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Chapter 1 

1 General Introduction 
In Canada, street drugs are commonly used for recreational purposes and have dangerous 

side effects when used in recurring large doses. Between January 2016 and March 2025, 

there have been a total of 53,821 apparent opioid toxicity deaths across Canada; a 

staggering number equivalent to 21 deaths per day, and 79 % of which included the 

presence of the potent drug fentanyl.1 In Ontario alone, there has been an average of 6 

opioid-related deaths per day since 2018.2 Although fentanyl has been safely used in 

clinical settings for several decades, it is now becoming more widespread for illicit 

recreational purposes and is becoming a threat to society.3 Potent drugs like fentanyl are at 

the root of the growing number of accidental drug overdose deaths in Canada. Street drugs 

become increasingly dangerous as their composition changes with potent fillers, and drug 

addictions are increasingly common among street drug users. Potent fillers like fentanyl 

are responsible for increasing the strength and, consequently, the addictiveness of street 

drugs.1,2 The presence of fentanyl is typically masked by various other components in the 

substance, making it challenging to offer insight into its actual composition.1-3 Falsely 

labelled street drugs with unidentified components are causing an increased number of fatal 

overdoses. 

There is a demand for accessible and accurate drug detection resources due to the growing 

prevalence of falsely labelled drugs and their consequences. Drug analysis may occur at 

several different points of exposure, but should appear at the earliest point of exposure to 

be most effective in reducing potential overdoses.3 These methods should be non-

destructive, sensitive, selective, and accurate.3 This will help reduce the number of fatal 

overdoses, analyze trends in street drug composition, avoid apprehension of drug users 

against testing their drugs, and help reduce the public burden caused by the current opioid 

crisis. However, testing at the earliest point of exposure is not always an option, so drug 

analysis will often be performed later, occurring after the drug has been administered. 

Urine, blood, saliva, and other substances can be tested after a drug has been 

administered.9,15 Drug analysis after a drug has been used can provide insightful details 
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regarding the quantities of potent substances like fentanyl in the body. Ultimately, drug 

analysis can help save lives and identify the deadly substances sometimes hidden in 

recreational drugs.  

The first chapter of this thesis will provide an overview of the chemical composition and 

the unique characteristic features of several opioids, including fentanyl. There will be a 

strong emphasis on the presence of opioids across Canada, focusing on the rising 

prominence of fentanyl laced street drugs. Lastly, this chapter will introduce the challenges 

faced when analyzing street drugs containing smaller amounts of potent fillers. The use of 

analytical instrumentation for street drug characterization is highly desirable, and the 

selected techniques will underline the motive for the research conducted throughout this 

thesis.  

1.1 Natural, Semi-Synthetic, and Synthetic Opioids 
Opioids, which are also referred to as narcotics, are a class of drugs that are classified as 

either licit or illicit.1 These substances can be administered intravenously (IV),4–7 orally,8–

10 topically,11–14 or inhaled,15–17 and they have unique properties that make them highly 

effective in easing pain. Depending on how the opioid is administered, the strength, onset, 

and duration of action can be strategically altered. When misused, these substances can be 

highly addictive and harmful, even in low doses. There are three main classes of opioids, 

each with several characteristics associated with their unique origin and structure. These 

three classes of opioids include: natural alkaloids, semi-synthetic, and fully synthetic 

opioids.18 To date, all three classes of opioids continue to be used across the world for both 

medical and recreational purposes.  

The first opioids discovered were the natural opioid alkaloids, termed “opiates”. They are 

naturally occurring and originate from the Papaver somniferum, commonly known as the 

Poppy plant and are found across Southern Asia, Mexico, and Colombia.19 The poppy plant 

produces a unique coagulated latex called “opium” in its unripe seedpods, which provides 

the key ingredient for extremely effective pain relief. Opium is a mixture consisting of 

several natural opioid alkaloids, including the opiates morphine and codeine. These 

substances have unique pain-relieving effects, and both are still widely used in clinical 
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medicine. Morphine is the oldest natural opioid drug, and it was first discovered in 1803 

by Friedrich Sertürner.20 This drug was found to have pharmacological properties including 

analgesia, euphoria, and constipation. In its early days, morphine was used to treat severe 

pain in clinical settings, but the physicians and patients soon became dependent on the 

strength and unique effects that it produces upon use.20 Morphine’s strong effects soon 

caused it to be highly addictive when misused, and although it was used to treat severe 

pain, it quickly became a widely abused substance, leading to the first opioid epidemic. 

The rise of morphine in North America began during the American Civil War (1861-

1865).21,22 Injured soldiers were given significant amounts of morphine to treat their painful 

wounds and injuries sustained during the war. The effectiveness of this treatment, however, 

caused soldiers to develop a strong dependence on the substance, leading to lifelong opioid 

addictions throughout and after the war had ended. During this time, there were few 

alternatives to treating pain. Thus, physicians continued to prescribe long-term usage of 

morphine to treat painful injuries. Morphine’s profound analgesic effects have led to its 

widespread use in clinical medicine for nearly 200 years.20 To this day, morphine is still 

prescribed. However, it is only administered under specific medical circumstances to treat 

severe pain.  

After the lingering effects of morphine became a significant concern for public health and 

safety, scientists began researching alternative ways to treat pain. Advances in medicinal 

chemistry soon led to the development of opioids with enhanced pharmacological 

properties, known as “semi-synthetic opioids”. These opioids were designed to mimic the 

effects of natural opioids but were later discovered to have much higher potency and even 

greater addictive properties.23 Like natural opioids, semi-synthetic opioids also utilize a 

natural precursor, like opium. Heroin, also known as diacetylmorphine, is synthesized 

directly from morphine with synthetic modifications altering the chemical structure with 

two acetyl groups attached to the main backbone (Figure 1.1 b).23 Heroin was first 

synthesized in 1874 and was traditionally used as an antitussive (cough suppressant) and a 

treatment for morphine addiction.23-25 However, the euphoric and hallucinogenic effects 

that heroin produces led to the use of heroin for non-medical purposes. Scientists soon 

discovered that heroin was even more potent and addictive than morphine.24,25 Like 

morphine, heroin is still used today, but typically for recreational use instead of medicinal 
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purposes.24-26 Heroin is often snorted, smoked, or injected, and the short-term effects of 

heroin are what continuously draw users back to this drug.26 Most often, heroin is injected 

into a vein in the arm, and it produces an immediate, intense rush of euphoria, with effects 

lasting between 45 seconds and a few minutes.24-26 When it is injected into a muscle, the 

onset is much slower - typically around 20 minutes - but generates the same rush of 

euphoria that can last up to 3 to 5 hours. Further, when heroin is smoked or snorted, the 

immediate sense of euphoria is achieved, but with less intense properties. Due to the strong 

rush of euphoria that heroin produces, the risk of an overdose is severe. Regardless of how 

heroin is administered, the long-term effects cause severe impacts on one’s physical and 

mental health. Heroin, along with other semi-synthetic opioids, is highly dangerous and 

has long-lasting consequences that require significant rehabilitation to help drug users 

recover from their opioid dependency. 

Throughout the 1900s, social demands in healthcare have encouraged pharmaceutical 

companies and scientists to continue developing opioids to replace the dependency on both 

natural and semi-synthetic opioids. This soon led to the development of fully synthetic 

opioids. Unlike natural and semi-synthetic opioids, fully synthetic opioids are produced 

entirely in a laboratory without the use of a naturally occurring opium compound. These 

opioids are easily synthesized using inexpensive methods and can be made in bulk 

quantities. Fentanyl, a “gold standard” fully synthetic opioid, was synthesized in 1959 by 

Dr. Paul Janssen and introduced as an intravenous anesthetic in the 1960s.2 This 

groundbreaking new drug was the first synthetic opioid that displayed desirable properties 

that would eventually lead to the onset of yet another opioid crisis that is still ongoing and 

ever-growing across North America. Synthetic opioids were soon found to be the most 

dangerous and addictive drugs on the market due to their particular interaction with the 

brain.2 The piperidine ring in the structure of opioids was found to be the most critical 

chemical feature that produced strong effects, including analgesia.27 The main difference 

between natural and synthetic opioids is how strongly they activate the opioid receptors 

and the length of time that they are active in our bodies.27,28 Synthetic opioids produce 

extreme analgesic effects by tightly binding and activating the G protein-coupled receptors 

(GPCR) located in our central nervous system. These receptors are responsible for 

supraspinal analgesia, respiratory depression, euphoria, sedation, decreased 
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gastrointestinal motility, and physical dependence, and they produce analgesic and 

euphoric side effects. The strength of their impact also depends on the opioid's lipid 

solubility. Highly lipid-soluble opioids have faster onsets because they pass through the 

lipid bilayer membrane and rapidly cross the blood-brain barrier, leading to intense effects 

with fatal outcomes. 

 

Figure 1.1 The chemical structures of the three types of opioids, including: (a) morphine 

(natural), (b) heroin (semi-synthetic), and (c) fentanyl (synthetic).  

1.1.1 Structural Features of Opioids  

Beyond the three basic types of opioids are a range of structures and functions associated 

with natural, semi-synthetic, and synthetic opioids. There are four chemical classes of 

opioids: phenanthrenes, benzomorphans, phenylpiperidines, and diphenylheptanes.29 The 

phenanthrenes are the prototypical opioids which include natural opioids like morphine, 

codeine, hydromorphone, evorphanol, oxycodone, hydrocodone, oxymorphone, 

buprenorphine, nalbuphine, and butorphanol. Drugs in this class are naturally occurring 

and include three or more fused rings in their structure.30 The benzomorphans include only 

one opioid, pentazocine, which is structurally related to morphine but includes a benzene 

ring fused to the structure.30 The phenylpiperidines include many synthetic opioids like 

fentanyl, alfentanil, sufentanil, and meperidine.30 Opioids in the phenylpiperidine group 

have a phenyl group directly attached to a piperidine ring, giving rise to more addictive 

properties that influence the pharmacokinetics and receptor binding. Lastly, the 
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diphenylheptanes include the opioids propoxyphene and methadone.30 Their chemical 

structure includes two phenyl groups attached to a heptane chain.   

1.1.2 Opioid Agonists and Antagonists 

Opioids in each of the three categories (natural alkaloids, semi-synthetic, and fully 

synthetic) can be identified as either opioid agonists or antagonists.31 Opioid agonists create 

their characteristic pain-relieving effect by binding to and stimulating an opioid receptor. 

Antagonists work by binding to the same opioid receptors without activating them and 

thereby blocking the effects of opioid agonists. These receptors are the mu (μ), delta (δ), 

and kappa (κ) receptors. They can be found within the central nervous system and target 

areas such as the spine and brain. For example, fentanyl is a mu receptor agonist. It has the 

highest affinity for the mu receptor and crosses the blood-brain barrier.32 The central 

nervous system contains the brain and spinal cord and is responsible for our body’s motor 

commands and the ability to process complex and straightforward information. Fentanyl 

binds to the mu receptor, activating its effects, producing strong analgesic effects with an 

onset of 1-2 minutes and a duration lasting up to 2 hours.33 Fentanyl’s rapid onset and short 

duration give users a high propensity to overdose because drug users typically crave an 

ongoing high. These features make fentanyl and other opioids a hazardous substance, even 

in small doses and should be used under medical supervision for safety. When fentanyl is 

mixed with other drugs and fillers, the risk for accidental overdose is even greater because 

of the combined effects. The origin and ongoing abuse of fentanyl is not like any other 

opioid of this era, and to this day, fentanyl is one of the most dangerous street drugs in 

existence.1  

Meanwhile, opioid antagonists are responsible for temporarily blocking and/or reversing 

the effects of an opioid.34 Naloxone, sold under the brand name “Narcan”, is one of the 

most widely known opioid antagonists and is used globally to reverse the effects of opioids 

like fentanyl. There are two Food and Drug Administration (FDA) approved forms of 

naloxone: injectables and nasal sprays.35 Both forms of naloxone work under the same 

principles to rapidly and temporarily reverse the effects of an opioid overdose. The effects 

of naloxone occur within approximately 2 minutes. Naloxone has a higher affinity to opioid 

receptors than a drug like fentanyl, so it can outcompete the opioid’s effect by binding to 
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the same receptor temporarily (30-120 minutes), essentially “kicking off” the opioid from 

the receptor.36 Naloxone will temporarily reverse the various effects of the opioid, but 

medical attention should be immediately received before the naloxone wears off. Naloxone 

is only a temporary safety measure to prevent opioid overdoses, and opioids typically have 

longer durations of action. As of 2016, naloxone is free and accessible to all Canadians.34 

It does not require a medical prescription and is available at local pharmacies nationwide. 

It is recommended to keep a naloxone kit nearby if you frequent areas with high street drug 

usage to help mitigate the number of opioid overdoses and improve street drug safety. 

1.2 The Origin and Abuse of Fentanyl 
Fentanyl was first synthesized in 1959 by the Belgian physician, Dr. Paul Janssen. Dr. 

Janssen was the founder of Janssen Pharmaceutica, which was later acquired by the 

American multinational pharmaceutical company Johnson & Johnson (1961).37 Like most 

other opioids during this time, fentanyl was traditionally synthesized to mimic the effects 

of natural opioids and treat severe pain in clinical settings. However, fentanyl is unlike 

other natural and semi-synthetic opioids in that it is cheap and easy to make in large 

quantities and is much more addictive compared to other opioids readily available. 

Fentanyl is a powerful synthetic opioid and belongs to the phenylpiperidine class of 

synthetic opioids, giving it the strongest affinity for the mu opioid receptor, impacting our 

brain chemistry and altering our body's pain signalling pathways. In Canada, fentanyl is 

controlled under Schedule I of the Controlled Drugs and Substances Act.38 Under this act, 

it is illegal to sell, possess, and/or produce any quantity of fentanyl unless it has been 

authorized for medical, industrial, or scientific purposes. Fentanyl is highly restricted 

because it is colourless, tasteless, odourless, and can be lethal in quantities less than 2 mg. 

Fentanyl found in street drugs is almost always mixed with other drugs and fillers, making 

the fatal concentration much lower, typically between 5-100 ng/mL.39 Fentanyl is much 

more potent than other opioids, especially morphine and heroin. For example, it is 

estimated that fentanyl is 100x stronger than an equal dose of morphine and 50x more 

potent than an equal dose of heroin.40 Although opioids like fentanyl have been 

successfully used extensively for pain relief under clinical settings, their psychoactive 

nature makes them highly addictive and can be easily misused. As the demand for fast-
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acting painkillers grew in the 1900s, potent opioids like fentanyl were strategically 

developed to control the most severe pain in the body and help combat previous opioid 

addictions. Unfortunately, with the rising popularity and success of fentanyl came a 

corresponding rise in substance dependency. The rapid onset (1-2 minutes) and short 

duration (1-2 hours) characteristic of fentanyl, combined with its odourless, tasteless, and 

colourless appearance, significantly increases the risk for irreversible side effects, 

including severe brain damage, life-long addiction, and even death.1,2  

The presence of fentanyl across North America has become increasingly widespread since 

its synthesis in the 1970s. Illicitly manufactured fentanyl was initially found to be prepared 

in China and shipped to Mexico, later to be smuggled into North America. Other complex 

pathways also exist, including several cases of illegal synthesis in the USA and Canada.41 

Fentanyl goes undetected across international borders because it is often shipped in 

precursor form and later synthesized at its final destination. These precursors are usually 

shipped in small quantities and as commercial cargo, so they can be hidden within other 

products as they cross international borders. Fentanyl typically represents a fraction of the 

ultimate street drug’s total composition, which often contains a multitude of potent drugs 

and fillers. Because of this, drugs laced with fentanyl have intense effects in tiny doses, 

giving drug users a sense of value for money. This has caused fentanyl to become 

increasingly ubiquitous in the illegal street drug industry, not only in Canada, but around 

the world. 

When fentanyl is distributed as part of a street drug, it is most commonly used as an 

adulterant to increase the potency of the labelled street drug without the user knowing. To 

reduce the number of fentanyl related overdoses, drug analysis should occur at the earliest 

point of exposure and not alter the physical properties of the substance. Cutting agents like 

fentanyl are often associated with inconclusive drug tests because they are added in much 

larger quantities.42 To provide insightful details about street drugs, drug detection methods 

must be rapid, reliable, and easy to perform so that drug users benefit from the tests, leading 

to greater drug safety. The modern epidemic of fentanyl is far more dangerous than those 

seen before with opioids like morphine and heroin.  
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1.2.1 Fentanyl Analogues  

Following the successful synthesis of fentanyl in the 1960s by Dr. Janssen, several 

analogues of fentanyl were then designed for additional medicinal and veterinary 

purposes.43,44 These analogues are a specific group of short-acting and highly potent 

synthetic derivatives of fentanyl with unique pain-relieving effects that are more potent 

than other opioids on the market. To date, it is estimated that there are over 300 types of 

fentanyl analogues on the illegal drug market. This number, however, is constantly 

changing due to illicit ongoing synthesis, and each analogue's unique chemical composition 

makes it difficult to identify. Some of the most well-known analogues of fentanyl include 

fluorofentanyl, methylfentanyl, and carfentanil.45 These three analogues are the most 

frequently detected fentanyl analogues to date. Meanwhile, analogues like remifentanil, 

alfentanil, and carfentanil are the most potent and are estimated to be 200, 600, and 10,000 

times more powerful than an equal dose of morphine.45 Differentiating between fentanyl 

and its analogues can be highly challenging due to structural similarities and thus requires 

a specific mode of detection to determine the current trends in street drug composition. 

1.3 Current Advances in Drug Detection Technology 
Drug detection involves testing a substance (ie., pills,46 powders,47 liquids,48 and biological 

fluids48, etc.) for the presence of licit/illicit substances to understand the total composition 

of the unknown substance. The forensic analysis of street drugs can help determine the 

overall trends and occurrence of fentanyl in street drugs across cities. The goal of drug 

detection at any point of exposure is to improve public safety and understand how the 

composition of street drugs is constantly changing to prevent irreversible consequences 

and enhance public safety. Drug detection can occur at any point of exposure, including 

after a drug deal has occurred and before the user has administered the drug, after a drug is 

seized by police, at safe consumption sites, or in urine or blood samples after a drug has 

been administered. Safe consumption sites allow drug users to use their street drugs under 

the supervision of trained health workers while reducing public visibility and police 

intervention. Although not everyone has access to or wants to use safe consumption sites, 

they serve as an advancement in helping mediate the usage of illicit substances and 

identifying what drug users are using. At these sites, drug detection techniques should be 
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fast (under 15 minutes) and provide accurate results to inform both the trained health 

worker and the drug user valuable information about the substance they are testing.  

Analytical techniques designed for drug detection can be either qualitative or quantitative, 

each with its own drawbacks. Qualitative methods like immunoassays are often used as a 

preliminary technique in drug analysis because they offer rapid analysis. Still, their low 

detection limits and false-negative/positive results compromise their accuracy.50 One 

example of an immunoassay is fentanyl analogue test strips.51–53 To use a test strip before 

a drug is used requires a small portion of the drug to be diluted and dissolved in a solvent 

(ie, water) and applied to one end of the strip. Urine, blood, or saliva can also be applied 

to one end of the test strip for the detection of fentanyl after the drug has been used. Lateral 

flow will carry the solution up the test strip, leaving a solid red line to indicate the presence 

of fentanyl. Fentanyl test strips utilize the same principles as pregnancy and COVID-19 

tests, which use biochemical detection using an antibody that is specific to the target 

molecule. While test strips are fast and easy to use, they provide rapid, visual results; they 

also have low detection limits and are often associated with false positives and negatives, 

making them inconclusive and unreliable.54 Test strips are most commonly used as a 

preliminary screening technique because they usually fail to distinguish between similar 

molecules (fentanyl and fentanyl analogues) and are associated with low sensitivity, 

typically around 200 ng/mL.55–57   

Quantitative analytical techniques can detect traces of potent drugs at low concentrations 

and reveal the entire composition of street drugs. However, these methods require highly 

sensitive and specific instrumentation that is often expensive, large-scale, and not easy to 

use.58,59 These techniques are more accurate as they provide numerical data that can help 

researchers understand the trends and patterns in illicit drug usage. Integrating quantitative 

methods of drug detection at the earliest point of exposure can help aid drug users’ 

decisions on whether they choose to continue using their substance, given its 

composition.63 Implementing quantitative yet portable and easy-to-use instrumentation at 

safe consumption sites can help identify trends in the makeup of street drugs and determine 

what substances are being used the most in cities across the country.60–62 Users will have 
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access to a safe, secure place to use their substance if they choose to do so, and will be 

monitored by trained professionals. The ideal drug detection method is:63 

1. Sensitive: Detect traces of drugs down to low concentrations and in small 

quantities. 

2. Specific: Differentiates between substances in a multicomponent sample. 

3. Quantitative: Provides the concentrations of all analytes present in the mixture. 

4. Adaptable: Effective with different sample types (pills, liquids, powders, etc.). 

5. Contamination-free: Prevents contamination between samples. 

6. Rapid: Delivers results within minutes.  

7. Field-deployable: Able to be used at locations including safe-consumption sites, 

hospitals, music festivals, and jails. 

8. Simple: The instrumentation is easy to use, and results can be interpreted without 

the need for trained professionals. 

It is not easy to obtain an ideal method for drug detection, but the optimal method may 

integrate both qualitative and quantitative features. As a result, several analytical 

techniques are used in forensic analysis. The most common and current quantitative 

methods of drug detection include mass spectrometry coupled with gas 64–66 or liquid 67–69 

chromatography; Fourier-transform infrared spectroscopy 70–72, and Raman 

spectroscopy.73–75 Each of these methods offers promising modes of drug analysis, each 

with its own drawbacks. Mass spectrometry is considered the “gold standard” in drug 

detection due to its high sensitivity and selectivity.38 It is a highly quantitative technique 

that can detect traces of a drug down to 10-10 M. However, mass spectrometry typically 

requires thorough sample preparation (separation and ionization), and the original sample 

is destroyed during the analysis. Mass spectrometry also requires a trained specialist, uses 

expensive instrumentation, and yields results that are often difficult to interpret, making it 

less desirable for the rapid detection of illicit substances. Spectroscopy-based techniques 
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Milli-Q water and dried under a gentle stream of N2 gas to remove any excess AuNPs not 

bound to the surface.  

3.2.4 Raman Instrumentation 
The normal Raman (NR) and SERS spectra were collected using the Horiba LabRAM 

Raman spectrometer equipped with a 785 nm diode laser (150 mW), a 600 lines/mm 

diffraction grating, and a confocal pinhole set to 200 μm. Samples were viewed from below 

using an inverted confocal microscope (IX71, Olympus Corporation) equipped with a 100× 

objective (0.9 N.A.).An objective (MPlanFL, Olympus Corporation) was used to measure 

the Raman-scattered light (Figure 3.5). Measurements were detected with a liquid 

nitrogen-cooled charge-coupled device (CCD; Horiba, Symphony) held at -126 #C, and the 

fundamental laser line was removed using a notch filter. The spectra were recorded in the 

fingerprint region (500-2000 cm'1) with a typical acquisition time of 45 seconds using a 

10% light filter, referred to as D1. Before each experiment, a clean silicon wafer was used 

to calibrate the LabRAM by measuring the intensity of the characteristic peak at 520.70 

cm-1. All measurements were performed in the dark to avoid any interference from natural 

light.  

 

Figure 3.5 Instrumental setup for the HORIBA-LabRam confocal Raman microscope. 
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3.2.5 SERS Measurements 
Fentanyl and caffeine solutions were prepared and diluted in methanol. For each substrate, 

the desired volume of fentanyl was pipetted and drop-cast onto the substrate surface. The 

substrate was allowed to dry at room temperature (typically 10-30 minutes), leaving a dried 

mass of fentanyl for observation with the Raman microscope.  

3.2.6 Fabrication of ATR-SEIRAS Substrates via Electrodeposition  

The substrates for surface-enhanced infrared detection of fentanyl were prepared using a 

method adopted from previous reports.18 Briefly, the method involves the deposition of a 

~ 15 nm film of conductive indium tin oxide (ITO) on a micromachined silicon ATR 

wafer,19 followed by annealing at 300 oC for 3 hours. The annealed ITO-modified substrate 

was subsequently placed in a Jackfish SEC J2 spectro electrochemical cell (Jackfish SEC), 

and the gold was electrodeposited during potential scanning from a solution of 0.1 M NaF,  

0.25 mM KAuCl4 (Aldrich), and 0.1 mM 4-methoxypyridine (MOP) (97%, Aldrich). By 

monitoring the potential-dependent SEIRAS signal from adsorbed MOP, the 

electrodeposition was continued until sufficient SEIRAS intensity was observed, before 

the onset of anomalous infrared line shapes.20 Figure 3.6 a-d shows the general features of 

interest in the electrodeposition of gold on ITO. Here, we use MOP to monitor IR intensity 

due to its strong IR bands and ease of removal with 0.1 M NaF.  
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Figure 3.6 First and last cyclic voltammetry (CV) of the gold deposition showing a 

change in amplitude at 1.0V and 0.5V (a). The resulting IR spectra of 4-methoxypyridine 

(MOP) after 10 and 15 CV cycles show increased signal intensity (b). 10 CV cycles to 

initiate the removal of MOP using 0.1 M NaF (c). Final IR spectra of MOP after cycling 

0.1 M NaF (d).  

The general ATR-SEIRAS setup, as well as an SEM image of the resulting gold island 

film, is shown in Figures 3.7a and 3.7 b. After disassembling the electrochemical cell and 

thoroughly removing any adsorbed MOP, the substrates were then remounted on the 

VeeMAX III ATR optical accessory (PIKE technologies) and mounted in the central 

optical chamber of a Bruker Vertex 70 FTIR spectrometer. The fentanyl solutions were 

drop-cast onto the substrate from methanolic stock solutions, and infrared absorbance was 

measured relative to the single-beam spectrum of the same substrate before drop-casting. 

IR spectra were collected using a cryogenically cooled MCT-B detector, with 64 to 256 

co-added interferograms collected at 8 cm-1 spectral resolution. 
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Figure 3.7 Illustration of the SEIRAS setup showing the IR beam interaction with the 

adsorbed molecule on a thin film electrode (a). SEM image of gold island films prepared 

through electrodeposition of Au on Indium tin oxide (ITO) (b).  

3.3 Results and Discussion 

3.3.1 Raman and SERS Features of Fentanyl  
Drug analysis is one of the most critical applications of analytical chemistry, and Raman 

spectroscopy has been a leading tool in this field since the 1990s.21 The normal Raman and 

SERS spectra of fentanyl were collected under identical conditions (Figure 3.8a): 785 nm 

excitation, 600 gr/mm diffraction grating, 100× objective (0.90 N.A.), and 200 µm pinhole.  

Approximately 1-2 mg of pure fentanyl powder was applied to the surface of a glass 

coverslip, and measurements were collected with an acquisition time of 45 seconds. In the 

typical Raman spectrum, several Raman modes with moderate-to-strong intensity are 

observed between 500 and 2000 cm-1. The most notable peaks are found at 1000 cm-1 and 

1028 cm-1, which are a result of the C-C-C trigonal bend in the terminal benzene and CH 

bending. These peaks originate from the phenyl ring of the molecule and provide both 

qualitative and quantitative diagnostic features of fentanyl. The aromatic ring of fentanyl 

is predicted to adsorb perpendicular to the surface of the AuNP and coordinate via lone-

pair electron donation on the oxygen atom (Figure 3.8 b).10 For this thesis, the peaks at 

1000 cm-1 and 1028 cm-1 were selected for diagnostic and data integration purposes as they 
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have substantial contributions from both the normal Raman and SERS enhancements. All 

SERS data were integrated using the LabSpec 5 software, and raw data were plotted using 

the Origin 2019b software. Several other vibrational modes are seen across 500-200 cm-1 

in both the Raman and SERS spectra (Table 1). These additional peaks must be explored 

when trying to differentiate between fentanyl analogues or structurally similar compounds.  

 

Figure 3.8 Raman (red) and SERS (blue) spectra of fentanyl with diagnostic SERS peaks 

labelled. (b) proposed mechanism of fentanyl binding to the AuNPs via lone pair electron 

donation perpendicular to the gold nanoparticle. 
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technique is known for its scalability, low cost, and simplicity. The raspberry-shaped 

AuNPs were transferred onto a highly ordered array with 600 lines/mm. These lines were 

coated with a sticky polymer-based ink (poly(styrene)-b-poly(4-vinylpyridine)), allowing 

AuNPs to adhere to the pattern physically (Figure 3.11a-c). However, microcontact 

printing has a transfer efficiency of approximately 80%, and the resulting substrate 

typically has sections missing (Figure 3.11d).22,23 The spot size for SERS measurements 

is ~ 1 µm while the completed nanopatterned surface is approximately 1 x 1 cm. 

Meanwhile, the nanopatterned AuNPs provide a high density and uniform arrangement of 

SERS hotspots on the substrate compared with drop-cast AuNPs.  

 

Figure 3.11 Optical (a) and scanning electron microscopy (b) images of nanopatterned 

arrays of raspberry-shaped AuNPs on glass coverslips. Physical adhesion of AuNPs onto 

patterned substrate (c). Completed SERS substrate (d). 

 

A similar experiment to the one outlined in Section 3.3.2 was performed to evaluate the 

SERS sensitivity of nanopatterned substrates. Several concentrations of fentanyl were 
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tested (10 ng/mL to 6 μg/mL) on SERS substrates with nanopatterned AuNPs (Figure 

3.12a). Here, the SERS intensity of the Raman modes at 1000 cm-1 and 1028-1 is much 

stronger than that observed in Section 3.3.2. Here, the LOD of fentanyl was calculated to 

be 11.4 ng/mL, and is monitored through peak integration with increasing concentration of 

fentanyl. Integrating the peak areas under the dominant modes at 1000 cm-1 and 1028 cm-

1 shows a clear linear trend in peak area with increasing fentanyl concentration (R2 = 

0.9342). The error bars in Figure 3.12 b represent the standard deviation of three spectra. 

Overall, the nanopatterned substrates of raspberry-shaped AuNPs offer high sensitivity and 

good spectral reproducibility. Incorporating these substrates into portable Raman 

spectrometers may help detect drugs like fentanyl at trace levels and help identify trends 

in street drug composition.  

 

Figure 3. 12 SERS spectrum of fentanyl at increasing concentration (10 ng/mL to 6 

µg/mL) on nanopatterned AuNPs (a). Integrated peak area (975-1050 cm-1) versus the 

concentration of fentanyl, where error bars represent 3 spectra. The R2 value was 

calculated to be 0.9342.  
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3.3.4 SEIRAS Detection of Fentanyl 

Figure 3.13a compares the infrared transmission spectrum and the typical Raman spectrum 

of fentanyl. Many of the band frequencies and relative intensities match, although several 

notable examples illustrate the complementarity of Raman and infrared spectroscopy. For 

example, the carbonyl band at ~1640 cm-1 is far more intense in the infrared spectrum. In 

contrast, the trigonal breathing mode of the aromatic rings, which dominates the Raman 

spectrum at ~1000 cm-1, is completely unobserved in the infrared spectrum. Other 

pronounced differences are evident for bands at ~700 cm-1, 1160 cm-1, and 1207 cm-1. 

Although not the subject of the current work, the relative intensities of the Raman and IR 

fentanyl bands illustrate how dual-mode vibrational spectroscopy24 would improve 

fentanyl identification and quantification in complex mixtures. 

 

Figure 3.13 Raman (black) and IR (red) spectra of fentanyl (a). SERS (black) and 

SEIRAS (red) spectra of fentanyl (b).  

Attenuated total reflection (ATR) surface-enhanced infrared spectra of fentanyl drop-cast 

on the electrodeposited gold island films can be compared with the corresponding SERS 

spectrum of fentanyl, as shown in Figure 3.13 b. As expected, the SEIRA spectrum is 

dominated by the carbonyl band, which appears at 1655 cm-1 on the drop-cast sample, and 

the trigonal breathing mode seen in the SERS spectrum at 1000 cm-1 is, at best, observed 

as a weak peak. Evidence that the SEIRAS bands are not associated with a non-enhanced 

ATR absorbance arises from the differences in the peak frequencies of the IR data shown 

in Figure 3.13. The fentanyl drop cast on the Au island film shows a carbonyl peak shifted 
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by nearly 10 cm-1 to higher frequencies. In contrast, the other characteristic fentanyl bands 

are slightly shifted to lower wavenumbers and the relative intensities of some of the 

SEIRAS bands are changed. Differences between ATR and ATR-SEIRAS peak positions 

and relative intensities are associated with specific interactions between the adsorbate and 

the gold nanoparticle film.25 It is also evident in Figure 3.13 b that the SERS spectrum 

contains a significant fluorescence background associated with the glass cover slip, 

whereas the SEIRA spectrum provides a simpler background. This advantage is partially 

offset by the higher low-frequency cutoff in the SEIRAS spectrum due to the Si ATR 

substrate and by the limitations of the IR detector. 

 

In a series of experiments, the amount of fentanyl deposited on the gold island substrate 

was increased analogously to the SERS experiments described above. Figure 3.14a shows 

the increase in the characteristic fentanyl SEIRA bands as a function of concentration, as 

compared to a control experiment performed on an Au-free ITO modified Si IRE (internal 

reflection element). The area of the prominent carbonyl band at 1650 cm-1 (Table 2) can 

be used as a diagnostic marker to establish a calibration response of the Au-island films 

used for the ITO-coated SEIRAS internal reflection elements. Figure 3.14 b shows a 

representative calibration curve depicting a linear dependence over nearly an order-of-

magnitude change in the fentanyl concentration, with a calibration sensitivity of 2 × 10-3 

mL µg-1 and a detection limit of 5 µg/mL. This demonstrates that the SEIRAS approach 

used herein has an order-of-magnitude worse detection limit than the SERS approach. 

However, whereas the SERS experiment provides a signal from a highly localized part of 

the substrate, defined by the beam spot of the focused excitation laser, the SEIRAS 

experiment is a spatial average over several square millimetres. As shown by the error bars 

in Figure 3.14b, representing results from different drop-cast measurements on the same 

SEIRAS substrate, the variability in the SEIRAS experiment is qualitatively much lower 

than in the SERS experiments, with a relative standard deviation of less than 15% for all 

fentanyl concentrations greater than 20 µg/mL. In comparison, the SERS substrate 

provides RSD (relative standard deviation) values as high as 70%. 
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Figure 3.14 Averaged SEIRA spectra of fentanyl from 20-1000 µg/mL (a). The 

calibration curve shows the linear region (20-100 µg/mL), with error bars representing 3 

spectra.  

The SEIRAS response to increasing fentanyl concentrations extends beyond the initial 

linear portion of the calibration curve. Figure 3.15 shows the complete calibration curve, 

extending to concentrations as high as 1000 µg/mL. Beyond 100 µg/mL, the SEIRAS 

response begins to exhibit a negative deviation from linearity with increasing fentanyl 

concentration. Like SERS, the enhancement effect in SEIRAS is primarily localized at the 

material surface, where localized surface plasmon polaritons are excited. Osawa has 

estimated that the SEIRAS effective enhancement is confined to within 5-10 nm of the 

gold surface. Typically, molecular or ionic adsorption from the solution phase results in a 

maximum coverage corresponding to one or two monolayers. However, in a drop casting 

experiment, it is likely that a) the deposited molecules are not uniformly distributed over 

the surface (see above) and b) that multilayer formation results. As fentanyl molecules not 

directly adsorbed on the gold surface will exhibit far weaker enhancement, it is expected 

that the SEIRAS response will depend only weakly on concentration once the amount of 

deposited fentanyl exceeds a saturation level. To extend the calibration data beyond the 

region of linearity, the observed SEIRAS response was fit to both a Langmuir isotherm 

(red trace) and a Freundlich isotherm. The Langmuir isotherm assumes a maximum 

coverage equivalent to a monolayer and fits the calibration curve well at low concentrations 

but underestimates the response for high concentrations. The Freudlich isotherm models 
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multi-layer formation and, therefore, provides a reasonable fit to the SEIRAS response at 

high fentanyl concentrations. In principle, these non-linear models could be used for 

calibration purposes, either in an empirical sense or, upon more extensive characterization 

of fentanyl adsorption, as part of a detailed physical model. 

 

Figure 3.15 Calibration curve of fentanyl (black squares) from 20-1000 μg/mL. The 

curve has been fitted with Langmuir (red) and Freundlich (blue) isotherms.   

Table 2  Complete set of Raman, SERS, IR, and SEIRAS wavenumbers and peak 

assignments collected under experimental conditions.  

Raman Shift 

/ cm-1 

SERS Shift 

/ cm-1 

IR / cm-1 SEIRAS 

/ cm-1 

Peak Assignment 

-  
580  N/A N/A unassigned 

624 619 N/A N/A C-C-C symmetric bend 
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N/A N/A 700 cm-1 N/A CH wagging 

N/A N/A 709 cm-1 N/A CH wagging 

747 743 741 cm-1 N/A CH3 twisting, CH2 

rocking, C-C-C bend 

-  
934 927 cm-1 N/A unassigned 

1002 1000 N/A N/A C-C-C trigonal bend, 

C=C bend 

1034 1028 1031 cm-1 N/A C=C stretch (aromatic 

ring), CH bend 

1077 1077 1074 cm-1 

(weak) 

N/A C-C stretch 

1163 1196 1164 cm-1 

(weak) 

N/A C-C stretch (benzene) 

1206 1201 1214 cm-1 

(weak) 

- C-C stretch 

-  
- 1252 cm-1 - C-N stretch 

-  
- 1267 cm-1 - C-H bending 

-  
- 1275 cm-1 1270 cm-1 

(shoulder) 

C-N-C stretch 
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-  
1331 1331 cm-1 

(weak) 

1338 cm-1 CH wagging 

- - 1381 cm-1 

(medium) 

1373 cm-1 CH bend 

- - 1381 cm-1 

(strong) 

1393 cm-1 CH bend, C-C stretch 

- - 1404 cm-1 

(strong) 

- CH bend 

- - 1450 cm-1 - CH bend/scissor 

1463 1482 1461 cm-1 1460 cm-1 C-H scissor 

- - 1497 cm-1 1493 cm-1 C=C ring stretch 

1588 1589 1597 cm-1 1594 cm-1 C=C symmetric stretch  

1650 - 1643 cm-1 1654 cm-1 C-O stretch 

3.3.5 SERS Detection of Caffeine and Fentanyl  

A binary mixture of fentanyl and caffeine was created to evaluate the sensitivity of the 

SERS substrate. Caffeine is one of the most widely used stimulants in the world and is 

commonly found in street drugs containing fentanyl.26 The chemical structure of caffeine 

is structurally different than fentanyl, and its SERS modes do not interfere with fentanyl 

across the spectral range (500-2000 cm-1). The SERS spectrum and chemical structure of 

caffeine are shown in Figure 3.16, and the SERS modes of caffeine are generally moderate 

in intensity compared to fentanyl’s vibrational signature. The SERS mode of caffeine at 

556 cm-1 is monitored in the fabricated drug mixture because it represents a deformation 
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mode of caffeine and is easily distinguished from fentanyl’s vibrational modes. Several 

other SERS modes of caffeine are seen at 725 cm-1 (O=C-C deformation), 800 cm-1 (O=C-

C deformation), 912 cm-1 (imidazole ring deformation), 1170 cm-1 (C=N stretch or CH 

bend), 1585 cm-1 (C=O stretch, in-plane imidazole ring) and 1616 cm-1 (C=C symmetric 

stretch) (Figure 3.16 and Table 3).27–30 As the modes of caffeine are generally less intense 

than fentanyl’s SERS modes. Using this method, fentanyl is measured with high sensitivity 

at low concentrations in a mixture with caffeine.  

 

Figure 3.16 SERS spectrum of caffeine (1 mg/mL) collected using a 785 nm excitation 

wavelength. The inset shows the chemical structure of caffeine. 

Table 3 Raman shift and SERS peak assignments of caffeine based on experimental 

conditions 28–31 

Raman Shift / cm-1  Peak Assignment  

556  O=C-N deformation  

725  O=C-C deformation  

800  N-C-H deformation  
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912  Imidazole ring deformation  

1170  C=N stretch or CH bend  

1585  C=O stretch (in plane imidazole ring)  

1616  C=C symmetric stretch  

 

To observe the SERS specificity towards low concentrations of fentanyl in a mixture, a 

binary mixture of fentanyl and caffeine was explored. Fentanyl was added from 0.1 % to 

46 % (w/v) in a mix with caffeine. Here we see that fentanyl can be seen as low as 1.4 % 

and the presence of caffeine is heavily masked by fentanyl in each spectrum (Figure 

3.17a). The SERS mode of caffeine (556 cm-1) was monitored upon each addition of 

fentanyl; meanwhile, clear modes of fentanyl are seen in each spectrum. Again, the SERS 

modes of fentanyl at 1000 cm-1 and 1028 cm-1 were selected for integration purposes. 

Monitoring the peak areas with increasing concentration suggests that fentanyl can easily 

be detected at low concentrations with a strong presence of caffeine. The error bars in 

Figure 3.17 b represent the standard deviation of 3 spectra. A closer look at the calibration 

curve in Figure 3.17 b suggests that caffeine is a weak Raman reporter and that fentanyl 

outcompetes caffeine in the mixture. The calibration curve of caffeine suggests that its peak 

area at 560 cm-1 decreases exponentially with increasing fentanyl concentration, and the 

R2 value was calculated to be 0.8742. Meanwhile, the presence of fentanyl has a clear 

correlation between its peak area and increasing concentration, where the R2 was estimated 

to be 0.9857 and follows an exponential increase in its peak area integrated between 975-

1050 cm-1. Future analysis of drug mixtures may consider evaluating complex matrices (n 

> 3 components) and/or utilizing real street drug samples to observe accurate trends in 

street drug composition.    
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Figure 3.17 SERS spectrum of fentanyl and caffeine mixtures at 0.1 % (black), 1.4 % 

(red), 12.5 % (blue), 22 % (green), 30 % (purple), and 46 % (yellow) (a). Relative peak 

area of 556 cm-1 (540-570 cm-1) and 1000 cm-1 and 1028 cm-1 (975-1050 cm-1) with an 

increasing percent of fentanyl. Error bars in (b) represent the standard deviation of three 

spectra.  

3.3.6 Binary SEIRAS Mixture 

To evaluate the sensitivity of the SEIRAS substrates, a binary mixture of fentanyl and 

caffeine was investigated, like the experiment performed in Section 3.3.5. One significant 

difference here is that the SEIRA spectra of caffeine and fentanyl are very similar despite 

their structural differences. The SEIRA spectra of caffeine and fentanyl are shown in 
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Figure 3.18. A prominent peak at 1654 cm-1, corresponding to a C-O stretch, is shared by 

caffeine and fentanyl and is monitored in a concentration-dependent experiment. Fentanyl 

can be distinguished from caffeine by a strong characteristic peak at 710 cm-1 and 

additional features in the far-IR region. In contrast, caffeine exhibits a distinct shoulder 

peak at 1700 cm-1, which helps serve as a feature that can differentiate it from fentanyl.  

 

Figure 3.18 SEIRA spectra of caffeine (black) and fentanyl (red). 

For concentration-dependent analysis, caffeine was maintained at a fixed concentration of 

50 µg/mL. Fentanyl concentrations ranged from 10-1000 µg/mL (Figure 3.19a). Three 

characteristic peaks of caffeine and fentanyl were selected for observation: 1654 cm-1 

(shared with both fentanyl and caffeine), 709 cm-1 (fentanyl), and 1700 cm-1 (caffeine) 

(Figure 3.19 b). The corresponding intensities of their peak height were monitored as the 

concentration of fentanyl increased. The absorption peak at 1700 cm-1 (unique to caffeine) 

showed an exponential decrease in peak height and eventually plateaued. One notable 

anomaly occurred when fentanyl reached 900 µg/mL, suggesting possible evidence of 

competitive binding interactions on the substrate surface. In contrast, the absorption peaks 

at 1654 cm-1 and 709 cm-1 displayed a consistent increase in relative peak height with 

increased concentration of fentanyl.  
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Figure 3.19 SEIRA spectra of caffeine-fentanyl mixtures (a). Fixed concentration of 

caffeine @ 50 µg/mL and fentanyl ranging from 10-1000 µg/mL. Concentration of 

fentanyl versus peak height for the SEIRA modes at 1700 cm-1, 709 cm-1, and 1654 cm-1 

(b).  

3.4 Conclusions 
In this chapter, SERS and SEIRAS provide the vibrational signatures of fentanyl at low 

concentrations using a sensitive and label-free approach using plasmonic gold substrates. 

First, SERS was investigated using randomly arranged (drop-cast) and nanopatterned 

raspberry-shaped AuNPs to detect fentanyl at low concentrations. The nanopatterned 

substrate of raspberry-like AuNPs excelled at detecting fentanyl down to 10 ng/mL, and 

the drop-cast AuNPs were able to detect fentanyl as low as 50 ng/mL. Both methods 

showed evidence of spot-to-spot signal variation but yielded linear calibration curves (R2 

= 0.9764 (nanopatterned) and R2 = 0.9342 (drop-cast)), indicating a strong correlation 

between peak area and increasing fentanyl concentration. Meanwhile, SEIRAS utilized an 

electrochemically grown film of gold islands to detect fentanyl with a detection limit of 5 

µg/mL. SERS outperformed the SEIRAS sensitivity by roughly an order of magnitude. 

However, the SEIRAS experiments benefited from measurement variability.  

 

Surface-enhanced Raman spectroscopy (SERS) provides a highly sensitive approach for 

detecting traces of fentanyl; however, improving the limits of surface-enhanced infrared 

absorption spectroscopy (SEIRAS) through substrate modification could further strengthen 
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the results. As demonstrated with the binary mixture of fentanyl and caffeine, structurally 

distinct molecules can yield qualitatively similar spectra with similar features. To address 

this challenge, integrating machine learning classification methods may help distinguish 

fentanyl from other compounds in complex mixtures and should be considered in future 

research. Ultimately, SERS and SEIRAS demonstrate strong potential for integration into 

portable spectrometers to enable rapid, on-site detection of illicit substances.  
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Chapter 4 

4 Fentanyl-Binding DNA Aptamers for Trace Detection 
using Surface Enhanced Raman Spectroscopy 

The composition of street drugs is constantly changing, and adulterations are causing an 

uprising in the number of fatal overdoses. Fentanyl, an addictive synthetic opioid that is 

designed to relieve pain and cause intense analgesic effects at high concentrations, is often 

laced in street drugs. Fentanyl is typically masked by several other components in street 

drugs, making it hard to detect, considering that its concentration is usually £5% by mass. 

To detect low concentrations of fentanyl analogues in complex mixtures, we explore the 

use of an aptamer-based strategy for the specific detection of fentanyl coupled with surface-

enhanced Raman measurements (SERS). The fentanyl-binding aptamer enables specific 

detection through conformational changes in the aptamer chain, while SERS yields 

qualitative and quantitative detection. A thiolated DNA aptamer is conjugated to raspberry-

shaped gold nanoparticles (~ 80-150 nm) that are SERS active. These hybridized SERS 

particles are used to identify concentrations of fentanyl (50-500 ng/mL) using a 

quantitative approach. Fentanyl is then added in 1%, 5% and 10 % concentrations in a 

series of binary drug mixtures using caffeine as the second component.  

4.1 Introduction  
The composition of street drugs is constantly changing and is becoming more dangerous 

and addictive than ever before due to the presence of fillers like fentanyl. Drug dealers are 

finding strategic ways to increase their substance potency by adding fillers into common 

street drugs like heroin, MDMA, and cocaine, without the drug user knowing. These fillers 

come in the form of potent drugs like fentanyl, which are cheap to produce and are designed 

to increase the neurological effects even at low concentrations.1 Fentanyl is approximately 

100-fold more potent than morphine, and as little as just 2 milligrams of fentanyl can be 

lethal in minutes.2 Other non-potent fillers used in street drugs include caffeine,3–5 flour,5,6 

and sugars (glucose, sucrose, and lactose)7. Potent fillers like fentanyl are linked to a 

significant number of drug overdoses, and often the lethal dose of fentanyl is much less 

than 2 milligrams. In British Columbia, Canada, Fentanyl has been responsible for 85 % 
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of overdose deaths in 2024.8 Fentanyl and other potent drugs are becoming a regular 

occurrence in street drugs. Still, the presence and quantification of fentanyl is not always 

trivial. When a commonly used street drug like cocaine or heroin contains several fillers, 

its overall properties become more pronounced and dangerous, and characterizing the 

drug’s composition becomes more complex. The combination of stimulants and 

depressants mixed with psychoactive drugs and fillers exponentially increases the risk of 

accidental overdose.8 Potent fillers like fentanyl are the driving force behind the increasing 

number of fatal drug overdoses and often occupy less than 1 % of the street drug’s entire 

composition.1 Analyzing trends in street drug composition requires highly sensitive and 

specific analytic methods. 

Current drug-checking technologies are diverse. Methods that combine separation 

techniques like gas chromatography (GC) and high-performance liquid chromatography 

(HPLC) with mass spectrometry provide sensitive detection of analytes at trace levels and 

accurate quantification. However, they require expensive laboratory equipment that trained 

professionals must operate, are labour-intensive, and require large sample quantities to 

work efficiently. These factors hinder the widespread adoption of HPLC-MS and GC-MS 

for rapid drug detection.9 Immunoassays are one of the most common methods for 

presumptive screening of street drugs. They are used for on-site detection of street drugs 

and provide a good sensitivity to fentanyl and its analogues. Immunoassays use antibodies 

and antigens to detect target molecules in biological specimens rapidly.8 Immunoassays 

are primarily qualitative and provide visual results typically in the form of a colour change. 

Fentanyl test strips utilize a lateral flow assay (LFA) to detect fentanyl in several different 

matrices, such as urine, blood plasma, or saliva.9–11  LFAs are advantageous in that they 

provide rapid results (< 5 min) at a minimal cost ($1-4 per test) and are user-friendly.12 

However, one of the disadvantages of immunoassays is that they often struggle to 

differentiate between structurally similar molecules, resulting in inconclusive results that 

provide false positive and negative results. Furthermore, they do not provide quantification 

of the sample. This is a significant concern, as street drugs now contain several fillers, and 

structural similarities are bound to occur within the matrix. In the case of fentanyl, there 

are currently 398 fentanyl analogues that are being linked to street drug adulteration, and 

this number is likely much higher than reported.13 With a constant supply of new synthetic 
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compounds, drug detection requires specific and sensitive instrumentation that provides 

better quantification and high specificity for targeted drugs. Ideally, such instrumental 

means will be non-destructive and provide results in real time to the users. 

The use of aptamers as potential biomarkers for drug detection and diagnostics is a valuable 

approach for providing specificity to a targeted drug or filler.  Aptamers are short, single-

stranded oligonucleotides (DNA or RNA) that bind to a specific target molecule with high 

specificity and affinity.14 They undergo a selection process, referred to as “systemic 

evolution of ligands by exponential enrichment” (SELEX), to bind to specific targets in 

vitro.15 Aptamers have several advantages over other biomarkers used in immunoassays, 

such as antibodies. Aptamers are highly stable, less susceptible to thermal degradation and 

denaturation, and much easier to generate than antibodies due to their small size (10-30 

kDa).16,17  

On the other hand, SERS provides the molecular vibrational spectra with enhanced 

sensitivity mediated by a metallic surface or particle. SERS has been used to probe a variety 

of biological processes by detecting molecules in the vicinity of metallic particles. 

Integrating SERS with aptamers combines the specificity of aptamer-target interactions 

with the SERS enhancement. For SERS-based assays, aptamers are more desirable than 

antibodies due to their small size (25-100 nucleotides), which is generally a tenth of that 

of a monoclonal antibody.17,18 When an aptamer is in proximity with its target molecule, 

the aptamer is designed to undergo unique conformational changes (ie, structure switching) 

that can be monitored through signal reporters.1,19,20 Combining Fentanyl-specific aptamers 

with analytical techniques could provide unique specificity with highly sensitive 

techniques and could lead to improved detection of trace analytes. Aptamer-SERS-based 

strategies thus offer a potential solution for the specific detection of Fentanyl. AuNPs that 

are modified with aptamers serve as highly sensitive SERS signal enhancers for the 

detection of specific analytes at low concentrations. 

 

In this work, a novel aptamer-based SERS strategy for the detection of low concentrations 

of fentanyl in binary mixtures with caffeine is investigated. The SERS-active substrates 
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consist of gold nano-raspberry particles functionalized with a fentanyl-specific aptamer, 

enabling high sensitivity and molecular specificity. We investigate optimal conditions for 

aptamer-SERS detection, focusing on both quantitative analysis and selectivity. The 

method demonstrates reliable detection of Fentanyl at mass concentrations of 1%, 5%, and 

10% within caffeine matrices, highlighting its potential for forensic and clinical 

applications as well as for its use in drug checking supervised consumption facilities. 

4.2 Materials and Methods 

4.2.1 Synthesis of AuNPs 
The synthesis of seed and raspberry-shaped AuNPs is the same as the procedure outlined 

in Section 3.2.2.  

4.2.2 Aptamer Selection Strategy 
The thiolated DNA aptamer was previously screened through the SELEX process. 1, 14, 19 

All DNA oligonucleotides were purchased from Integrated DNA Technologies (IDT). The 

DNA used for SELEX was purchased as HPLC-purified and standard desalt quality. All 

oligonucleotides were dissolved in ultrapure molecular-grade water (nuclease-free). 

Library-immobilized SELEX was performed by graduate students in Dr. Yi Xiao’s 

research group, and the sequence was used as received.1,15 Approximately 1 μmol of a 5’-

thiolated aptamer was used, and the sequence of the selected aptamer is: 

 5’- /5ThioMC6-D/CTT ACG ACG AGC GCG TGT GGC CGG CGT GAG GGA 

GGT GAG TCG TAA G-3’.   

4.2.3 Modification of Thiolated DNA on AuNPs 
The thiolated DNA aptamer was spun in the high-speed centrifuge (5 min at 21,000 rcf). 

228 μL of molecular biology-grade water was added to the DNA tube to achieve a 

concentration of 450 μM, dissolved in ultrapure molecular-grade water. The diluted DNA 

solution was gently flicked 30 times, rotated for 2 hours at 25 rpm (wrapped in tinfoil), and 

centrifuged (5 min at 21,000 rcf) to thoroughly mix the solution. Finally, the DNA was 

separated into PCR tubes (20 μL per tube) and stored at –80 °C before further 

modification.  
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Tris (2-carboxyethyl) phosphine (TCEP) was used as the primary reducing agent to modify 

the aptamer. 60 μL (3 aliquots) of the stock solution of thiolated DNA was combined into 

one Eppendorf tube and directly mixed with 25 μL of freshly prepared 0.1 M TCEP. The 

mixture was incubated at room temperature in the dark for 2 hours to reduce the disulphide 

bond and activate the thiolated DNA. The freshly reduced aptamer was then immobilized 

on the surfaces of raspberry-shaped AuNPs. For this, 22 μL, 10 μL, and 5 μL of the TCEP-

reduced aptamer are separately added to 3 mL of freshly prepared raspberry-shaped AuNPs 

to prepare three batches of modifications at DNA concentrations of 3.3 μM, 1.5 μM, and 

0.75 μM. The solutions are stored in small glass vials and gently stirred in the dark for 12 

hours before the salt-aging steps begin. After modification in the dark at room temperature 

for 12 hours, 50 μL of 4.0 M NaCl was added dropwise, and the mixture was incubated at 

room temperature for another 12 hours. The subsequent salt-aging process included an 

additional dropwise addition of 100 μL of 4.0 M NaCl, followed by a 6-hour incubation at 

room temperature, and a further dropwise addition of 100 μL of 4.0 M NaCl, followed by 

a 12-hour incubation at room temperature. During this modification process, the solution 

was kept gently stirring, and the glass vials used for the modification were wrapped in 

tinfoil to protect them from light. The final salt concentration in the mixture was 0.3 M. 

Once complete, the three batches of DNA-functionalized raspberry-shaped AuNPs retained 

their initial red-blue colour. 

After the modification, the DNA-modified raspberry AuNPs were separated from unbound 

complementary oligonucleotides via centrifugation. The purification was performed in a 

centrifuge column (100 KD weight cut-off) @ 1000 rcf for 20 minutes at 4 °C. The DNA-

modified AuNPs were further washed 6 times with 1 mL of 10 mM Trizma buffer (pH 7.4) 

via resuspension and centrifugation and finally dispersed in 20 mM Trizma buffer (pH 7.4). 

The final solution was kept in 1.5 mL glass vials wrapped in tinfoil and stored in the dark 

at 4 °C. The final solution volume for each batch of modification was 300 μL. For each 

modified sample, we obtained ~10-fold more concentrated DNA-modified raspberry-

shaped AuNPs. Due to limited material (only 300 μL), UV-Vis analysis could not be 

performed to identify if there was a shift in the plasmon resonance of the AuNPs before 

and after functionalization. 
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4.2.4 SERS Measurements  
For all SERS substrates, 90 μL of the DNA-modified raspberry-shaped AuNPs were drop-

cast onto the surface of a clean glass coverslip and dried under ambient conditions. 

Fentanyl solutions were prepared in methanol (Sigma-Aldrich, >99%) and drop-cast onto 

the substrate, which was then dried under ambient conditions. Drug mixtures were prepared 

in solution, gently mixed, and drop-cast onto the substrate, which was then dried under 

ambient conditions. Functionalized SERS substrates were stored in petri dishes, wrapped 

in tin foil, and refrigerated at 4 °C.  

4.2.5 Instrumentation  
Preliminary SERS spectra were first collected at 532 nm, 638 nm, and 785 nm excitation 

wavelengths using a HORIBA-Xplora Raman confocal microscope equipped with a 100× 

(NA 0.90) objective. All remaining SERS experiments were performed using a HORIBA-

LabRAM with a 785 nm excitation source, a 600 gr/mm diffraction grating, and a 100× 

(NA 0.90) objective.  

4.3 Results and Discussions 

4.3.1 SERS Detection of Fentanyl using Raspberry-Shaped 
AuNPs 

To prepare SERS substrates for detection before aptamer functionalization, 90 μL of 

raspberry-shaped AuNPs (without aptamer) was drop-cast onto a clean glass coverslip and 

dried under ambient conditions. 500 ng/mL of fentanyl was added to the substrate to collect 

SERS spectra of fentanyl at three different wavelengths to select the proper excitation 

wavelength for best results. Each SERS spectrum was collected under identical conditions: 

15-second acquisition time, five accumulations, 100 μm pinhole, 300 μm slit, and laser 

power of 8.66 mW (532 nm), 2.54 mW (638 nm), and 4.96 mW (785 nm). Figures 4.1a-c 

show the spectra collected at 532 nm, 638 nm, and 785 nm. Poor signal-to-noise and strong 

fluorescence are evident across the spectral range. Using the 638 nm laser, a strong mode 

at 1000 cm-1 is seen, but all other peaks in the spectrum are masked by fluorescence. This 

strong peak at 1000 cm-1 is a result of a C-C-C trigonal bend or a C=C bend in the terminal 

benzene ring (Figure 4.1d). Using an excitation source of 785 nm, an ideal spectrum of 
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fentanyl was collected, displaying several clear Raman modes. Other Raman modes are 

shown at 619 cm-1, 743 cm-1, and 1594 cm-1.21,22 The remaining experiments were 

conducted using 785 nm as the excitation source, despite a plasmon resonance at 648 nm 

(Figure S2) and a longer acquisition time (45 seconds) was used to improve the signal-to-

noise. 

 

Figure 4.1 Comparative SERS spectra of fentanyl collected at (a) 532 nm, (b) 638 nm, 

and (c) 785 nm under identical conditions. The chemical structure of fentanyl, along with 

the C-C-C trigonal bend in the terminal benzene ring responsible for the diagnostic mode 

at 1000 cm-1, shown in (d).  

4.3.2 Spectral Characteristics of Hybrid SERS-DNA Platforms 

Several Raman modes are observed across the fingerprint region from 500 to 2000 cm-1. 

Figure 4.2 summarizes the Raman spectra over the 500-2000 cm-1 spectral region for 

AuNPs before and after functionalization with the aptamer. The SERS spectra with and 

without fentanyl are also shown. No clear Raman modes are observed in the spectrum of 
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bare AuNPs, but there is evidence of background from the glass between 1300 and 1500 

cm-1. However, when fentanyl is drop-cast onto raspberry-shaped AuNPs and dried on the 

surface of a glass coverslip, a strong Raman mode at 1000 cm-1 can be observed at low 

concentrations (<100 ng/mL). The aptamer conjugated with AuNPs exhibits several modes 

across the spectral range, including 663 cm-1, 733 cm-1, and 759 cm-1. When fentanyl is 

added to the substrate containing aptamer-AuNPs at a concentration of 3.3 μM, two distinct 

peaks are observed at 733 cm-1 and 1000 cm-1. The Raman modes associated with the 

aptamer-AuNP vanished when fentanyl was introduced. This is likely due to the aptamer 

conformational structure upon recognition of fentanyl.   

 

Figure 4.2 (a) Raman spectra of bare AuNPs on glass (black), AuNPs with fentanyl 

(red), functionalized AuNPs with aptamer (blue), and aptamer-AuNPs with fentanyl 

(green). (b) visual representation of the substrate modifications for each spectrum. 

4.3.3 Quantitative SERS Detection of Aptamer-Fentanyl 
Interaction 

The role of an aptamer in biosensing applications is to recognize its target with high 

affinity. In this application, we have selected a thiolated and fentanyl-specific aptamer for 

SERS detection of fentanyl. The high specificity of aptamers towards fentanyl was 

demonstrated in previous works.1,15 This aptamer binds to the surface of the gold nano-

raspberries through strong covalent sulphur-gold bonds (Figure 4.3a).  
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Figure 4.3 Proposed binding mechanism of the aptamer and gold nanoparticles via 

sulphur-gold covalent bonding at the thiol group located at the 5’ end of the aptamer (a). 

SERS spectrum of the fentanyl-binding aptamer collected at 785 nm (b). 

The most notable peaks in the hybrid aptamer-SERS fentanyl spectrum are at 663 cm-1 

(guanine ring breathing) and 733 cm-1 (adenine ring breathing). The SERS spectrum of 

DNA is characterized by three central regions: nucleotide base vibrations (500-800 cm-1), 

phosphate and sugars (800-1200 cm-1), and the vibration of the DNA skeleton (1200-1600 

cm-1). Moreover, in the SERS spectrum of the aptamer, we can see several other peaks, 

including 760 cm-1 (cytosine ring breathing), 960 cm-1 (-NH2 vibration on adenine), 1165 

cm-1 (skeletal ring vibration), and 1465 cm-1 (vibration of deoxyribose and adenine) (Table 

4).23–26 The peak integrations at 663 cm-1 and 733 cm-1 will be monitored upon addition of 

Fentanyl to the substrate to assess the aptamer's behavior in conformal contact with its 

target.  
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Table 4. Raman wavenumbers and peak assignments of the fentanyl-binding aptamer. 23–

26 

Raman Shift / cm-1 Peak Assignment 

663 Guanine breathing  

733 Adenine breathing 

760 Cytosine breathing 

960 -NH2 vibration on adenine 

1165 C8-H bending, C4-N9 stretching, NH2 

of guanine rocking 

1344 Skeletal ring vibration  

1465 Vibration of deoxyribose and adenine 

The sensitivity of this approach methodology depends on the SERS signal intensities of 

fentanyl and the aptamer. When fentanyl is added to the substrate, spectral changes in the 

aptamer are expected as the aptamer chain undergoes a conformational change upon 

binding to fentanyl. The anticipated spectral changes are therefore functions of the aptamer 

surface density on the gold nanostructure and of the guest-molecule concentration. The 

random nature of raspberry-shaped AuNPs also contributes to reproducibility and spectral 

variation in SERS.  

Initial measurements were done with a 0.75 μM concentration of aptamer with an 

increasing concentration of fentanyl (50 ng/mL-500 ng/mL). Two clear Raman modes at 

663 cm-1 and 773 cm-1 are evidenced in each spectrum shown in Figure 4.4a. These two 

peaks are assigned to the guanine- and adenine-ring-breathing modes of the aptamer. The 

peak integration of the mode at 733 cm-1 (720-750 cm-1 in Figure 4.4b) suggests that this 
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peak experiences moderate spot-to-spot signal variation but remains constant. A noticeable 

spectral change in the 1000 cm-1 Raman mode is observed at a Fentanyl concentration of 

500 ng/mL. A Raman mode at 1000 cm-1 is present at a lower concentrations of fentanyl 

but has similar intensity for fentanyl concentrations ranging from 50 to 400 ng/mL.  

 

Figure 4.4 SERS spectra with increasing concentration of fentanyl (50-500 ng/mL) using 

0.75 μM aptamer. Spectra show a mode at 663 cm-1 and 733 cm-1 (aptamer) and a weak 

peak at 1000 cm-1 (fentanyl) (a). Calibration curve based on the peak integration of the 

modes at 733 cm-1 (720-750 cm-1) and 1000 cm-1 (975-1015 cm-1). Error bars represent 

the standard deviation of five spectra. 
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In a second series of experiments, the aptamer concentration was increased to 1.5 μM to 

determine if the detection limit of fentanyl could be improved for concentrations lower 

than 500 ng/ml. The same concentrations of fentanyl were used to test the sensitivity of the 

aptamer (50-500 ng/mL), and the Raman spectra is reported in Figure 4.5a. The Raman 

mode at 663 cm-1 decreases in magnitude with increased concentration of fentanyl (Figure 

4.5 b). The disappearance of the Raman mode at 663 cm-1 is caused by the aptamers’ 

structure-switching functionality when in contact with its fentanyl target. When the 

aptamer is in proximity with fentanyl, it undergoes a conformational change, bringing 

fentanyl closer to the SERS hot spots and increasing the Raman signal of fentanyl beyond 

concentrations of 400 ng/mL. This conformational change is expected to be from double-

stranded B-form DNA to a parallel G-quadruplex or a Z-form G-C hairpin.23,27 Regardless, 

the conformational change that the aptamer undergoes eliminates the Raman mode at 663 

cm-1, suggesting that the guanine bases are rearranged in a new configuration. The Raman 

mode at 733 cm-1 (adenine breathing) remains constant under similar conditions to those 

tested previously, and similar spot-to-spot variation is observed. Using the 1.5 μM aptamer, 

a linear increase of the peak area at 1000 cm-1 is seen from 300 ng/mL to 500 ng/mL.  
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Figure 4.5 SERS spectra with different concentrations of fentanyl (50-500 ng/mL) using 

1.5 μM aptamer. Spectra show a distortion in the mode at 663 cm-1 (aptamer) along with 

clear modes at 733 cm-1 (aptamer) and 1000 cm-1 (fentanyl) (a). Calibration curve based 

on the peak integration of the modes at 733 cm-1 (720-750 cm-1) and 1000 cm-1 (975-

1015 cm-1). Error bars represent the standard deviation of five spectra. 

Finally, the 3.3 μM aptamer was tested for its sensitivity towards fentanyl to validate the 

observations of the previous concentrations. Raman spectra and intensity variations for 

distinct Fentanyl concentrations are shown in Figure 4.6a and b. Here, the most evidence 

of aptamer-target recognition is seen in the SERS spectra. The Raman mode at 663 cm-1 

has completely disappeared across each spectrum. The Raman mode at 733 cm-1 follows a 
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similar trend. A linear increase in the peak area of the Raman mode is observed from 50 

ng/mL to 500 ng/mL, with R2 values of 0.9827 (1000 cm-1) and 0.7860 (733 cm-1). These 

are strong indications of the conformational change. It is anticipated that as the aptamer 

concentration increases, spectral sensitivity will increase as well. Each concentration tested 

provides insight into the aptamer’s characteristics. Although the aptamer’s structure-

switching morphology is only predicted, Raman data offer insight into how the bases 

rearrange in the presence of fentanyl. A LOD of fentanyl was calculated to be 9.67 ng/mL 

using this approach.  

 

Figure 4.6 SERS spectra of Fentanyl (50-500 ng/mL) using an aptamer concentration of 

3.3 μM. The spectra show the disappearing mode at 663 cm-1 along with clear modes at 

733 cm-1 (aptamer, adenine breathing) and 1000 cm-1 (fentanyl) (a). The calibration curve 

is based on the peak integration of the modes at 733 cm-1 (from 720-750 cm-1) and 1000 

cm-1 (from 975-1015 cm-1). Error bars represent the standard deviation of five spectra. 

The R2 values of 0.9827 (integration of the Raman mode at 1000 cm-1) and 0.7860 
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(integration of the Raman mode at 733 cm-1) indicate an increase in peak area with 

increased concentration of fentanyl.  

4.3.4 Assessment of Aptamer Specificity in a Binary Mixture 

This specific aptamer is designed to bind only to fentanyl. To evaluate the sensitivity and 

selectivity of the selected aptamer, we are exploring a binary mixture of fentanyl and 

caffeine for preliminary testing of the aptamer's SERS specificity towards fentanyl. The 

structure of caffeine contains several Raman active features. The SERS spectrum of 

caffeine shows several unique modes, but none of them interfere with the Raman modes of 

fentanyl. Caffeine shows several Raman modes with moderate intensity at 556 cm-1, 725 

cm-1, 800 cm-1, 912 cm-1, 1170 cm-1, 1885 cm-1, and 1616 cm-1.28–31  

Three fentanyl-caffeine mixtures were prepared with 1 %, 5 %, and 10 % mixtures of 

fentanyl and caffeine (w/w) using an aptamer concentration of 3.3 μM. For each mixture, 

aptamer-SERS spectra were collected and averaged (Figure 4.7a, b). Figure 4.7d shows 

the reference spectra for 2 μg/mL caffeine, 3.3 μM aptamer, and a mixture of 2 μg/mL 

caffeine and 3.3 μM aptamer. At 1 % fentanyl, there is limited recognition of the aptamer, 

but the presence of fentanyl is seen at 1000 cm-1 and 1028 cm-1. The absence of an aptamer 

in the 1% fentanyl spectrum (Figure 4.7a) could be due to caffeine exhibiting a peak at 

725 cm-1 (O=C-C deformation) and outcompeting the aptamer on the surface. However, at 

5% fentanyl (Figure 4.7b), the strong peak at 733 cm-1 increases markedly, suggesting 

strong aptamer-target recognition. In Figure 4.7 c, the strong peak at 733 cm-1 is lost, and 

several additional peaks are seen. The substrate may be saturated with fentanyl and 

caffeine, making it challenging to achieve strong aptamer-fentanyl interactions. When 

SERS is used to quantify multicomponent mixtures, the spectra become complex to analyze 

because several peaks overlap in similar positions. Therefore, the quantification of fentanyl 

in binary mixtures using this approach requires further attention to address the specificity 

using SERS. Future experiments may use aptamer-SERS strategies to analyze 

multicomponent mixtures with more than two components and to explore the role of 

spectral mapping in characterizing the drug mixture more precisely. However, to address 

the complexity of the spectra when working with multiple components, machine learning 

algorithms should be integrated into the methodology. Machine learning algorithms could 
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help differentiate between fentanyl and structurally similar compounds, like analogues of 

fentanyl.32–34 Combining machine learning with the aptamer-SERS strategy could improve 

the predictive accuracy of drug detection and accelerate the discovery as well as current 

trends of street drugs.  

 

Figure 4.7 SERS spectra for 1 % (a), 5 % (b), and 10 % (c) mixtures of fentanyl and 

caffeine, where the spectra collected are n = 9, n = 6, and n = 9, respectively. Reference 

spectra of the 3.3 μM aptamer (red), 2 μg/mL caffeine (black), and 3.3 μM aptamer with 

2 μg/mL caffeine (green) are shown in (d). 

4.4 Conclusions  
In this chapter, a thiolated DNA aptamer is used in parallel with SERS to enhance 

specificity and improve detection limits of trace fentanyl via its vibrational fingerprint. Our 

selected aptamer is conjugated to raspberry-shaped gold nanoparticles (80-150 nm) to 

enhance the signal. Here, three concentrations of aptamer (3.3 μM, 1.5 μM, and 0.75 μM) 
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were tested for their specificity with fentanyl using SERS. We determined that a 3.3 μM 

aptamer concentration yielded high SERS sensitivity of fentanyl, seeing spectral evidence 

as low as 50 ng/mL. The specific detection of fentanyl in a mixture with caffeine was seen 

between 1-5 % with almost no interaction from caffeine shown in the SERS spectra. These 

results suggest that SERS can be applied as a valuable tool for the detection of fentanyl at 

low concentrations. More specifically, aptamer-SERS-based assays can be used as a 

reliable method for detecting traces of fentanyl in a binary mixture. 

 Future aptamer-SERS-based assays may explore multicomponent drug mixtures. 

Increasing the complexity of the drug mixture will be more representative of the 

composition of street drugs.  It is also essential to continue experiments and test substances 

that are structurally similar to fentanyl. Although the aptamer used has been shown to show 

high specificity towards fentanyl, structural similarities must be explored. The work shown 

here highlights the transition to the experimental setup and the use of portable Raman 

spectrometers. In such cases, the methodology can be altered for on-site and rapid detection 

of street drugs containing fentanyl and could help contribute to drug users making informed 

decisions on whether they use their drug or not.  

.  
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Chapter 5 

5 Final Remarks and Future Research  
In this thesis, SERS was explored for drug detection to improve analyte specificity at low 

concentrations. Fentanyl was selected as the target analyte because of its popularity in 

street drugs throughout Canada. Fentanyl is a potent synthetic opioid that is often known 

as a “silent killer” as it is laced in street drugs without the drug user knowing. Fentanyl is 

laced in street drugs at low concentrations and is often masked by several other components 

in the drug mixture, making it even harder to detect. In 2025, 63 % of opioid toxicity deaths 

have been linked to fentanyl, and 51 % have involved fentanyl analogues.1 This thesis 

attempts to improve the detection of fentanyl at low concentrations through surface 

modification techniques using SERS. Two main projects outlined in chapters 3 and 4 were 

explored for the detection of fentanyl using SERS.  Chapters 3 and 4 are summarized with 

their major conclusions and future directions.  

Chapter 3 includes work from a collaboration with Dr. Ian Burgess’ group at the University 

of Saskatchewan, with contributions towards a manuscript. Here, SERS and ATR-SEIRAS 

are evaluated for their ability to detect fentanyl, highlighting the potential advantages and 

disadvantages of both techniques. SERS was able to detect fentanyl down to 10 ng/mL, 

and SEIRAS could detect fentanyl down to 5 μg/mL. The future work and continuation of 

this collaboration may explore the electrochemistry of fentanyl combined with 

spectroscopy techniques. Electrochemical detection of fentanyl has the potential to be 

portable, rapid,3 and relatively inexpensive.4,5 Spectro-electrochemistry offers a 

comprehensive understanding of a molecule’s redox activity and its chemical structure, 

which can help bridge the gap for advancements in drug detection.6 Preliminary 

experiments have shown that fentanyl has unique redox activity. The cyclic voltammetry 

(CV) of 10 ppm fentanyl (dissolved in methanol) in 0.1 M NaF (supporting electrolyte) 

shows two oxidation peaks at 0.1 V and 0.5 V and two reduction peaks at -0.2 V and -0.4 

V (Figure 5.1a). With this knowledge, spectro-electro measurements can be used to 

observe the relationship between the Raman intensity, potential, and current as a function 

of time (Figure 5.1 b, c). This hybrid method could help provide insight into how fentanyl 

is metabolized or degraded over time.  
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Figure 5.1 Cyclic voltammetry of 10 ppm fentanyl recorded at 10 mV/s (a). SERS 

spectra recorded throughout the cyclic voltammetry (b). Relationship between the Raman 

intensity of the 1000 cm-1 mode, potential, and current, as a function of time (c).  

Chapter 4 included work using a fentanyl-specific DNA aptamer that Dr. Yi Xiao 

previously screened at North Carolina State University.7,8 The raspberry-shaped AuNPs 

were modified with a thiolated DNA aptamer to help improve the specificity and increase 

the Raman signal of fentanyl. The optimal concentration of aptamer (3.3 μM) was found 
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to improve the detection limit of fentanyl down 9.67 ng/mL. Binary mixtures of fentanyl 

and caffeine were briefly explored to identify the role of the aptamer’s specificity in SERS 

measurements. In these mixtures, fentanyl was clearly detected down to as low as 1 % 

(w/w) and future research should work towards improving the detection limits in 

multicomponent mixtures. Little to no caffeine was detected in these preliminary 

experiments, and further experiments are needed to confirm these findings. Although this 

method shows high potential for selective detection of fentanyl, the methodology has some 

limitations and requires more attention. The detection of fentanyl using the aptamer-SERS 

strategy relies entirely on the sensitivity of the thiolated aptamer, which requires 

preliminary screening and the consideration of alternative aptamers targeting fentanyl with 

high specificity and affinity.9 This technique also only considers one single target 

molecule, and future designs may incorporate several aptamers for multicomponent 

analysis with high sensitivity and specificity. Alternative SERS sensors have been 

developed to target other drugs like cocaine at low concentrations.9  With this criterion in 

mind, the future research directions using aptamer-SERS strategies for street drug analysis 

are highly feasible.  

The reality of drug detection is complex and requires an interdisciplinary approach to 

improve the current harm reduction services offered across Canada. This thesis outlined 

the potential use of spectroscopy-based techniques for detecting trace amounts of fentanyl 

using several surface modification methods. Additional work may explore the use of 

spectral mapping in SERS to evaluate a larger component of a drug mixture using smaller 

substrates.10,11 Focusing on on-site detection using these principles, alternative SERS 

substrates that are recyclable or wearable could also be explored to improve the scalability 

and accessibility of the detection methods.12,13 A versatile platform for drug detection 

should be developed, as these detection methods can be performed at several different 

stages of exposure.  

The opioid crisis is ongoing, and access to street drugs is becoming more readily available 

across Canadian cities. To combat the dramatic current number of overdoses (~20 fatal 

overdoses per day in Canada), accessible and accurate methods of drug detection have a 

significant role in improving drug safety and analyzing trends in street drug composition. 
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The use of several techniques, such as Raman and infrared spectroscopy, is also promising 

for mitigating the limitations of each method. Access to rapid and reliable drug testing can 

help reveal trends in street drugs and ultimately reduce the number of fatal overdoses. 

While current efforts are being made to help improve street drug safety, we hope that the 

experiments and results shown throughout this thesis help contribute to the ongoing efforts 

in place to help solve the opioid crisis. To conclude this thesis, I want to draw attention to 

several substance-related resources available across Canada. The Canadian Addiction 

Treatment Centre (CATC) contains helpful information on where and how to access 

addiction treatments, education, and community resources related to substance abuse 

across Canada.   

  

https://canatc.ca/resources/
https://canatc.ca/resources/
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Appendix A: Supporting Information 

 

Figure S1. UV-Vis spectrum of seed AuNPs. Plasmon resonance is centred at 521 nm. 

The inset shows a colloidal solution of seed AuNPs immediately after synthesis.  

 

Figure S2. UV-Vis spectrum of raspberry AuNPs showing the plasmon resonance 

centered at 648 nm. The 785 nm excitation source is labelled for reference. The inset 

shows a colloidal solution of raspberry AuNPs immediately after the synthesis.  
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Figure S3. Dynamic light scattering measurements of AuNP seeds (a) showing a median 

size of 18.02 nm and raspberry-shaped AuNPs (b) showing a median size of 153.23 nm.  

Zeta potential surface charge and stability measurements of AuNP seeds (c) with a 

median zeta potential of -75.85 mV and raspberry AuNPs (d) with a median zeta 

potential of -24.47 mV. 
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• Western University Spring open house volunteer (March 2025) 
• Thames Valley Science Fair judge for grades 7-12 (March 2025) 
• Participant in national scholarship ranking at UWO (February/March 

2025) 
• Invited speaker at the UWO WuChem kickoff event (2024) 
• Graduate Sisters in Science Mentorship Program (2024) 
• UWO Faculty of Science media interview (2024) 

https://ir.lib.uwo.ca/inspiringminds/668
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• Grad student life website focus group participant (2024) 
• Volunteer at the UWO Science Rendezvous (2024) 
• UWO Chemistry grad student focus group participant (2024) 
• Guest lecturer for CHEM 1011/1022, presenting undergraduate research, 

co-op, and overall experience at Dalhousie University (2023) 
• Poster presentation at the Dalhousie Chemistry Research Exhibition 

(2022) 
 


