIP and NIP nanoparticles. The morphology and structural aspects of the
nanoparticles are investigated using these characterization techniques, which offer important
information about their physical properties and molecular interactions. High-resolution imaging
provided by SEM makes it possible to see the size, shape, and surface morphology of the particles
[80], [81]. On the other hand, Raman spectroscopy offers comprehensive details about the
molecular structure and chemical composition of the synthesised nanoparticles [82], [83]. It is
possible to gain a thorough understanding of MIP and NIP nanoparticles by using these

complimentary methodologies.
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2.3.1  Scanning electron microscopy (SEM)

Scanning electron microscope is an instrument used to visualize surface topography and gather
material information from conductive specimens. It operates by directing a focused beam of high-
energy electrons onto the specimen, which is then deflected by a magnetic field and scanned in a
raster pattern to capture the surface details. During imaging, interactions between the electron
beam and the specimen are detected and converted into grey values. Nonconductive surfaces need
to be coated with a conductive layer to enable imaging in the SEM [80], [81].

In the characterization of the synthesized MIP and NIP nanoparticles, scanning electron
microscopy was done using a Hitachi SEM electron microscope. For sample preparation, MIP and
NIP NPs were coated on a glass substrate by dropcasting. Since, MIP and NIP NPs are
nonconductive, gold sputter coating was done on the samples before SEM was conducted.

The examination of the MIP and NIP particles' size and shape was performed using the Hitachi S-
4800 SEM instrument, within the Advanced Microscopy Facility at the University of Victoria. For
imaging, the accelerating voltage was set to 1 kV, and two working distances of 4 mm and 8 mm
was used. Subsequently, the acquired SEM images were used to analyze the morphology and size
distribution of the particles, using ImageJ software.

2.3.2 Raman spectroscopy

For chemical composition characterization of the synthesized MIP and NIP nanoparticles Raman
spectroscopy was conducted, which offers valuable insights into their chemical bonds and
molecular structure. Raman spectroscopy is a non-destructive technique based on the interaction
of light with the vibrational modes of molecules. By irradiating the nanoparticles with a laser,
Raman scattering occurs, resulting in a spectrum of scattered light that can be analyzed to identify

and quantify the molecular components present in the samples [82], [83].
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In this study, a high-resolution Raman spectrometer (Renishaw inVia Raman system) was
employed to collect the Raman spectra of the MIP, NIP, and MIP before template removal
nanoparticles. The laser excitation wavelength used was 532 nm, which ensures optimal
interaction with the nanoparticles. The Raman spectra were recorded over a range of 100—3200
cm?, allowing for the detection of characteristic vibrational bands associated with the functional
groups and molecular structures of the nanoparticles. Subsequent analysis of the obtained Raman
spectra provides crucial information about the presence of specific chemical bonds, confirming the
successful synthesis of MIP and NIP nanoparticles and enabling a deeper understanding of their
structural properties.

2.4  Sensing layer preparation

For conducting Raman spectroscopy with minimal background noise, a @1" Protected Silver
Mirror from Thorlabs was selected as the sensing substrate. This choice ensured a low level of
interference and allowed for accurate sensing using the MIP nanoparticles. To prepare the samples
for analysis, the fabricated MIP nanoparticles were dispersed in acetonitrile using ultrasonication
for 5 minutes, followed by further mixing using a vortexer for 1 minute.

The surface of the sensing substrate was meticulously prepared to ensure optimal adhesion and
uniformity of the nanoparticle dispersion. It involved washing the substrate with 70% ethanol to
remove any contaminants and subsequently allowing it to air dry. Once the substrate was prepared,
10 microliters of the thoroughly dispersed MIP and acetonitrile mixture, with a concentration of
2.84 mg/ml, were drop-casted onto the sensing substrate. Similarly, for the NIP exposure, the same
procedure was followed, where 10 microliters of the thoroughly dispersed NIP and acetonitrile
mixture, also with a concentration of 2.84 mg/ml, were drop-casted onto the sensing substrate. The

drop-casted sample was then left to dry for an hour under a fume hood, facilitating the evaporation
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of the solvent and the formation of a uniform nanoparticle layer on the substrate surface. This
preparation method ensured consistent and reliable Raman spectroscopic measurements of the
samples while minimizing any potential interference from the background. Figure 2-4 (a,b) depicts

the substrate after the washing process and after dropcast of MIP mixture.

(b)

Figure 2-4. (a) The sensing substrate after washing with 70% ethanol (b) Dropcasting MIP mixture on the

substrate.

2.5 Gas sensing setup

The gas sensing setup used in this study consists of several components, including a commercial
vaporizer (Volcano Hybrid by Storz & Bickel), a specially designed gas sensing chamber, and the
sensing substrate itself. The gas sensing set up and exploaded view of its different componets is

shown in Figure 2-5.
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Figure 2-5. Gas sensing set up for exposing analytes.

The gas sensing chamber was designed using SOLIDWORKS 2022 software and was
subsequently 3D printed using the Phrozen Sonic Mini Resin 8K 3D printer. The chamber
dimensions were precisely designed to accommodate the sensing substrate and facilitate efficient
gas sensing experiments. It measures 40.7 mm in width, 55.7 mm in length, and 65.7 mm in height,
providing a space for the substrate and ensuring proper gas flow within the chamber.

To create the gas sensing chamber, Anycubic 3D printer clear resin was employed as the printing
material. Once the printing process was completed, the chamber was subjected to UV curing for 5
minutes. UV curing enhances the mechanical strength and stability of the printed chamber,
ensuring its durability and functionality throughout the gas sensing experiments. By utilizing this
3D-printed gas sensing chamber, it was possible to create a controlled and optimized environment
for the gas-sensing measurements, allowing for accurate evaluation of the sensing layer's

performance.

31



After the sensing layer was coated on the substrate as described in section 2.4, the MIP-coated
sensing substrate was placed onto the sensing chamber as shown in Figure 2-5, which was then
assembled onto the connection. Following this configuration, the MIP-coated substrate was
exposed to various concentrations of the analytes of interest.

To achieve specific concentrations of THC and CBD within the sensing chamber, different
amounts of these compounds were carefully placed on the sample holder. The sample holder
served as a reservoir for the analytes, allowing controlled insertion of specific concentrations into
the gas sensing chamber.

To ensure efficient vaporization of THC, the temperature of the vaporizer was set to 180 °C, which
surpasses the vaporization temperature of THC (157 °C) as indicated in previous research [30].
Similarly, for CBD, the vaporizer temperature was set to 200 °C, exceeding its vaporization
temperature (180 °C) [30]. By carefully controlling the vaporizer temperature, the analytes were
vaporized, allowing their vapors to interact with the MIP-coated sensing substrate within the gas
sensing chamber. This experimental setup enabled the investigation and analysis of the response
of the MIP-coated substrate to different concentrations of THC, providing insights into detection,
sensing, and selectivity capabilities of the sensor.

The sensing mechanism was based on Raman spectroscopy that was subsequently employed to
analyze the exposed substrate and gather spectroscopic data.

2.6 Raman spectroscopy based sensing

With the purpose of gas sensing, Raman spectra were acquired over a broad spectral range of
100—3200 cm™ with a high spectral resolution of 3 cm* using a grating with a density of 2400

lines per millimeter. The Renishaw inVia Raman system, a widely used and reliable instrument,
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was employed for the Raman spectroscopy measurements. The excitation laser utilized had a
wavelength of 532 nm, providing an appropriate energy level for efficient Raman scattering.

To ensure precise focusing of the laser on the sample, the 20 x objective lens connected to the
confocal microscope was used for obtaining the results. This configuration allowed for a small
laser spot size of 1 um, enabling localized excitation and enhancing the spatial resolution of the
Raman measurements.

The Raman spectra were recorded using the Raman Environment (WIRE) software, which is
specifically designed for Raman spectroscopy data acquisition. Subsequently, the obtained spectra
were analyzed using Origin Pro 2022b (9.95) software, a powerful and versatile tool for data
processing and analysis.

In the process of analyzing the Raman spectra acquired using Origin Pro, the following steps were
undertaken:

1. Background Subtraction: The obtained Raman spectra were subjected to background subtraction
to eliminate any unwanted signals or noise that could interfere with the accurate interpretation of
the data.

2. Smoothing: To enhance the clarity and reduce noise in the spectra, a smoothing technique known
as the Savitzky—Golay method was applied. This process effectively improved the overall signal-
to-noise ratio and facilitated a clearer representation of the spectral features.

3. Normalization: In order to make a meaningful comparison among the spectra, normalization
was performed by referencing all the spectra to the highest peak located at 2948 cm™. This
normalization step allowed for consistent and relative intensity measurements across different

samples.
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By implementing these procedures, the Raman spectra were effectively pre-processed and
prepared for further analysis, ensuring reliable and accurate insights into the molecular and
structural characteristics of the samples under investigation.

To account for variations in the measurements, the MIP sensor was exposed to each concentration
of interest once. However, to ensure robustness and statistical confidence in the obtained results,
Raman spectra were collected from five different spots on the sensor after each exposure. This
approach allowed for a comprehensive analysis of the sensor's response at each concentration,
while also capturing any spatial variations in the spectral features. Consequently, the data obtained
from multiple spots on the sensor provided a representative and consistent assessment of the
analytes being detected. This procedure was similarly repeated for NIP sensor as well.

Also, to maintain consistency throughout the measurements, the experimental parameters such as
laser power and exposure time were kept constant at 100% and 10 s, respectively. This practice
ensured that any observed differences in the obtained spectra were predominantly attributed to

variations in the analytes being studied rather than fluctuations in the experimental conditions.
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Chapter 3: Results and Discussion

In this section, the experimental results obtained from the analysis of MIPs combined with Raman
spectroscopy for the selective detection of THC is presented. The results are organized into two
sections: the first part focuses on the SEM analysis and Raman characterization, which reveals the
morphological features, surface characteristics, size distribution, and molecular fingerprint of the
MIPs and NIPs, while the second part highlights the Raman sensing data, demonstrating the
usefulness of MIP-based sensors in the specific detection of THC. The combination of these two
techniques provides comprehensive insights into the design and performance of MIPs for THC
detection, thereby establishing a solid foundation for their potential applications in quality control
in the cannabis industry, and other relevant fields.

3.1 Characterization results

3.1.1 SEM

SEM analysis was employed to investigate the morphological properties and surface
characteristics of the MIP and NIP nanoparticles synthesized in this study. The SEM images
obtained provide crucial insights into the structural features and surface topography of the
nanoparticles, which are pivotal in determining their recognition capabilities and overall
performance as selective sensors for THC.

3.1.1.1  MIPs

Figure 3-1 (a-c) illustrates the SEM images of the MIP nanoparticles, revealing a well-defined
morphology with distinct features. The MIP nanoparticles are spherically shaped with a uniform
size distribution, with an average size of 163£23 nanometers in diameter shown in Figure 3-1 (d).
The SEM analysis also confirms the presence of surface irregularities across the nanoparticle

surface. These features contribute to an increased surface area, facilitating stronger interactions
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between the MIP nanoparticles and THC molecules, thereby enhancing their recognition

capabilities.
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Figure 3-1. (a-c) SEM images of MIP NPs (d) Size distribution of the fabricated MIP NPs.

3.1.1.2 NIPs

In contrast, Figure 3-2 (a-c) showcases the SEM image of the NIP nanoparticles, which were
synthesized under identical conditions to the MIP nanoparticles but in the absence of the template
molecule. The NIP nanoparticles exhibit a smooth and featureless surface, lacking the irreguralities
observed in the MIP nanoparticles. The NIP nanoparticles have a uniform size distribution, with
an average size of 642+48 nanometers in diameter shown in Figure 3-2 (d). This observation
further confirms the successful imprinting of THC molecules within the MIP nanoparticles, as

evident from the morphological differences between the MIP and NIP nanoparticles.
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Figure 3-2. (a-c) SEM images of NIP NPs (d) Size distribution of the fabricated NIP NPs.

Overall, the SEM results demonstrate the successful synthesis of MIP nanoparticles with well-
defined morphologies and distinct surface features, highlighting their potential as selective
platforms for THC detection. The distinct morphological differences observed between the MIP
and NIP nanoparticles emphasize the importance of molecular imprinting in creating specific
recognition sites for THC within the nanoparticle matrix.

A noticeable difference inside MIP and NIP NPs SEM pictures is size difference. During MIP
synthesis, the template molecule plays a crucial role in guiding polymerization, acting as a
molecular mold that shapes specific binding sites within the polymer. These sites are designed to
complement the template's shape and functionality, resulting in smaller and more defined
structures compared to NIPs. The presence of the template creates specific cavities within the
polymer matrix, responsible for selective recognition and binding of the target molecule or similar

molecules. This reduction in particle volume leads to smaller sizes compared to NIPs.
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Additionally, the cross-linking density of the polymer network can be influenced by the presence
of the template, affecting the overall structure. After synthesis, the template is removed from the
MIPs, leaving behind the selective cavities or binding sites. This process further contributes to the
size reduction and formation of specific recognition sites in the MIP particles. In various studies
investigating MIPs and NIPs, a significant disparity in size was observed between the two types
of polymers. This variation can be attributed to multiple factors, including template-induced
polymerization, the cross-linking process employed during MIP synthesis (which affects polymer
density), and the presence and subsequent removal of the template molecule. These factors
collectively contribute to the distinct size differences observed between MIPs and NIPs across the
reported studies [84]-[87].

These findings provide a solid foundation for further investigations into the performance and
optimization of MIP-based sensors for THC detection.

3.1.2 Raman spectroscopy

Raman spectroscopy was employed to characterize the NIPs and MIPs, both before and after
template removal. The Raman spectra obtained provide valuable insights into the vibrational
properties and chemical composition of the polymers, allowing for a comprehensive analysis of
their selective detection capabilities for THC.

Figure 3-3 presents the Raman spectrum of the NIPs and MIPs before and after template removal.
The spectrum of MIP before template removal shows several characteristic peaks associated with
the polymer matrix. Notably, a major peak is observed at 1614 cm™, which is absent in the
corresponding spectrum of the MIPs after template removal. This distinctive peak indicates the
presence of the template THC molecules that was used during the imprinting process, resulting in

the formation of specific binding sites within the MIPs.
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In comparison, the Raman spectrum of the NIPs displays similar vibrational peaks to those
observed in the MIPs before template removal. However, the absence of the prominent peak at
1614 cm™ suggests that the NIPs lack the specific binding sites for THC, further confirming the
significance of molecular imprinting in creating selective recognition sites within the MIPs.
Interestingly, upon template removal, the Raman spectrum of the MIPs exhibits a profile that
closely resembles that of the NIPs. The disappearance of the peak at 1614 cm™ in the MIP
spectrum after template removal indicates the successful removal of the template THC molecules
from the polymer matrix. This observation validates the efficiency of the washing process in
eliminating the template molecules while preserving the structural integrity of the MIPs.

The similarity between the Raman spectra of the NIPs and the washed MIPs suggests that the MIPs
have successfully retained their overall structural and vibrational characteristics, with the removal
of the template THC molecules being the primary distinction between the two. This finding
indicates that the MIPs have retained their inherent recognition capabilities even after template

removal, further emphasizing their potential for selective THC detection.
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Figure 3-3. Raman spectrum of MIP NPs before and after wash and NIP NPs.

The wavenumber of the major peaks observed in the Raman spectra and their corresponding bonds

are listed in Table 3-1 [88].

Table 3-1. Major peaks in Raman spectra of MIP (after and before template removal) and NIP NPs and their

corresponding bonds

Peak Wavenumber (cm-t)

Material

Corresponding bond

2937

1724

1614

1445

MIP before template removal
MIP before template removal
MIP before template removal

MIP before template removal

C-H

C=0

C=C

C-HorC-C
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2948 MIP after template removal C-H
1724 MIP after template removal C=0
1449 MIP after template removal C-Hor C-C
2959 NIP C-H
1725 NIP C=0
1449 NIP C-HorC-C

Overall, the Raman characterization results confirm the successful imprinting of THC molecules
within the MIPs, as evidenced by the distinctive peak at 1614 cm™ in the MIP spectrum before
template removal. The disappearance of this peak in the washed MIP spectrum indicates the
effective removal of the template, while the resemblance between the Raman spectra of the washed
MIPs and the NIPs highlights the selective recognition properties of the MIPs. These findings
provide essential insights into the design and performance of MIP-based sensors for THC detection
and pave the way for further optimization and applications in the field of cannabis analysis.

3.2 Gas sensing results

In this section, the results obtained from the gas sensing experiments using MIPs and NIPs for the
detection of THC is presented. The gas sensing results are divided into three parts: the Raman
spectra of the MIPs exposed to different concentrations of THC, the Raman spectra of the NIPs
exposed to the same various concentrations of THC, and the calibration plot illustrating the
relationship between THC concentration and the corresponding Raman intensity.

3.2.1 Raman spectra of MIP exposed to THC

The Raman spectra of the MIPs exposed to various concentrations of THC provide valuable

insights into the response of the MIP-based sensor towards the target analyte. The substrates were
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exposed to THC vapor ranging from 250 to 3500 ppm, and the resulting characteristic signals
caused by THC binding to the MIP-coated surface were measured.

Figure 3-4 displays the Raman spectra obtained from the MIPs upon exposure to increasing
concentrations of THC. The spectra exhibit a distinct change in the vibrational peaks as a function
of THC concentration, indicating the sensitivity of the MIPs towards THC. This distinct change is
the addition of a peak at the wavenumber of 1614 cm™.

As it was seen before in section 2.6, the Raman spectrum of the MIP-coated substrate exhibited
significantly enhanced peaks at specific wavenumbers, namely 2948 cm™, 1724 cm™, and 1449
cm™'. These enhanced peaks are indicative of the presence of functional groups and structural
elements within the MIP that are involved in the binding and interaction with THC.

Upon exposure to THC, a new peak appeared at 1614 cm™ (highlighted with a vertical yellow box)
in the Raman spectrum of the MIP-coated substrate. This new peak corresponds to the vibrations
of the benzene ring in the chemical structure of THC. The appearance of this peak further confirms
the selective binding of THC molecules to the MIP surface. Moreover, as the concentration of
THC increased, the intensity of the peaks corresponding to the enhanced Raman signals also
increased proportionally. This correlation between THC concentration and peak intensity
demonstrates the sensitivity of the MIP-based sensor in detecting and quantifying THC.

At higher concentrations of THC, additional vibrational bands originating from THC were
observed in the Raman spectrum of the MIP-coated substrate. These bands appeared at 1304 cm™
and corresponded to the ring stretch and twist of the benzene ring, C-OH bend, CH & CH2 bend,
and C-O stretch (tetrahydropyran ring) [89]. These vibrational bands provide further evidence of
the selective interaction between THC and the MIP surface, indicating the specific recognition and

binding of THC by the imprinted sites within the MIP.
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In addition, to assess the reusability of the MIP-coated substrate, the sensing surface was tested
five times after exposure to each concentration of the analyte. Remarkably, even after five
repetitions, the MIP-coated surface still exhibited the same response to THC, suggesting that the
MIP nanoparticles retained their specific binding capabilities. This finding indicates the durability
and robustness of the MIP-based sensor for repeated THC detection. As an example Table 3-2
includes the wavenumber of the major peaks for the raman spectra taken from five different spots

of the MIP-coated substrate exposed to 1000 ppm of THC.

Table 3-2. Wavenumber analysis of major peaks in the five Raman Spectra taken from MIP exposed to 1000
ppm of THC

Spectrum | Spectrum | Spectrum | Spectrum | Spectrum

Peaks Mean SD RSD

1 2 3 4 5
Peak #1

1450 1454 1449 1449 1449 1450.2 |2.167948 | 0.149493
(em™)
Peak #2

1613 1615 1610 1615 1616 1613.8 |2.387467|0.147941
(cm™)
Peak #3

1725 1725 1725 1725 1729 1725.8 |1.788854 | 0.103654
(cm™)
Peak #4

2952 2950 2950 2950 2954 2951.2 |1.788854 |0.060614
(em™)

From the Raman spectral analysis results of the peaks in five spectra obtained from MIP exposed
to 1000 ppm of THC, it can be concluded that the spectra demonstrate a high degree of similarity.
The small standard deviations (SD) and low relative standard deviation (RSD), further support the

conclusion that the peaks in these spectra are highly consistent and reliable. These findings suggest
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that the MIP-based Raman sensor is capable of providing consistent and accurate results,
demonstrating its potential for selective detection of THC.

In summary, the gas sensing experiments utilizing the MIP-coated substrate demonstrated the
successful detection of THC at different concentrations. The enhanced Raman peaks and the
appearance of a new peak at 1614 cm™ confirmed the specific binding of THC to the MIP surface.
The intensity of the peaks increased with increasing THC concentration, providing a basis for
quantification. The additional vibrational bands observed at higher concentrations further
supported the selective recognition of THC by the MIP surface. These results highlight the
potential of MIP-based gas sensing platforms for the selective and sensitive detection of THC in

various applications.
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Figure 3-4. Normalized Raman spectra of the MIP-coated surface before and after binding THC at different

concentrations (five different spots analyzed on the sensing layer for each concentration).

3.2.2 Raman spectra of NIP exposed to THC

To assess the specificity of the MIP-based sensor, the Raman spectra of the NIPs exposed to THC
were also recorded. Figure 3-5 presents the Raman spectra obtained from the NIPs upon exposure
to THC at the same concentration range of MIPs’ (250 to 3500 ppm). A closer examination of the
spectrum reveals strongly enhanced peaks at 2959 cm™, 1725 cm™, and 1449 cm™, which are
characteristic of the NIP normal Raman spectrum.These enhancements can be attributed to the
intrinsic vibrational properties of the NIP material [88].

Interestingly, the spectrum also shows an enhancement of a peak at 1614 cm™ (highlighted with a

vertical yellow box) in the NIPs exposed to THC. This peak exhibits similar characteristics to the
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THC-induced peak observed in Figure 3-4, which corresponds to the vibrations of the benzene
ring in THC's chemical structure. However, it is important to note that the relative intensity of the
peaks at 1614 cm™ in the NIPs is lower compared to the corresponding peaks in the MIPs exposed
to THC.

In this context, the MIP nanoparticles served as affinity adsorbents with specific binding sites
designed to capture THC and bring the analyte in close proximity to the underlying Raman active
substrate. Consequently, the MIP-coated surface generated a strong and characteristic signal in
response to THC. On the other hand, the NIP-coated surface exhibited a much weaker signal due
to the absence of high-affinity binding sites for THC. This result highlights the selective nature of
the MIP-based sensor, which possesses specific recognition sites for THC, resulting in a more
noticeable response compared to the NIP-based sensor.

Same as with MIP-coated surface, the NIP-coated sensing surface was tested five times after
exposure to each concentration of the analyte. As an example Table 3-3 includes the wavenumber
of the major peaks for the raman spectra taken from five different spots of the MIP-coated substrate

exposed to 1000 ppm of THC.

Table 3-3. Wavenumber analysis of major peaks in the five Raman Spectra taken from NIP exposed to 1000
ppm of THC

Spectrum | Spectrum | Spectrum | Spectrum | Spectrum

Peaks Mean SD RSD
1 2 3 4 5

Peak #1

1440 1445 1446 1444 1443 1443.6 |2.302173|0.159474
(cm™)
Peak #2

1613 1611 1615 1612 1614 1613 |1.581139|0.098025
(cm™)
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Peak #3
(cm™)
Peak #4

(cm™)

1721 1722 1723 1720 1724

2956 2958 2955 2957 2954

1722

2956

1.581139

1.581139

0.09182

0.053489

Based on the analysis of Raman spectral peaks from five spectra of NIP exposed to 1000 ppm of

THC, it can be inferred that these spectra exhibit a strong resemblance. The presence of small

standard deviations (SD) and low relative standard deviation (RSD) provides additional evidence

for the consistent and reliable nature of these peaks.
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Figure 3-5. Normalized Raman spectra of the NIP-coated surface before and after binding THC at different

concentrations (five different spots analyzed on the sensing layer for each concentration).

3.2.3 Calibration plot

To analyze the quantitative relationship between THC concentration and the corresponding Raman
intensity, a calibration plot was constructed. This was achieved by normalizing the THC signal at
1614 cm™, which corresponds to the vibrations of the benzene ring in THC's chemical structure,
against the highest intense band of the MIP at 2948 cm™. The same normalization procedure was
applied to both the MIP- and NIP-coated surfaces.

Figure 3-6 illustrates the calibration plot that was obtained from the Raman spectra of exposed
MIP and NIP substrates. The results indicate that the MIP-coated surface produced a significantly
higher analytical signal compared to the NIP-coated surface. This finding highlights the superior
performance and sensitivity of the MIP-based sensor for THC detection. In summary, the results
from this section demonstrate that the NIP-based sensor generates a weaker response to THC, as
evidenced by the lower intensity of the THC-induced peak at 1614 cm™. In contrast, the MIP-
based sensor exhibits a stronger and specific response to THC due to the presence of high-affinity
binding sites.

The calibration plot exhibits a correlation between the THC signal and concentration within the
range of 250 to 3500 ppm. Although the raw data may not appear strictly linear, it can be
effectively linearized through suitable data transformation or mathematical treatment. The high
coefficient of determination (R-square) value of 0.94 further supports the strong relationship
between THC concentration and the resulting Raman intensity after linearization. As the
concentration of THC increases, the Raman signal also increases proportionally, allowing for the
quantitative determination of THC concentration. Also, the calibration curve is used to understand

the response to THC at different concentrations, and predict the concentration in an unknown
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sample. The data are fitted with a linear function, so that unknown concentrations of THC in the
reported range can be predicted. Our calibration curve shows the limit of detection at the order of
250 ppm.

It is worth noting that at the highest concentration of THC (3500 ppm), there may be instances
where THC molecules adsorb onto the surface through nonspecific binding. This nonspecific
adsorption can contribute to an increased Raman signal, further emphasizing the sensitivity of the
MIP-based sensor.

In summary, the calibration plot obtained from the gas sensing experiments demonstrates the dose-
response relationship between THC concentration and the corresponding Raman intensity. The
MIP-coated surface consistently outperforms the NIP-coated surface in generating a higher
analytical signal, indicating the sensitivity and affinity of the MIP-based sensor towards THC. The
almost linear increase in the THC signal within the tested concentration range provides a basis for
quantifying THC concentrations using the Raman intensity. These findings validate the potential
of the MIP-based gas sensing platform as a reliable tool for the accurate detection and
measurement of THC in various applications such as quality control in the cannabis industry, and

other relevant fields.
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Figure 3-6. The calibration curve constructed by plotting the intensity of the THC peak at 1614 cm™ against

concentration, measured using both MIP- and NIP-coated substrates.

3.3  Selectivity analysis

To assess the selectivity of the MIP-based sensor, it was exposed to various compounds including
cannabidiol (CBD), acetone, and ethanol. The objective of this experiment was to investigate the
response of the MIP sensor to these different analytes and assess its ability to selectively detect
A°-tetrahydrocannabinol (THC).

CBD, a compound structurally similar to THC, was included in the study to examine the sensor's
capability to distinguish between these two molecules accurately. This is particularly important in
applications where differentiation between THC and CBD is essential for quality control and

identification purposes. Additionally, the response of the sensor to acetone and ethanol was

50



analyzed to determine whether these common solvents, which may be used to dissolve THC and
CBD, would interfere with the sensor's detection performance.

In the subsequent section, the results obtained from the gas sensing experiments involving CBD,
acetone, and ethanol, providing valuable insights into the selectivity and performance of the MIP-
based sensor are presented and discussed.

3.3.1 Selectivity to CBD

To demonstrate the MIP-based Raman sensor's ability to detect THC in the presence of potential
interfering compounds, a series of experiments were conducted. To start, the MIP-coated surface
was exposed to cannabidiol (CBD) with the concentration of 1000 ppm and raman spectrum was
recorded.

The Raman spectra analysis, as depicted in Figure 3-7, revealed that CBD, being an organic amine,
could undergo physisorption onto the MIP-coated surface containing carboxyl groups. This
interaction generated a distinct Raman band at 1622 cm™, corresponding to C-C (in-plane) stretch,
C-H bend, and O-H bend [89]. Despite this interference from CBD, the THC signal at 1614 cm™?
is still readily detectable. This result demonstrates the capability of Raman spectroscopy as a
fingerprint identification technique to overcome the cross-reactivity issue often associated with
molecularly imprinted polymers. Combining the selectivity of MIPs with the molecular
identification power of Raman spectroscopy produces a synergistic effect, leading to more reliable
and accurate analytical results.

Figure 3-7 further provides a visual representation of the chemical structures of THC and its analog
CBD. Among the compounds investigated, THC and CBD exhibit the most similar chemical
structures, differing only in the number of hydrogen atoms present in their respective benzene

rings.
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By successfully and selectively detecting THC from CBD, the MIP-based Raman sensor
demonstrates its effectiveness in providing selective and accurate identification of target analytes.
This finding reinforces the potential of combining molecularly imprinted polymers and Raman
spectroscopy as a robust and reliable analytical approach in various fields, including forensic
analysis, quality control, and other applications where precise discrimination of closely related

compounds like THC and CBD is essential.
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Figure 3-7. Comparison of Raman spectra recorded from MIP-coated surface exposed to CBD and THC
including the chemical structure of THC and CBD (Both 1000 ppm).
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3.3.2  Selectivity to acetone and ethanol

The selectivity of the MIP-based Raman sensor to ethanol, acetone, and THC was investigated by
analyzing the Raman spectra recorded on an MIP-coated surface exposed to these substances, all
at a concentration of 500 ppm. Figure 3-8 illustrates the obtained spectra.

Upon examination of the spectra, no additional peaks beyond the characteristic MIP spectrum
associated with ethanol and acetone at 500 ppm were observed. This indicates that using Raman
spectroscopy, it was not possible to detect ethanol and acetone at this concentration range.
Alternatively, it suggests that the MIP's selective binding sites may not be suitable for the
adsorption of volatile organic compounds (VOCSs) such as ethanol and acetone.

The absence of distinct peaks related to ethanol and acetone in the recorded Raman spectra
supports the notion that the MIP-based sensor exhibits selectivity towards THC while showing
limited affinity towards these interfering compounds. This finding further demonstrates the
sensor's specificity for detecting THC, highlighting its potential for accurate and reliable

identification in scenarios where THC detection is of particular importance.
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Figure 3-8. Comparison of Raman spectra recorded from MIP-coated surface exposed to ethanol, acetone, and

THC (All at 500 ppm).
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Chapter 4: Conclusion

41 Summary

This study presents the development of a novel sensor for the sensitive and selective detection of
Trans-A°-tetrahydrocannabinol (THC) using a molecularly imprinted polymer (MIP) synthesized
with a THC template. The sensor combines MIP technology with Raman spectroscopy to achieve
label-free monitoring of THC. The MIP sensor exhibits a prominent peak at 1614 cm™ in the
Raman spectrum, attributed to the THC target molecule, enabling the selective quantification of
bound THC with a low detection limit of 250 ppm. The sensor's functionality is further
demonstrated through comparative studies with a non-imprinted polymer (NIP) control and
analysis of the Raman spectrum of MIP exposed to Cannabidiol (CBD), ethanol, and acetone. The
study also delves into the synthesis process of MIPs, providing a detailed explanation of the steps
involved, from mixing and polymerization to sonication for template removal and MIP and NIP

NPs separation. The graphical abstract of this study is shown in Figure 4-1.
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Figure 4-1. Summary of the study shown in three sections: synthesis, gas sensing, and analysis.

In Table 4-1, we present previous work on detection of various target analyses using combination

of Raman-based sensing and MIPs. While the previous research has primarily focused on various

target analytes using Surface-enhanced Raman Scattering (SERS) techniques, this thesis

introduces an approach by employing standard Raman-based sensing combined with MIPs for

THC gas sensing for the first time. Notably, this work achieves a detection limit of 250 ppm for

THC gas, demonstrating the potential of Raman-based MIPs in gas sensing applications.

Table 4-1. Comparison of detection limits for different target analytes using Raman-based sensing and MIPs

Target Analyte Technique Detection Limit References
(S)-propranolol SERS and MIP 107’M [76]
Bisphenol A SERS and MIP 107°M [74]
2, 6-dichlorophenol SERS and MIP 107 mol L1 [90]
Normal Raman and
THC 250 ppm This Thesis

4.2 Contributions

The study has made several significant contributions:

MIP (This Work)

e Synthesized MIP and NIP nanoparticles and presented the characterization methods, sensor

preparation, and gas sensing setup.

e Conducted characterization tests to understand the morphology, size distribution, and

chemical composition, and other properties of the synthesized materials.
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Demonstrated the successful synthesis of MIP nanoparticles with well-defined
morphologies and distinct surface features, highlighting their potential as selective
platforms for THC detection.

Developed a gas sensing setup to evaluate the performance of the MIP/NIP sensor for THC
detection

Employed Raman spectroscopy to characterize the NIPs and MIPs, both before and after
template removal, synthesized in this study.

Combined MIP technology with Raman spectroscopy to achieve label-free monitoring of
THC based on a single identifying Raman peak

Constructed a calibration plot to analyze the quantitative relationship between THC
concentration and the corresponding Raman intensity.

Analyzed the selectivity of the MIP-based sensor to CBD which has a similar molecular

structure to THC.

4.3 Future Work

While this thesis has focused on the development of a proof-of-concept sensor for the sensitive

and selective detection of Trans-A°-tetrahydrocannabinol (THC) using MIP combined with

Raman spectroscopy, there are several avenues for future research and development in this field.

The possible future works include:

Portable and Miniaturized Device: One potential direction for future work is the
miniaturization and portability of the sensor. Currently, the sensor operates in a laboratory
setting with benchtop Raman spectroscopy equipment. To enhance its practicality and

applicability, efforts should be made to integrate the MIP sensor with handheld portable
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Raman devices. This would enable on-site and real-time THC detection in various
scenarios, such as forensic investigations or field testing.

e Detection of Lower Concentrations: Another area for future exploration is improving the
detection sensitivity of the sensor, particularly for lower concentrations of THC. Surface-
enhanced Raman scattering (SERS) techniques have shown great potential in enhancing
the Raman signal and improving detection limits. Incorporating SERS techniques into the
MIP sensor could enable the detection of THC at even lower concentrations, expanding its
range of applications and increasing its analytical capabilities.

e Detection in Plasma, Saliva, and Other Biological Media: While this thesis has focused on
gas-phase detection of THC, future studies could investigate the detection of THC in
plasma, saliva, and other biological media. These matrices pose additional challenges due
to their complex compositions and potential interference from other compounds. Adapting
the MIP sensor and optimizing the sample preparation and analysis techniques for these
media would broaden the scope of THC detection, enabling applications in clinical

diagnostics, drug testing, and pharmacokinetic studies.

In conclusion, future work in this field should focus on miniaturizing the MIP sensor for portable
use, improving detection sensitivity using SERS techniques, and expanding the application of the
sensor to detect THC in various biological media. These advancements will contribute to the
development of more practical, sensitive, and versatile THC detection methods, opening up new

possibilities for forensic, medical, and pharmaceutical applications.
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