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ABSTRACT OF THE DISSERTATION
APTAMER-BASED VOLTAMMETRIC BIOSENSING FOR THE DETECTION OF CODEINE AND FENTANYL IN SWEAT AND SALIVA
by
Rosa LaShantez Cromartie
Florida International University, 2021
Miami, Florida
Professor Bruce McCord, Major Professor
Despite the many governmental and medicinal restrictions created to combat the opioid epidemic in the United States, opioid abuse and overdose rates continue to rise. The development of an aptamer-based voltammetric sensor and biosensor is described in this dissertation. The aim was to develop a low-cost, sensitive, and specific aptamer-based sensor for on-site, label-free determination of codeine and fentanyl in biological fluids. To do this, the surfaces of screen-printed carbon electrodes (SPCE) were modified with gold nanoparticles (AuNPs), followed by the addition of single-stranded DNA aptamers. These were covalently bound to the electrode surface.  Operations of the sensors were collected using an electroactive solution such as ferrocyanate was aspirated onto the detector, producing a steady current due to oxidation at the electrode surface.  Upon target binding, the DNA aptamers coalesce. The resultant complex decreases access to the surface due to steric hindrance with a concomitant decrease in signal. Diffusion of the electroactive solution to the electrode surface increased when more significant target drug concentrations were present in the sweat. The generated electrical current was collected and analyzed via square wave voltammetry and electrochemical impedance spectroscopy.
 Applying this aptasensing approach to modified commercial SPCEs permitted the detection of nanomolar concentrations of codeine and fentanyl in biological fluids. After providing proof-of-concept with a commercial SPCE, a paper-based SPCE was developed for the aptasensing of opioids. The performance of the paper-based sensor produces a current approximately 2x less than the commercial disposable sensor.  Ultimately, the fabrication and development of this novel biosensor for the detection of opioids present a novel strategy for opioid detection through the use of disposable, paper-based, screen-printed carbon electrodes.  Furthermore, the low cost and convenience of this procedure should further aid the development of related screening methods for forensic and medical applications.
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[bookmark: _Toc84564851][bookmark: _Toc84608913][bookmark: _Toc85058935]Motivation and Objectives
[bookmark: _Hlk79788817]In a most recent report released by the United Nations Office on Drugs and Crime (UNODC), nearly 300 million people misused and abused drugs worldwide in 2018.1 The abuse of drugs has been a serious issue throughout the world, especially in the United States. In particular, opioids, known as schedule II drugs, have become one of the major sources of drug abuse. These drugs are commonly used as treatment options for pain, producing analgesic and sedative effects upon patients as they stimulate the opiate receptors in the central nervous system. By inducing the central nervous system, opioids can act as a potent agonist against the mu receptor, causing adverse effects by decreasing the level of consciousness, impairing the cognitive reaction system, and directly affecting the opioids on neurons to cause toxic effects. 2,3 Unfortunately, opioids have played a major role in drug hospitalization and deaths due to their users' frequency of use and abuse. During the 1990s, pharmaceutical companies began manufacturing prescription opioids on a major scale, making them widely available for healthcare providers two prescribed to their patients for pain relief. At that time, doctors were assured by the pharmaceutical industry that these drugs would not lead to patient addiction, a statement that was unfortunately incorrect. In fact,  many of their patients began forming addictions due to easy access, popularity, and inadequate legal supervision of opioids being prescribed. As a result, a dramatic rise in the use and abuse of prescription opioids began across the nation. Thus, becoming a concern to the government of the United States as the number of people becoming addicted to opioids increased and the death count began to rise.
Currently, the United States is experiencing an opioid overdose epidemic. This epidemic has occurred in three waves, the first beginning during the 1990s prescription drug hiatus. A second wave began around 2010 when heroin overdoses became more frequent. As a third wave followed, the use of fentanyl and other synthetic opioid increased, increasing deaths in and around 2013. Data provided by the CDC, Figure 1.1, shows that the death count continues to rise each year due to the increase in the availability of clandestine fentanyl and the development of novel synthetic analogs of fentanyl and other opioids steadily.4 While opioids have been a global heartache to many nations, and the United States has particularly suffered dramatically in this public health crisis. Over the past decade, the United States has witnessed a drastic increase in the use and abuse of pharmaceutical and illicit (natural and synthetic) opioids, resulting in over 700,000 overdose deaths.4
Prescription opioids and illegal opioids are addictive and can result in both fatal and non-fatal opioid overdose events. In recent years, scientists throughout the U.S. have made efforts to collect overdose data which would challenge public health officials to intervene and address the lag in real-time surveillance of the opioid crisis. The standard metric for gauging opioid consumption and abuse has been through data collection of overdoses and overdose-related deaths. Active real-time surveillance of opioid consumption, excretion, and disposal should also occur, as monitoring these activities can help officials identify which geographic risk factors can be detected and mitigated. Therefore, as this epidemic continues to grow, there is a need for rapid and reliable detection of these intoxicating substances in either their parent and/or metabolized form to aid local officials in monitoring abuse. 
The objective of the research described in this dissertation is to develop electroanalytical techniques to create a sensing platform that uses low sample volume to form a highly sensitive, selective, and affordable system for trace-level opioid detection in biological matrices. To this aim, selected opiate-specific aptamers were functionalized onto nanoparticles that had previously been deposited and bound to the surface of screen-printed carbon electrodes. These electrodes were then utilized for the detection of codeine in sweat and fentanyl in saliva. Detection was based on indirect sensing of these target drugs as their binding to the surface blocked access to an iron thiocyanate solution. Characterization of the electrode response was completed through voltammetric and impedance analysis of the response to various opiates and other interfering substances. 

[bookmark: _Toc84783691][bookmark: _Toc84815871]Figure 1.1 Three wave trends statistical data provided by the Center for Disease Control, which depicts the rise in opioid overdose deaths. 4
[bookmark: _Toc84564852][bookmark: _Toc84608914][bookmark: _Toc85058936]Scope of the Dissertation
The current chapter provides the motivation of the research work conducted for the completion of this dissertation. Chapter 2 briefly introduces electrochemistry and literature review of previous research on electrochemical sensing, biosensing, nanomaterials, aptamers, forensic electrochemical sensing, and opioids. Within Chapter 3, experimental details are provided on the chemical reagents and instrumentation. Chapter 4 details the development of a Microfluidic Paper Device (μPADs) for Forensic Serological testing. For continuity, chapter 5 details the fabrication and use of a paper-based screen-printed electrode used during the development of a label-free aptasensor is explained to detect codeine in sweat. Lastly, an overall conclusion and suggestions for future work is detailed in Chapter 6 of this thesis.
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[bookmark: _Toc84564854][bookmark: _Toc85058938]Literature Review
[bookmark: _Toc84564855][bookmark: _Toc85058939]2.1 Opioids and Opiates Overview
Generally, “opiates” are alkaloids derived from the opium poppy, Papaver somniferumi, which has been used since ancient times for medicinal and food purposes.1 The opium poppy latex, a dried yellow/brown substance, and its oil covered seeds, contains various alkaloids such as codeine, morphine, and thebaine. Opiates are often referred to as any natural narcotic alkaloid compound found within opium and its congeners, whereas opioids are both natural and synthetic compounds. The most important effect that opioids produce is their analgesic properties; however, respiratory depression, sedation, and mood-altering effects also occur. 
Opium has been medicinally used since the third millennium B.C. and may have been used recreationally even earlier.2 Gradually, opium has been modified in various ways to produce a variety of purified, semi-synthetic, or synthetic forms. In 1803, a German apothecary, Friedrich Sertürner isolated the main active constituent of opium and named this constituent morphine, after the Greek god of dreams, Morpheus.3 As a result of this experiment, the study of alkaloid chemistry was born and hastened the emergence of a new pharmaceutical industry. Following this study, other alkaloids with similar structures were isolated from organic substances; this separation method was also used to isolate caffeine (1820) and nicotine (1828) from their parent compounds. 4 It was not until 1923 that the structure of morphine was revealed and until 1952 when the complete chemical synthesis of morphine was confirmed. The elucidation of the chemical structure of morphine led to additional work involving the development of semi-synthetic and fully synthetic compounds yielding similar pharmacological actions as morphine. This work ultimately led to the development of more potent, longer-acting, and more effective opioids such as levorphanol, methadone, and fentanyl. 
There are three forms of opioids which include: natural, semi-synthetic, and synthetic compounds. Natural opioids are extracted from the opium poppy seed and include compounds such as–morphine and codeine. Semi-synthetic opioids are chemically produced from natural opioids to produce similar pain relief at an adjusted potency. 5 Examples include oxycodone and hydrocodone. Synthetic opioids are chemically manufactured, yielding various chemical structures classified based on the number of substitutes added to the nitrogen heterocycle. Synthetic opioid analgesics include oxycodone, methadone, tramadol, and fentanyl. Opioid overdoses have reached a crisis stage, becoming the leading cause of mortality amongst drug users. Figure 2.1 shows examples of opioids and their classifications:

[bookmark: _Toc84783692][bookmark: _Toc84815872]Figure 2.1 Examples of opioid classification being either natural, semi-synthetic, and synthetic.
Dozens of opiates have been extracted from the opium poppy seed and derived synthetically into other drugs with similar analgesic effects on the body and the brain as those naturally grown. Morphine is one of the natural opioids that continues to be the gold standard for pain management, alternative opioids such as oxycodone and methadone have become an important alternative to morphine. When morphine is excessively used, the response to the over usage of this drug can cause side effects such as opioid toxicity. Although reducing the dose of morphine consumed is most efficient in opioid toxicity management, the dependency on the drug can be hard to overcome. As a result, alternatives are sought to produce “better” outcomes,  although this is not often the case. Each derived drug has similar effects to naturally occurring drugs, and caution should be taken as the potency differs amongst each drug, especially opioids, as a result of being were chemically modified. 
The history of opioids has dated back to the 1800s, where the United States can be dated as far back as 1775. It was not until after a treaty between China, the British, and the United States that ended the first Opium war in 1844 after discovering opium smuggling in China from the British caused numerous health problems related to opium addiction. The first formal treaty would force China to make a series of other treaties, better known as “unequal treaties”, to avoid wars waged by the Western powers to assure the importation of goods that would give unfettered access to the European and U.S. trade markets and Chinese products.  6 Although treaties were made, this problem remained with the United States, and it was not until the end of the civil war that morphine became a major concern due to the large number of injured veterans who became addicted. 1 Federal drug imports and exports would become controlled by federal regulations and tariffs, which required narcotic drugs to become labeled with their purity.  As a result of addiction issues, the Harrison Narcotics Act of 1914 was used to place restrictions on opioids to help combat commercial usage and place stronger regulations on domestic trades. The Harrison Act would commercially oversee the legal trade of narcotic drugs and penalize anyone caught illegally trafficking these drugs. The U.S. government was not involved in drug enforcement, which relied on local law officials to enforce penalties that appealed the Harrison Act. As years progressed, President Lyndon B. Johnson developed a Commission on Narcotics and Drug Abuse that allowed Congress to develop the FDA Bureau of Drug Abuse Control in 1966, which created hundreds of drug laws. In order to consolidate the number of laws to regulate, Congress enacted the Comprehensive Drug Abuse Prevention and Control Act (Controlled Substance Act) in 1970. The Controlled Substance Act would list drugs that would be federally regulated, expanding beyond narcotics and include any previously regulated substances. Aimed to protect the public’s health, Congress imposed a framework that would analyze drugs, including any federally regulated substance, and labeled them as controlled substances, which means that any substance that could lead to dependency or a risk of abuse, whether medicinal or recreational, legally, or illegally distributed, this act would cover. Through further development, the Controlled Substance Act would establish a five-tier schedule of drugs based on eight factors of analysis that would label drugs and any immediate precursors as scheduled controlled substances. 7  However, there was a lack in considering any derivatives of the drugs listed, allowing for the use of opiates and any substance isomers to be exempt. 
As the production and distribution of opioids drastically increased throughout the drug market, both legally and illegally, a significant trend in drug abuse began to range from prescription drug abuse to heroin usage to synthetic drug usage. One observed trend that continues to occur is the increasing steady rate of overdosed death from prescribed opioids. Ideally, this is a result of prescribed opioids not been closely monitored by their consumers and open distributions to anyone once the prescriptions are filled. The abuse of prescription opioids increased, which took a substantial toll on society, including treatment of patients and the prescribing of physicians. The increase in overdoses and mortality associated with opioid abuse resulted in President  Richard Nixon declaring war on drugs, creating the  Drug Enforcement Administration (DEA). The DEA would then monitor and regulate the Controlled Substance Act in the United States by setting national standards that provide governmental oversight to create and pass laws discouraging the abuse of controlled substances such as opioids and opioid distribution.
As the Harrison Act placed more substantial restrictions on narcotics becoming labeled under the Controlled Substance Act, new synthetic drugs would market in the pharmaceutical world. While many pharmaceutical companies heavily pushed for the use of opioids as painkillers to doctors and hospitals, they adversely omitted the potential for abuse and addiction. In 1996, OxyContin would make its way into pharmacies as a long-term pain killer, causing a significant increase in the number of prescriptions filled. The overzealous use of prescribed opioids for treatment became a profound concern to public health. Thus, in the early 2000s, the U.S. government began placing stricter guidelines on prescribing opioids and drugs alike, leading to addiction or drug dependency. With prescription drugs being regulated and the lack of adequate legal and affordable alternatives, people who have become dependent on prescription opioids for pain treatment turned to illicit street drugs, which resulted in using and abusing heroin to fill their void of addiction. Heroin was a much cheaper and readily available drug that was easier to use instead of prescribed pills. In 2010, the supply and demand for heroin increased five times higher and concomitant overdose events, some of which resulted in death. Therefore, in addition to the increase of heroin users, in 2013, there was a rise in the production and use of synthetic opioids.
Although there are numerous drawbacks to using synthetic opioids, there are a significant number of benefits that synthetic opioids have over naturally derived opioids. Synthetic opioids begin to pick up the slack of natural and semi-synthetic opioids where natural and semi-synthetic opioids rely on the absence of planting, harvesting, and cultivating a drug of interest. In contrast, synthetic opioids can be produced in larger quantities and at lower prices. While many would argue that synthetic opioids are higher in potency, which is true; however, the positive results from the higher potency of synthetic opioids mean that the administration of these drugs can help relieve chronic pain in medical situations. 
Medical treatments with prescriptions are also considered semi-synthetic and synthetic opioids, and the illicit drug market sought a way to retain opioid dependents by developing synthetic street opioids.  The growth in sales and demand of these opioids can rise steeply due to these drugs having an easy synthesizable process and being readily accessible. In addition, they would be distributed at a lower rate than pharmaceutical companies are profiting from people.
The increase in synthetic opioids continues to be a concern in the U.S as it contributed to the current opioid epidemic. The request for drug screening tests has become a highlighted factor in raising awareness of opioid abuse and finding initiates to address this crisis. Attention has focused on the individuals who struggle with substance abuse disorders being cognitive and determined to seek the treatment needed. 
[bookmark: _Toc84564856][bookmark: _Toc85058940]2.1.1 Opioid Binding
According to the Center for Disease Control and Prevention, opioids are classified as drugs that are used for their sedative effects while experiencing pain caused by cancer, post operations, and pain that other narcotic pain relievers do not provide relief. Unfortunately, the chronic use of opioid very often leads to addiction. The process of addiction in the body is caused by the activation of endogenous counter regulatory mechanisms. As opioids are continuously used, these regulatory mechanisms reject the effects that cause analgesia and increase tolerance levels that normally become induced after consumption. By losing the ability to suppress pain, the body becomes dependent on opioid consumption at a higher potency level. 8 This kind of exposure dysregulates brain circuits and lead to compulsive behavior that seeks more drugs. The addiction to opioids has caused many physicians to become reluctant to prescribe opioids which has contributed to the undertreatment of chronic pain, causing many to seek nonmedical access to these drugs. 
[bookmark: _Hlk84441835]Researchers became eager to understand the molecular nature of opioid agonist efficacy and the general effects of opioids in humans. As researchers were motivated to develop better analgesics, therapeutic effects of opioids ligand binding and the adverse and biological effects that happen upon activation were studied. Concepts of binding sites of opioids were first proposed between the mid-1950s and 1960s. After chasing this proposal, the first pharmacologic studies of opioids and the potential of ligand binding focused on opiate analgesia in humans, which later led to discovering the actual sites of binding in 1970 by opioid receptors.9 Following this discovery, the identification of opioid active like materials in the brain and the affinities for the receptors known as endorphins. A family of opioid peptides, endorphins were used to characterize and confirm opioid binding.  The stereospecificity and saturable binding of opioid analgesics and antagonists were later observed in the brain and nervous tissues in an effort to identify nerve growth factors. 9
Opioid binding occurs on one of the largest, most diverse groups of 7-transmembranes in the body known as the Gi/ Go protein-coupled receptor (referred to throughout as the G-Protein Coupled Receptor or GPCR). 10 The GPCR mediates most hormones, neurotransmitters, and drug responses for the body. There are three types of receptors where endogenous peptide to opioid binding occurs at high affinity, which has been identified as—Mu (μ), Kappa  (κ), and Delta (δ).  Mu receptors trigger emotional and pain responses. When an opioid is activated onto the μ-receptor, it can produce therapeutic responses such as relieving pain through supraspinal analgesia, depressing respiration, suppressing appetites, and potentially becoming a source of addiction as the brain functions become altered and led to physiological can psychological dependency on the drug. 11 This receptor is primarily found in the brainstem and medial thalamus, which makes the abuse of opioids concerning.  Most opioids that bind to the μ receptor are considered μ agonists. Figure 2.2 presents a plane, extracellular, and intracellular view of a 7-transmembrane GPCR of the μ-opioid receptor containing ligand binding spheres for opioid binding.  As opioid binding occurs to the κ receptors, a chemical response signal is triggered. These responses are linked to mood and rewarding behaviors by constant anxiety and creating depressive-like behaviors when opioids bind and activate the kappa receptors in the limbic, brain stem, and spinal cord. When opioids bind to δ receptors, a person’s mood is regulated by increasing anxiety depressive-like behaviors, leading to convulsions such as delusions and hallucinations.  12

[bookmark: _Toc84783693][bookmark: _Toc84815873]Figure 2.2 Plane, extracellular, and intracellular view of a 7-transmembrane GPCR of the μ-opioid receptor containing ligand spheres shown in green where opioids have the ability to bind. 13
The chemical structures of opioid ligands have been presented to impact the binding affinities of opioids to their receptors greatly. The responses of opioid binding to the receptors have been categorized into 3 types of responses: agonist, antagonist, and partial agonist responses. These categories are also used to help classify opioids. Agonists responses are often seen when binding produces its maximum effect onto the receptor. At the μ-receptor, different affinities and efficacies can be found based on the potency of the binding drug. 14 Traditionally, agonist opioids are selective for their high affinities for μ opioid receptors and their ability to bind other opioid receptors. An agonist chemical binding occurs when drugs bind to the receptor and stimulate physiological activity. Antagonists opioid binding responses have no intrinsic activity after binding to receptors and usually prevent agonist opioids access to the receptors. The most common drug that produces this response for opioids is Naloxone, a medicine used to reverse opioid overdoses. 15 Theoretically, Naloxone “pushes” opioids off the receptors, thereby reversing their effects and blocks further binding. Lastly, partial agonist responses occur in receptor binding to produce submaximal responses no matter the binding of the drug and the dosage administered. 10
Besides being in the brain, the opioid receptors are distributed throughout the central and peripheral locations of the nervous systems, lesser throughout the peripheral than the central nervous system. They are expressed widely at their presynaptic and postsynaptic terminals, as well as other non-neuronal tissues. These terminals are poised to modulate responses of perception and pain; therefore, when opioid receptors become activated, they act as neuronal inhibitors. 
Presented in figure 2.3 is an illustration that represents the presynaptic and postsynaptic terminals central nervous system’s 7- transmembrane GPCR where the opioid receptors and their binding ligands (not pictured) are located. When opioids become bound to the receptors, actions occur at each terminal. 16 At the presynaptic terminal, opioids can inhibit the release of neurotransmitter neurons which causes adverse effects to the nervous system (if agonist opioids) and results in opioids being released. 11,16 Opioids that act at the postsynaptic terminal inhibit the release of the opioid to the body allowing for the release of neurotransmitter neurons. During opioid inhibition, neurons that release neurotransmitters are typically depolarized at each nerve terminal entry in Ca2+ voltage-sensitive channels, causing a reduction in the entry of neurons. An indirect effect also occurs as K+ current increases from neurons, thus causing a shortage in repolarization time and the opioid’s duration of the action. Opioids can produce both of these effects because GPCRs are directly attached to the K+ channels and voltage-gated Ca2+ channels, causing the opioid receptors to be directly attached to the channels as well.16

[bookmark: _Toc84783694][bookmark: _Toc84815874]Figure 2.3: Intracellular changes involving repolarization of the K+ and depolarization Ca2+ channels at the presynaptic and postsynaptic terminals within the central nervous system upon an opioid agonist binding to the G-Protein Coupled Receptors.
[bookmark: _Toc84564857][bookmark: _Toc85058941]2.1.2 Opioid Metabolism 
Opioid have been the cornerstone of relieving pain for thousands of years, therefore, understanding the metabolism of opioids is vitally important for the public health. Metabolism allows for drugs to be biologically transformed through alterations in the drug structure as it is processed through the body. After consumption, the metabolism of opioids can result in the production of both inactive and active metabolites, which can lead to intermediate products to be produced or toxicity, or both.17 
Although opioids are typically lipophilic, which enables them to cross cell membranes to reach the tissues in which they target, the majority of opioids undergo an extensive first pass metabolism in the liver before entering the systemic circulation prior to elimination.17 This process allows for the reduction of bioavailability of the opioid. The metabolism of opioids, usually involves demethylation and glucuronidation stages, in the liver, where enzymes are produced in 2 phases of metabolism: Phase 1 metabolism: modification and Phase 2 metabolism: conjugation.18 
In the phase 1 metabolism, drug oxidation or hydrolysis is undergone through the cytochrome (CYP) pathway which facilitations reactions such as dealkylation, hydroxylation, oxidation, sulfoxidation, deamination, and dehalogenation. Phase 2 metabolism is not involved with the CYP system and only conjugates drugs, producing hydrophilic substances. The most important reaction in phase 2, involves the glucuronidations of 4,5-epoxymorphinan opioids which are catalyzed by the enzyme uridine diphosphate glucuronosyltransferase (UGT). This metabolic process alters phase 2 opioids to produces highly hydrophilic molecules, which then allows the kidneys to excrete the drug. 
Medicinally, opioids are typically used in situations revolving around moderate to severe and chronic pain relief. However, the effects and responses induced by the use of opioids are much broader, dependent on the central nervous system response and the peripheral response effects. Understanding the efficacy and tolerability of opioids and how they are metabolized allows researchers to explore the results of drug-drug interactions. This can include studies of metabolic effects, treatment dosing and therapeutic drug monitoring.
[bookmark: _Toc84564858][bookmark: _Toc85058942]2.2 Codeine 
[bookmark: _Toc84564859][bookmark: _Toc85058943]2.2.1 Overview
[bookmark: _Toc84564860]Codeine is a common narcotic analgesic that has been used as a model opiate in many studies. Between the years of 1832 and 1833, a pharmacist by the name of Pierre-Jean Robiquet worked to extract impurities of morphine from opium which led to the isolation of the chemical compound codeine. 19,20 Codeine, C18H21O3N, is the methyl ether metabolite of morphine with analgesic, sedative, and antitussive properties, making this useful in pharmaceutical studies.  21 10% of codeine that is orally consumed forms morphine, making it a vulnerable drug for abusers of morphine, heroin, and other opiates. 22,23 
[bookmark: _Toc85058944]2.2.2 Pharmacology 
Like other opioids, the misuse of codeine can lead to respiratory failure, coma and eventually death as opioids have pharmacologic effects throughout the human body. The structure of codeine is similar to that of morphine, figure 2.4, but it has an affinity  ~200 times less for μ-opioid receptor binding than morphine.24 According to Gretler et al. the process of metabolism of codeine in humans, Figure 2.5, primarily occurs within the liver where conjugation with glucuronic acid produces inactive and active metabolites through demethylation. 25,26


[bookmark: _Toc84783695][bookmark: _Toc84815875]Figure 2.4 Structure comparison of codeine to morphine

[bookmark: _Toc84783696][bookmark: _Toc84815876]Figure 2.5 Metabolism process of codeine in humans, including the CYP enzymes used for forming codeine metabolites 25,26

[bookmark: _Toc84564861]The majority of administered codeine becomes inactivated by the process of glucuronidation to codeine-6-glucuronide by uridine 5′-diphosphate glucuronosyltransferase-2B7 (UGT2B7) and the process of demethylation.24,27 The demethylation pathway processes involve the use of cytochrome P450-3A4 (CYP3A4) enzymes  for  N-demethylation of the tertiary amine group to transform codeine into norcodeine. The presence of norcodeine has never been detected without the presence of codeine, and therefore, the presence of norcodeine is considered evidence of codeine usage. In addition, O-demethylation of the methoxy group in the third position uses cytochrome P450-2D6 (CYP2D6) enzyme to produce morphine after metabolization.24,27 Only ~10% of codeine is metabolized into morphine and attributed to codeine’s analgesic effects, whereas ~50-80% is excreted as codeine. 
[bookmark: _Toc85058945]2.2.3 Usage and Position in Opioid epidemic
Continued use of codeine increase tolerance to pain and decreases any form of discomfort that may occur. This relatively inexpensive drug is commonly prescribed for pain relief in either tablet or liquid form. The frequent usage of codeine causes many people to develop a tolerance to the euphoric effects produced by codeine. Users initially take the drug to cope with physical pain but later use it to cope with emotional pain and dependency. 
Codeine has been used therapeutically to treat mild to moderate pain that is not relieved by non-opiate analgesics. It is also commonly used as a cough suppressant when mixed with other drugs. Whether used alone or in combination with other compounds, codeine administration can increase tolerance causing a risk of dependency. 
Aside from its therapeutic use, as a liquid, codeine has been abused in the form of cough syrup referred to as the “Purple Drank”. The recreational usage of this drug consists of mixing prescription-grade codeine cough syrup with soft drinks in order to dilute and permit consumption of larger quantities of the drug in a tolerable form. The readily availability of this lethal cocktail within the entertainment industry has further contributed to the opioid epidemic. 
[bookmark: _Toc84564862][bookmark: _Toc85058946][bookmark: _Toc84564863]2.3 Fentanyl
[bookmark: _Toc85058947]2.3.1 Overview
Fentanyl was first synthesized in 1960 by a group of researchers lead by Paul Janssen with the intent to develop a more powerful, narcotic drug that had fewer unwanted side effects than morphine. 28,29 Early studies leading to the discovery of fentanyl were initiated through an examination of  the structure of meperidine, a morphine-like analgesic.  The researchers found that the piperidine ring of the chemical structure produced analgesia.30 They also discovered that more lipid soluble analogs enhanced the analgesic potency.  After making several alterations, a new molecule was synthesized—phenoperidine, resulting in an opioid with 100 times more potency than morphine. This opioid would then lead to the synthesis of fentanyl with the main structural regions, including an amide group, aniline ring, piperidine ring, and an N-alkyl chain.31 (Figure 2.6) Since its synthesis and patenting in 1965 32, fentanyl has been used medicinally for pain relief and surgical anesthesia. .33-35  

[bookmark: _Toc84783697][bookmark: _Toc84815877]Figure 2.6 Structure of Fentanyl and the regions at which modification can occur for derivatives
[bookmark: _Toc84564864]
[bookmark: _Toc85058948]2.3.2 Pharmacology 
Although its initial administration was performed by medical authorities intravenously, noninvasive dosing of the drug can take place through trans dermal administration, nasal spray administration, and sublingual administration.36,37 36,37 The synthetic drug is a lipophilic phenylpiperidine opioid agonist, and is activated by binding to the μ-opioid receptor. The binding affinity of fentanyl to the μ-opioid receptor is similar to that of morphine 29; however, fentanyl is around 100-300 times more potent than morphine depending on its physical properties and how it is exposed in assay. Additionally, fentanyl has a half-life of range between 3-7 hours, with a route of elimination to occur within 3-4 days through urine; whereas morphine has a half-life range of 2-4 hours when metabolized into normorphine, with a route of elimination within 2-3 days. 
[bookmark: _Toc84564865][bookmark: _Toc85058949]2.3.3 Analogues and Derivatives 
Over the past decade, the number of newly reported novel psychoactive substances, including opioids, has drastically increased and with the list of fentanyl analogs expanding to approximately 83 compounds. Following its synthesis in 1960, various synthetic approaches and structural changes have resulted in numerous fentanyl analogs and derivatives being synthesized. (Figure 2.7) Fentanyl analogs are designed to mimic the pharmacological effects of fentanyl; however, this is not always the case. In some cases the manufacturers synthesize these analogs to bypass classification and the restrictions on use. Initially, traces of illicit fentanyl and its analogs production were traced back to parts of China and Mexico, however current production is likely occurring worldwide. Synthetic drug producers have been experimenting with the chemical structures of fentanyl and its known analogs, making the slight changes to create structural modifications. The goal for this process is to create new synthetic substances for the drug market. By exploring scientific literature distributors can develop and profit from these new substances without understanding the consequences.  In many cases the  newly created drugs have higher potency than fentanyl itself, making them more harmful to users and hazardous to handle. 
Some example compounds that have been synthesized and administered to the public for medicinal and veterinary use include remifentanil, alfentanil, sufentanil, carfentanil, and thiafentanil. Due to reports of high abuse and dependency levels, the DEA labeled these controlled substances as Schedule II drugs based on the Controlled Substances Act, while other analogs that have not been approved for human and animal administration are Schedule I drugs. As previously mentioned, fentanyl is 100 times more potent than morphine, and 50 times more potent than heroin. The fentanyl analogs remifentanil, alfentanil, and carfentanil have been reported to be 200 times, 600 times, and 10,000 times more potent than morphine.38

[bookmark: _Toc84783698][bookmark: _Toc84815878]Figure 2.7 Chemical structure of fentanyl and some of its foremost known analogs.34  
New fentanyl analogs continue to emerge on the drug market, often adding to the number of overdose-related deaths. Eventually these drugs are added to a list of controlled substances. Unfortunately, there is rarely sufficient information on the biotransformation of drugs, the length time required for drug elimination from the body after breaking down, and what analytes are produced before and after elimination.  
As opioids are considered the cornerstone of the management for pain caused by cancer, post operations, and other noncancer-related pain, it is imperative to understand the metabolism of these drugs for the safety of its consumers and administrators. Many metabolites are formed directly and indirectly from fentanyl after undergoing biotransformation through multiple rounds of hydroxylation and dealkylation. As seen in figure 2.8, after human consumption it can be seen that fentanyl metabolizes within the liver into several inactive and active metabolites. 39  The inactive metabolites of fentanyl are excreted through urine and feces. In contrast, active metabolites of fentanyl are formed by undergoing dealkylation by the CYP3A4 enzyme into norfentanyl and hydrolysis of amide to undergo dealkylation into a minor metabolite hydroxynorfentanyl later.   


[bookmark: _Toc84783699][bookmark: _Toc84815879]Figure 2.8 Metabolic profile of fentanyl during human consumption, provided by Wilde et al. 39
[bookmark: _Toc84564866][bookmark: _Toc85058950]2.3.4 Usage and Position in Opioid epidemic 
Illicit fentanyl comes from two main sources: pharmaceutical supplies and synthetic lab manufacturing. Known to carry a high risk of side effects and lead to addiction if improperly used, fentanyl is also increasingly used in mixtures. These mixtures are sold and mislabeled as other illicit drugs. The euphoric-inducing effects that opioids such as fentanyl and its derivatives produce has played a large part in the recreational use of this drug. New fentanyl derivatives continue to appear throughout the world, which adds further fuel to the opioid epidemic. Although fentanyl has been used medicinally, its appearance as an illegally synthesized drug has posed a threat on the public health in induced several thousands of overdoses and overdose related deaths.
[bookmark: _Toc84564867][bookmark: _Toc85058951]2.4 Opioid Detection in Biological Matrices
[bookmark: _Toc84564868][bookmark: _Toc85058952]2.4.1 Sweat
Sweat has a fascinating potential as a noninvasive matrix for chemical monitoring during drug treatment and surveillance. Sweat is a body fluid that is naturally produced during physical exercise and emotional stress. Sweat provides thermoregulation, allowing the body to self-regulate the increase in body temperature to avoid dangerous increases that could elevate a human’s metabolic rate.40 This fluid has physiological analytes such as Na+, Ca2+, K+, Cl-, glucose, and lactate. 41 Although this biological fluid is often viewed as unappealing due to its tendency to accentuate body odor, sweat releases toxins from the body, which can be used as biomarkers to indicate the health of the body. 
The average human body contains approximately 2-5 million sweat glands distributed unevenly over the entire body except for the lips, nipples, and external genital organs. Three different types of sweat glands are spread throughout the body: eccrine, apocrine, and apoeccrine.42 Eccrine glands are most common and secrete water and electrolytes through the surface of the skin. Apoeccrine glands are unclassified glands that are developed during puberty from eccrine glands.  43 Although these glands are unclassified, they are larger than eccrine glands and smaller than apocrine glands and play a vital role in producing axillary sweat.  43,44
[bookmark: _Hlk84379903][bookmark: _Hlk84379439]Sweat is a largely unexplored body fluid used in the analysis of drugs. This clear hypotonic, odorless fluid that’s said to be similar in composition to that of plasma, without plasma proteins, and contains sodium chloride (NaCl) as the main component. 15,45 Sweat passes through the skin ducts very slowly, and the presence of Na+ and Cl- ions reduce osmotic pressure of the fluid leading to water to become reabsorbed and concentrating of the other constituents such as urea, lactic acid, and potassium that was concentrated within sweat. 46,47 When stimulated sweat is excreted, it is in an acidic nature due to its fast transport through glandular tubules and least ability to reabsorb water. Therefore, the reabsorption of urea, lactic acid, NaCl, Ca2+, and K+ occurs in an effort to maintain a balance between sweat and blood. 47,48 Although the exact mechanism is not understood, the acidity in sweat can also result from acid imbalance throughout the body. Sweat is a form of a diluted electrolyte solution composed of 99% water, NaCl,  Ca2+, K+, HCO3-, Mg2+, NH3, lactate, and urea.42 In addition, it is often assumed that capillary blood is at equilibrium with sweat during the formation of liquid sweat, yet the composition of sweat is not dependent on this.49 The final composition is dependent on absorption, exchange, and concentration mechanisms. Most lipid-soluble, basic substances should undergo passive diffusion between blood to sweat because of the higher acidity of sweat in relation to the blood. Where sweat is indicated to have a pH between 4-6.8. Basic pH should favor the protonation and solubility of basic drugs in sweat to increase the free-drug sweat/plasma ratio. 
The composition of sweat can provide information on the body’s physiological conditions, its health, and well-being. 50 To permit this analysis, a variety of different sweat collection techniques and procedures have been developed of collection. The most common procedure involves using sweat patches that have been made commercially available for sweat analysis. 51,52 Other procedures include a variety of the wash down techniques, and the use of ‘polyethylene’ sweat collection arm bags. Unfortunately, these collection techniques can cause a delay in the analysis due to processing time. Therefore, better techniques are required to permit field testing and real-time monitoring, particularly if available at an affordable cost. A proper sampling technique is crucial since the sample needs to be collected and used at the active sensing area where the analytical signal can be generated. The flexibility of the collection and sensing mechanism is necessary to help design a viable portable sensing device for real-time detection and monitoring of drugs. One possible solution is the use of microfluidic systems, as these systems allow for the use of micro-volumes and obtain nearly the sample information as standard analytical methods.53
Many challenges surround sweat analysis, including the ability to obtain a valid sample for real-time analysis. This includes the need to avoid cross-contamination of collected samples during handling and analysis. The rate of a drug’s appearance in sweat by transdermal migration would be expected to be substantially slower than the alternate sweat excretion mechanism. 54 The affinity of the drug and the hydration levels of the epidermis's outer layer would be critical to determine the transdermal drug migration as the skin may serve as a short-term depot for some drugs.  54,55 Sweat was selected as the sensing medium for this project, as it is easy and noninvasive to collect compared to other biological fluids used in drug and toxicology analysis. The volume of sweat can be increased by altering environmental conditions such as increasing the temperature or humidity in the exposure location or by performing certain tasks that induce sweat. 
[bookmark: _Toc84564869][bookmark: _Toc85058953]2.4.2 Saliva
Like many of the bodily fluids produced by the human body, saliva is a complex fluid that is produced orally. Saliva is composed mainly of water which is used to transport the produced components of saliva across the salivary glands. There are two forms of saliva produced—resting and stimulated saliva. At rest, acinar secretion produces a low volume, hypotonic, neutral to the slightly acidic secretion of saliva that contains few enzymes. During stimulation, an alkaline, less hypotonic enzyme containing saliva is secreted at a higher volume. 
[bookmark: _Hlk84375168]Saliva is made up of numerous components that vary in concentration. The components are water, HCO3-, mucus, enzymes, and electrolytes. The secretion of saliva is produced orally by three salivary glands—the submandibular, sublingual, and parotid glands. The ducted exocrine glands each produce slightly different secretions of saliva. The parotid glands produce enzyme rich saliva, which is ~25% of the saliva secreted. The saliva secreted from the sublingual glands produces mucus containing saliva without enzymes, thus making up ~5% of the produced saliva. Finally, the submandibular glands produce a mixture of both enzyme and non-enzyme contained saliva, making up the remaining ~70% of saliva that is secreted. This hypotonic solution contains K+, Na+, I-, Cl- ions and HCO3- ions. The rate of saliva secretion differs depending on the person being examined and whether the oral cavity is stimulated or unstimulated. 
[bookmark: _Toc84564870][bookmark: _Toc85058954]2.4.3 Drug monitoring in saliva and sweat
In efforts to combat the war on drugs, the United States began adopting preventative strategies to address drug abuse issues. Apart from these preventative strategies came the launch of therapeutic drug monitoring programs in the 1970s. Traditionally, therapeutic drug monitoring involves measuring drug concentrations in biological fluids for therapeutic management and treatment. However, concerns continue to rise surrounding opioid therapy in relation to the adverse effects, including long-term tolerance, the potential for misuse and/or addiction, and the invasive nature of sample collection.  56,57 Thus, alternative biological matrices are being investigated for drug monitoring programs. 
In addition to drug monitoring programs, investigators are also seeking alternative matrices for drug detection within the workforce.  56,58 According to Barnes et al., having alternative matrices for detecting drugs has become imperative in toxicology testing within the last decade. 59  critical issues for noninvasive sample collection, include permeability for frequent sampling, and the ability to allow for self-sampling. Often, alternative matrices can provide longer detection windows after consumption and permit a wide range of analytical testing procedures. 60
Saliva and sweat are the typical alternatives for analyzing biological fluids in drug monitoring programs. Because saliva collection is noninvasive, it is one of the most common biological fluids used in toxicology and drug monitoring. There are some issues with saliva testing, particularly related to the consumption methods of drugs. Drugs excreted by saliva undertake both passive diffusion and active transport. Both un-ionized, lipophilic drugs and polar drugs are excreted in saliva. When drugs are consumed orally, they are presented at higher concentrations in oral fluids rather than blood due to the residual amounts of the drugs remaining in the oral cavity. To date, drugs tested within saliva include opioids (morphine, heroin), cannabinoids, cocaine, amphetamines. 
While saliva provides a short drug detection window, sweat can increase this time by wearing sweat patches. 59,61-63 While a systematic search of existing or historically documented collection and measurements of sweat may be challenging to find, and research has proven that drugs are detectable and quantifiable in sweat. The unequal distribution of sweat glands throughout the body may cause the production volume of sweat to be irregular and dependent on the individual.54 However, using sweat for drug detection is less invasive, and safer 54,59,60  
Using several different analytical techniques, opioids and their derivatives, THC, methadone, cocaine, opiates, amphetamine, and other commonly abused drugs such as have been detected in sweat. These detection methods included the use of alternative collection methods such as sweat pads and patches, filtered paper swabs, and plastic bags under armpits for identifying and quantifying administered. 55,64-68 The time of excretion of drugs and the metabolites were evaluated using the application of sweat patches versus the time of administration, which showed the length of time that the drugs appeared in the sweat. 54 After placement and several days of wear, researchers remove the sweat patches from subjects and store them in the freezer. The patches are allowed to reach room temperature before extraction, purification, evaporation, derivation, and analysis.  55,64-67  Experiments involving dosing studies permits the determination of the rate of excretion of drugs rose following administration.
[bookmark: _Toc84564871][bookmark: _Toc85058955]2.5 Analytical Methods used for Drug Detection
There is an abundance of analytical techniques developed for drug detection and toxicology. Initially, these detection methods began with human observation to help identify any various attributions of the unknown compounds, such as color, structure, and texture. Unfortunately, human observation detection methods can be inaccurate. Currently two classes of detection methods are used to determine if opioids are present—presumptive or confirmative testing. This type of testing has been described and standardized by the “Scientific Working Group for the Analysis of Seized Drugs (SWGDRUG). SWGDRUG provides recommended analysis methods for the identification of drugs or chemicals, along with protocols and policies. The analytical techniques recommended by SWGDRUG are placed into three categories (seen in Table 2.1) based on the achieved level of selectivity. 69 Category A techniques are recommended to provide the highest level of selectivity through structural information, whereas Category B provides intermediate levels of selectivity through chemical and physical characteristics. Category C selectivity is made using analytical techniques based on general or class information. Minimum analysis requirements provided by SWGDRUG suggest that a validated technique from Category A required with at least one other technique from either Category (A, B, or C) to exploit and support the identification of the analyte in question. 69







[bookmark: _Toc85041020]Table 2.1 Categories of Analytical Techniques for Identifying Drugs or Chemicals69
[bookmark: _Hlk84593782]

[bookmark: _Toc84564872][bookmark: _Toc85058956]2.5.1 Presumptive Testing
Presumptive testing, often referred to as screening tests, involve preliminary analysis of an unknown compound for a suspected target drug that may be present. Generally, testing is less specific and usually relies on isolating a class of drugs rather than a specific target compound by producing a positive, negative, or inconclusive results. The benefit of presumptive tests is that results can be obtained at a faster turnaround time rather than the time seen within confirmatory testing. This can allow for a more targeted response once knowledge exists that substance is potentially present. Usually, the main two types of presumptive tests that are used in forensic drug testing are colorimetric and immunoassay-based testing.  
[bookmark: _Toc84564873][bookmark: _Toc85058957]2.5.1.1 Colorimetric/ Spot Test for Drug Detection
Colorimetric testing can indicate that a targeted substance is present or not present in an unknown compound, utilizing chemical or biochemical methods. This process involves introducing small quantities of the unknown to colorimetric reagents to obtain a physical reaction that indicates whether or not the substance is present chemically induced color change. Although this form of testing is fast, it lacks specificity and can produce relatively high limits of detection. Cross-reactivity to similar substances is also a problem and is why colorimetric/ spot testing lies within the reel of presumptive testing. This is why colorimetric/spot testing lies within the category of presumptive testing.
[bookmark: _Toc84564874][bookmark: _Toc85058958]2.5.1.2 Thin Layer Chromatography for Opioid Detection
Although low in resolution, thin layer chromatography (TLC) is a popular technique used to analyze organic and inorganic materials. Its distinctive advantages are minimal sample clean-up, flexibility, low cost, and high sample capacity. Considered as a screening technique, this tool can provide a high degree of assertation of separation in bulk drug screenings.  TLC is used by screening programs to analyze active substances such as drugs in bulk quantities, illicit substances, or biological samples by separation. 70,71 Within this process, the pH and polarity of the mixture and solvent are important for separation. 72 Thus, in order for this technique to be complete, a combination of mixtures must occur within two phases: stationary and mobile phase. The stationary phase consists of an absorbent coated glass or paper substrate, in which the absorbent is then dipped in a solvent or a mixture of solvents. As solvents migrate up the substrate through diffusion, individual compounds separate due to differential adsorption. The advantage of TLC is that this method can be used for screening multiple substances simultaneously. 
[bookmark: _Toc84564875][bookmark: _Toc85058959]2.5.1.3  Immunoassay Testing for Drug Detection
Immunoassays are the most commonly used technology for presumptive screening diagnosis because of their high specificity, sensitivity, and versatility. They are particularly useful in a toxicological analysis. By definition, immunoassay is a bioanalytical technique that depends on the reaction of immunoglobulin (also known as an antibody) binding to target analytes (antigens) to measure the presence or concentrations of a substance (Figure 2.9). 73 Immunoassays have been engineered to perform speedy analysis, and specialized devices have been developed to maximize simplicity of use in field operations. There are still issues of cross-reactivity in immunoassay, particularly for drugs of similar structures. Therefore, it can be difficult to distinguish certain drugs with their respective analogs due to structural similarity and/or similarities in binding affinities to the antibodies used in the tests. The minimal response to an immunoassay is often referred to as the cutoff value.74,75  However, the response is generally semiquantitative, particularly in field testing. 

[bookmark: _Toc84815880]Figure 2.9 Schematic illustration of a basic immunoassay strip test

[bookmark: _Toc84564882][bookmark: _Toc85058960]2.5.1.3.1 Lateral-flow Assays
In 1956, the idea of lateral flow assays (LFA) was initially derived from the latex agglutination test for serological diagnosis of rheumatoid arthritis to later being explored as a monitoring technique for serum protein in the late 1960s. 76,77 These assays are simple paper-based devices that adopted the principles of chromatography for rapid detection of liquid samples through capillary action on a solid substrate. 77 LFAs are typically comprised of four major parts: sample pad, conjugate pad, recognition membrane, and the absorbent pad (Figure 2.10). 76 LFAs typically comprise pre-stored reagents and different porous membranes, specifically nitrocellulose membranes with specific functions for detection. When the sample pad is introduced to fluid samples, the samples migrate through the conjugate region of the pad, activating micro-and nano-size particles to immobilize. In the conjugate region, the antibodies that are usually attached to the conjugate pad are introduced to the analyte to perform a reaction. The reaction migrates via capillary forces through the detection pad to obtain visible results to confirm the presence or absence of the targeted analyte in the sample. LFA’s ability to provide near accurate instantaneous results for on-site analysis has made these devices promising in the field of health, food, environment, and forensics.  

[bookmark: _Toc84815881]Figure 2.10 Basic Lateral Flow Assay  76

[bookmark: _Toc84564876][bookmark: _Toc85058961]2.5.2 Confirmatory Testing
Once positive results are obtained through presumptive testing, confirmatory testing is next applied. When combined with a positive presumptive test, a confirmatory test can be used to identify a substance being tested conclusively. These tests often utilize spectroscopic and chromatographic analysis to separate and analyze individual components of a mixture.
[bookmark: _Toc84564877][bookmark: _Toc85058962]2.5.2.1 Chromatographic Techniques for Opioid Detection
Chromatography separates analyte and internal standards from one another and other compounds present within the sample. Chromatography works on the principle that the partition coefficient of analytes will vary between the stationary and mobile phase to absorb and desorb the analytes of interest. There are two types of chromatographic analytical techniques that are typically used, liquid chromatography (L.C.) and gas chromatography (G.C.).  When combined with mass spectrometry, the sensitivity and specificity of samples being analyzed increase. The mass spectrometer used analyzes ions by size and charge, which is comprised of 3 main components: an ionization source, a mass analyzer, and a detector.  Combined analytical techniques can reduce experimental errors and improve accuracy.  
[bookmark: _Toc84564878][bookmark: _Toc85058963]2.5.2.1.1 Gas Chromatography-Mass Spectrometry
Gas chromatography (G.C.) is a powerful separation technique that can be used to detect volatile compounds using an inert carrier gas. In many cases, especially toxicological analysis, G.C. is seen in a selective and sensitive technique that can detect low molecular weighted compounds that are volatile, non-polar, and thermally stable. G.C. involves the partition of an analyte between a liquid or polymer-based stationary phase in combination with a gas such as helium.  The effluent of the column is subjected to electron bombardment at 70eV, permitting ionization of the sample and fragmentation to occur. Either electron impact (E.I.) or chemical ionization (CI) can identify unknowns based on fragmentation patterns of the ions produced.
[bookmark: _Toc84564879][bookmark: _Toc85058964]2.5.2.1.2 Liquid Chromatography-Mass Spectrometry in drug detection
Liquid chromatography is one of the gold standard techniques used in drug and toxicology analysis due to its separation abilities to isolate individual components of a sample in the liquid form. This process transfers the mass of the sample’s components through an aqueous polar mobile phase mixture to a non-polar stationary phase. When combined with mass spectrometry, LC-MS becomes one of the most practical applications of analysis that can analyze large compound containing samples. LC-MS is used to separate components of a sample and identify components based on the mass of their parent and fragment ions. Unlike GC/MS, LC-MS permits the detection of thermally labile compounds, may exhibit high polarity, or have a higher molecular mass.  
[bookmark: _Toc84564880][bookmark: _Toc85058965]2.5.2.2 Spectroscopic Techniques for Opioid Detection
Spectroscopy has made progress in drug analysis, as this technique can provide useful quantitative or qualitative data of collected samples. It is assumed to be quick, precise, and sometimes non-damaging of samples during analysis. The growing interest in this technique has led to it becoming a tool for early detection and monitoring of exploited drugs. The most common method for seized drug analysis is infrared spectroscopy; however, researchers have grown interested in portable Raman spectroscopy.
[bookmark: _Toc84564881][bookmark: _Toc85058966]2.5.2.2.1 Raman Spectroscopy
Raman spectroscopy has gained popularity in the forensic sciences during the last decade. Analysis by SERS  represents a relatively inexpensive and rapid method for the characterization of trace compounds, which can reach the single-molecule detection level.78-80 This optical technique uses inelastic radiation scattering to measure vibrational motions after a focused laser is pointed onto a sample at a roughened surface or in a metallic colloidal solution, and the molecules are detected based on spectral vibrational frequencies 81 It has the ability to chemically characterize samples that are in any form with the need of little to no sample preparation. These vibrations cause a shift in energy, which is directed from the incident laser beam frequency, and characterization of each molecule can produce a Raman spectrum. Raman can easily penetrate transparent substrates for noninvasive detection.  In addition, unlike infrared spectroscopy, samples can be run in an aqueous environment such as biological fluids where liquids create spectrum interferences. SERS has been used as a method for analyzing various designer drugs such as cocaine, heroin, and amphetamines, with a recent focus on opioids such as fentanyl and fentanyl mixtures.  82-88 Although quantitative analysis can be achieved using this technique, and this process may not be best suitable for analysis that requires intimate contact between the enhancing surface and the analyte as enhancers are dispersed in a solution.
[bookmark: _Toc85058967][bookmark: _Toc84564883]2.6 Novel Methods for Opiate Analysis
[bookmark: _Toc85058968]2.6.1 Lab on a Chip Based Methods
Microelectronics was first developed in the 1960s to fabricate a technology based on semiconductor fabrication that would be used to increase the density of transistors in integrated circuits. This fabrication process led to the development of microelectromechanical systems (MEMS)—small but movable machines. Since this development of MEMS, the concept for Lab on a Chip (LOC) technology was coined as a novel fabricated technology that consisted of analytical systems that could perform mass and heat transfers as a miniaturized portable device.89 This highly attractive technique can conserve time and be very cost-efficient. It would later be used in chemical and biological analytical applications, allowing researchers to analyze, study, and synthesize molecules and materials on these chip-like devices using micro to pico- size samples.89 The LOC concept would later employ the use of silicon or glass as one of its main substrates needed in forming 3-D structured devices. In the continued development of these LOCs, efforts were made to study multilayer soft lithography (MSL) and fluidic flow systems and how they can be implemented in the lab chip detection design systems. These systems would later be discussed as microfluidic systems of detection. These systems have been seen in conjunction with immunoassay and colorimetric tests.
[bookmark: _Toc84564884][bookmark: _Toc85058969]2.6.1.1 Microfluidics
Fluidic flow modeled devices, known as microfluidics, are often referred to as a combination of science with capillary flow-like behavior and designed device technology. Since being introduced by a research group led by Professor George Whiteside at Harvard University, studies using microfluidic devices have been surging.90 This emerging technology was observed to use micro-channeling to manipulate ultra-low volumes of fluids to obtain microscopic behavior analysis. The developed device became a breakthrough in the microelectromechanical systems field, enabling the ability to integrate electronic circuits on miniaturized chip-based devices. This miniaturized technique utilizes separation and analysis of heterogeneous mixtures dissolved in a solution to obtain high recovery rates using small volumes. Microfluidics has been used as a point of care system in clinical analysis for rapid testing.67,91-96
[bookmark: _Toc84564885][bookmark: _Toc85058970]2.6.1.1.1 Paper-based Microfluidics
Paper-based chemical testing can be traced back to the 1940s, where Müller and Clegg used paper as a chromatographic medium for mixture elution and separation. 97 Cellulose based paper is a widely used, affordable, and environmentally-friendly substrate. Its cellulose fibers provide an abundant number of pores that allow for fluids to be driven by capillary forces without any external equipment pumping. With no need for external equipment, a higher surface-area to volume ratio can be achieved, and fewer chemicals are used.  This makes it possible reduce the size of each device to  further lower the cost for actual application. Early examples of paper microfluidic devices were discussed by Muller et al. in 1949 as researchers sought out to make improvements to paper chromatography using microfluidic channeling. 97 More recently, Whitesides and coworkers popularized the technique, which was said to be particularly useful for medical diagnostics in the field, where refrigeration and power are not always available. (Figure 2.11).89,90,98-103 
Chromatographic paper has been seen as the most common type of paper source in many paper microfluidic devices because of its high cellulose porous properties to move fluids rather than standard copy paper. In addition, thermal wax is used to create hydrophilic channels bounded by hydrophobic barriers that direct a liquid sample to multiple test wells, each with a different sensor. Chemicals are usually prepared on the μPADs and stored in testing wells, and stored until used. μPADs provide a low-cost, flexible, rapid, biodegradable platform for colorimetric detections. 89,91,95 Chapter 4 will discuss the use of paper microfluidics in serological testing. Later on, electrochemical analysis is was used as a method for detection on paper microfluidic-based devices. 

[bookmark: _Toc84815882]Figure 2.11 μPAD developed by in this project 103
[bookmark: _Toc84564886][bookmark: _Toc85058971]2.6.2 Electrochemical Methods
	 Electrochemistry methods provide instrumental simplicity in sensing at a moderate cost and are easily used in field applications. Detection takes place due to chemical changes that occur in oxidation-reduction reactions, which involve the transfer of electrons from one species to another. These reactions are usually not spontaneous; therefore, an electromotive force is needed. Electrochemistry is utilized in many sub-areas of chemistry for the concepts of chemistry, kinetics, electron transport, and thermodynamics, among other concepts. According to Harris, electrochemistry is referred to as a chemical reaction that uses electricity as its driving force or a chemical reaction that produces electricity. 104  Oxidation-reduction reactions are also termed “redox” reactions. These kinds of reactions are characterized by the gain of electrons from one species—which is known as the reduction—and the loss of electrons by another speciation—oxidation. The equation below is a simple example of a redox reaction. 

The species in the equation above is represented by O,  And R. The oxidized species is represented by O, where denotes the number of electrons involved within the reaction, and the R is represented as the reduced species. Redox reactions can be depicted in the form of two half-reactions to offer a more in-depth depiction of occurrences of the liquid. Under the laws of thermodynamics, the measured potential that is applied to an electrochemical system to produce a redox reaction can determine the concentration of the electroactive species using the Nernst equation (it should also be noted that the concentration can be determined at the electrode’s surface, which will later be discussed, using this equation too): 105-108

The species in the equation is represented by E, , R, T, n and F. E is the measured potential,  is the standard potential of the reaction, R is the universal gas constant (8.314 J∙K∙∙), T is the temperature in Kelvin, n is the number of electrons transferred during the reaction, and F is the Faraday’s constant (96,485.33 C∙). 
During an electrochemical reaction, the electric current becomes proportional to the reaction rate, giving us the ability to learn about the reaction process by measuring the current and voltage produced. The electric current measured is based on a chemical exchange that follow Faraday’s Law. Faraday’s Law states that electrochemical reactions are directly proportional to the amount of electricity that passes through a cell, while the mass of the substance that in the reaction is proportional to its formula mass and inversely proportional to the number of electrons in the half-life reaction. The relationship between an analyte’s concentration and the amount of current flowing follows this formula: 

Q is the charge, n is the number of electrons in the reaction, F is Faraday’s constant –96,485 Coulombs/mol, and N is the number of moles electrolyzed in the reaction.
Electrochemistry’s versatility has allowed scientists and researchers to access various parameters to characterize redox reactions and the surfaces they occur on including changes in potential, current, and charge.  These data provide unique information about the analyte. 
[bookmark: _Toc84564887][bookmark: _Toc85058972]2.6.2.1 Electrochemical Systems
Under the influence of electrode kinetics and/or mass transport, electrochemical reactions are usually set up using a working electrode (WE) where potential is measured against the reference electrode (RE) and a counter electrode (C.E.), making a complete circuit through which current can flow.109 The working electrode is the location where oxidation and reduction of chemical species takes place. The construction of the working electrode can vary; however, it is commonly made up of materials such as carbon, indium tin oxide, gold, mercury, or platinum, etc. The choice of the working electrode is based on the chosen technique. The counter electrode is where the opposite redox reaction occurs. The counter electrode carries the bulk of the current instead of the reference electrode. The reference electrode provides stability to the circuit, and in theory, it provides constant potential throughout the electrode circuit. 104,108 The most widely used reference electrode used consists of silver-silver chloride. The reference, working, and counter electrodes create a durable, sensitive and stable platform. 
Numerous electrochemical analyses primarily focus on voltammetric methods to obtain electrochemical measurements. Usually, a voltammetric measurement is collected using a potentiostat and the three-electrode system. The three-electrode acts as the power source attached to the designed circuit for signal processing, which is often called a potentiostat. 110  The potentiostat serves as controller for the potentials applied to the electrodes. It also measures the resulting current within the chemical system using the three-electrode system. Classical voltammetric methods involve a three-electrode electrolytic cell seen in Figure 2.12, where WE are composed of a cell that contains the analyte solution. 

[bookmark: _Toc84815883]Figure 2.12 Illustration of a three-electrode electrolytic cell 111

[bookmark: _Toc85058973][bookmark: _Toc84564911][bookmark: _Hlk84599085]2.6.2.2 Electrochemical Measuring Techniques
[bookmark: _Toc85058974]2.6.2.2.1 Cyclic Voltammetry (CV)
Cyclic voltammetry (CV) is a commonly used voltammetric technique that uses the applied potential of the working electrode to be polarized linearly between two potentials at a specific scan rate in the forward and revere direction. CV provides the information on the location of redox potentials of electroactive compounds and the influence of the media on the redox process using an electrochemical system (potentiostat) and the three-electrode system above. A CV utilizes the change in the potential to sweep in either the positive or negative direction, reverse and sweep back in the opposite direction to produce voltammograms based on plots of current versus redox potential. As seen in figure 2.13, a cyclic voltammogram can be used to illustrate a reversible potential-excitation signal that uses peaks to characterize the oxidation and reduction of the analyte’s reactions based on potential and current increasing and decreasing. 112

[bookmark: _Toc84815884]Figure 2.13 Cyclic voltammogram that demonstrates reversibility as a result of oxidation and reduction of current and potential increasing and decreasing.112

The exchange of electrons occurs by driving forces of electricity between the surface of the working electrode and the analyte solution to produce a current signal for the voltammogram. Any movement that may occur within the analyte solution, the working electrode will produce a disturbance in the signal during the measuring of CV, which becomes known as diffusion to the analyte. 109 As seen in a concentration gradient, high concentrated species move to areas of low concentrations according to Fick’s law, which involves the diffusion of an analyte. In electrochemistry, Fick’s laws are used to relate the diffusive flux of a species to be oxidized to the concentration and how diffusion can cause the concentration to change over time, seen in equation 4:

Where the concentration of the oxidized species is represented as [oxidized], x is the distance from the electrode surface. The electrode surface forms the concentration gradient between the electrode and the bulk solution. 108
As electrons are exchanged using driving forces of electricity between the surface of the working electrode and the analyte solution, a current signal is produced for the voltammogram. The use of cyclic voltammetry has become prevalent during the approach to explain and analyze the electrochemical behavior of an analyte on the working electrode’s surface. Cyclic voltammetric peak current helps show the relationship between the targeted species at extremely low concentrations while monitoring the Faradic current and proving that electrochemical measurements can provide similar if not better sensitivity compared to other methods measurements using the Randles-Ševčík equation: 

Where  is the current, n is the number of electrons within the redox reaction, A is the area of the working electrode, D is the diffusion coefficient for the electroactive species used, is the scan rate during analysis, and C is the concentration of the electroactive species at the electrode.  The Randles-Ševčík equation helps show the relationship between the targeted species at extremely low concentrations while monitoring the Faradic current and proving that electrochemical measurements can provide similar if not better sensitivity compared to other methods measurements. Allowing for the indication of free diffusion of the analyte to occur within a solution or absorption to happen on the electrode’s surface. As seen within the Randles-Ševčík equation, the scan rate is important because it controls the rate at which potential is applied to the electrode. 113 When the scan rates are fast, the diffusion decreases, and higher currents can be observed along with the reversible electron transfer process of the redox species. The Randles-Ševčík equation can be used to indicate if an analyte diffuses freely within a solution or absorption happens on the electrode’s surface. Verifying the diffusion activity on the electrode’s surface helps researchers understand the analytes in the solution and their homogenous properties. 113 When the electrode adsorbs the analyte on its surface, the current response can be described as:



where  is the surface coverage of the absorbed species, F is Faraday’s constant, n is the number of electrons transferred,  is the peak current,  is the scan rate, and A is the electrode’s surface area. The cycles that are ramped throughout potential cycling can be repeated as many times as needed. 
In addition to using cyclic voltammetry, pulse voltammetric techniques are also commonly used when analyzing species of interest using electrochemistry. Pulse voltammetry relies on the pulsing of potentials to obtain information about an analyte in a solution. These pulse techniques are used when low detection limits are desirable. In short, the pulsing technique process is a repeating process that happens when potential is quickly increased, held at that increased potential for a short period of time, and then decreased rapidly towards the baseline value. During this technique, potential increases so that probing can occur across a range of potential. 
Electrochemical analyses are commonly associated with two different types of pulse voltammetry: differential pulse voltammetry (DPV) and square wave voltammetry. Information about solution-based analytes can be gained based on studying the pulse potentials of these techniques. These pulse-based techniques are desirable in analysis that looks for detection limits with minimum interference from the charging current.
Differential pulse voltammetry is a pulse technique that is used to reduce non-faradaic current as a result of its current-difference mechanism. Although two types of pulse voltammetry are used in electrochemistry differential pulse voltammetry (DPV) and square wave voltammetry (SWV), this work focuses on the use of SWV.
[bookmark: _Toc84564912][bookmark: _Toc85058975]2.6.2.2.2 Square Wave Voltammetry (SWV)
Square wave voltammetry (SWV) is another pulse technique that uses applied potential to increase probing occurs across a range of potential in order to detect low levels of analytes. By minimizing the effects of charging current, SWV uses a fast staircase waveform with constant pulses of potential to produce a square wave cycle that has a minute increment in a potential controlled by a step size input. 
 SWV is a more sensitive and faster technique than differential pulse. The potential in the form of a staircase wave studies the sensitivity of the electrode by characterizing its pulse height or wave amplitude, staircase wave height, pulse time, and cycle period. SWV minimizes the capacitive contributions that occur to the current, which rejects any unwanted background signals that are generated during the redox process.  114 The frequency that is inputted into this technique determines the time of a half-cycle in between cycles prior to pulsing. The scan rate applied to SWV is used to control both the step size and frequency of the technique to help increase the sensitivity of the measured reaction. Using SWV, lower the limits of detection and increase the dynamic range can be determined. 
[bookmark: _Toc84564913][bookmark: _Toc85058976]2.6.2.2.3 Electrochemical Impedance Spectroscopy (EIS)
Electrochemical Impedance Spectroscopy (EIS) is a non-destructive technique used to characterize solid-liquid interfaces in terms of electrical measurements. This system of measurement responds to a range of electrical excitation signals to determine the impedance of a sample. 105  In addition, this system of measurement uses impedance as a function of frequency of sinusoidal potential () from alternating current (A.C.) and direct current being imposed onto the working electrode. Thus, the sinusoidal potential excitation equation can be used:

Where  is the potential of time t,  is the amplitude of the signal, and  is the radial frequency, where  is the frequency expressed in Hertz (Hz). EIS is based on opposition to the flow of A.C. potential using a combination of resistors, capacitors, and inductors in an electrical equivalent circuit (EEC) to determine the resistance of the electrode and electrolyte interface.
The complex response of this system uses the acquired measured impedance to graphically be represented using a semicircle-based Nyquist Data Plot and then fitted into the Randles circuit. (Figure 2.14) The Randles circuit corresponds to the basic equivalence of an electric circuit involving charge transfer resistance (Rct) and double-layer capacitance (Cdl) between the electrolyte and the surface of the electrode (Resistance of the solution—Rs). Charge diffusion, represented by Warburg impedance (Zw), is linear to the solution exchange with the electrode surface. 

[bookmark: _Toc84815885]Figure 2.14 Basic Nyquist plot showing the kinetic and diffusion regions and a simple Randles circuit 115
[bookmark: _Toc84564914][bookmark: _Toc85058977]2.6.2.2.4 Chronoamperometry (C.A.)
Chronoamperometry (C.A.) is one of the most commonly used electrochemical techniques aside from CV to detect various substrates. This technique allows for the applied potential to remain constant and measurements of the current to be obtained as a function of time. C.A. has proven to be useful for directly determining diffusion coefficients while studying the mechanism and kinetics of electrochemical reactions that are analyzed. 108  By following the chemical changes that occur during the electrochemical analysis of a sample, the detection limit can be determined. 
[bookmark: _Toc85058978]2.6.2.3 Non-electrochemical Measuring Techniques
[bookmark: _Toc84564916][bookmark: _Toc85058979]2.6.2.3.1 UV-Visible Spectroscopy (UV-Vis)
UV-Visible spectral analysis measures the absorption or transmittance of light that passes through a sample. This technique involves molecules containing π-electrons or n-electrons (non-bonding) to absorb light and excite these electrons to a higher anti-bonding molecular orbital. 
[bookmark: _Toc84564917][bookmark: _Toc85058980]2.6.2.3.2 Scanning Electron Microscopy (SEM)
Scanning electron microscopy (SEM) is a form of electron microscopy that is used to produce images after scanning the surface with a focused beam of electrons. The electrons interact with the sample’s atoms to produce various signals which consists of information about the sample’s composition as well as its surface morphology. 
[bookmark: _Toc84564918][bookmark: _Toc85058981]2.6.2.3.3 Dynamic Light Scattering (DLS) analysis
	When in contact with light, electromagnetic radiation interacts with colloidal particles, to scatter light. In theory, dynamic light scattering (DLS) also known as photon correlation spectroscopy, is a technique used to measure the scattering of light that produces the same frequency as incident light beamed onto a particle. Based on the random thermal motion—Brownian motion—of microscopic, spherical particles suspended in a liquid and the collisions caused by the moving particles caused by light. This noninvasive technique enables the ability to measure the size of the colloidal particles and the size distribution in suspension. Measurements were performed on the biosensing application to confirm the binding of the colloidal particle sand visualized the aggregation in the buffer. 
[bookmark: _Toc85058982]2.6.2.3.4 Zeta Potential (ζ)
In addition to determining the size of the of metallic nanoparticles, it is necessary to understand the electrokinetics effects that is between nanoparticles. To do, two parameters are studied  to model the electrokinetics nanoparticles—zeta potential (ζ) and surface charge density (σ). Zeta potential is referred to as the electrical potential between fluid in where particles are dispersed in and the layer of the surface of the particles. Knowing the zeta potential can help predict the long-term stability in suspension by measuring the net charge at the particle’s surface and how the ions of the particle are distrusted throughout the surrounding interfacial region. By understanding the magnitude of surface charge attraction and repulsion of the particles and the surrounding medium, surface charge density of the particles. 
[bookmark: _Toc85058983][bookmark: _Toc84564888]2.6.3 Electrochemical Sensors
The sensing field has become one of the fastest developing multidisciplinary fields of advancement in science and engineering. By definition, sensors are measuring devices that can detect and quantify physical aspects of life by directly reading or converting and processing the signal through an electrical, hydraulic, or pneumatic system.116 
Ever since its first discovery in the 1800s, electrochemist’s have used chemical sensors to interact with targeted analytes and translate any chemical changes that occur by applying electrical current.117-119 Using a transducing element, the electrical current and the chemical changes are translated into electrical signals. In analytical chemistry, the use of chemical sensors combined with an electrode system has resulted in the development of electrochemical sensors. 120
Electrochemical sensors are a form of chemical sensor that use redox reactions to prodvide electrical responses. 106 121 These sensors are low in cost and simple to use compared to optical, mass, or thermal sensors. 122 In addition, electrochemical sensors shows low detection abilities as a sensing application. Usually, these sensors are composed of 3 essential components, a receptor for analyte binding, an analyte, and a transducer for signal conversion. The receptor of the sensor is an element that is used to interact with the analytes and produce chemical change. The transducer in sensors converts the chemical response into a quantifiable physical signal, as seen in figure 2.15. 

[bookmark: _Toc84815886]Figure 2.15 Three essential components of the surface of a sensor: Graphene-carbon receptor, a sample analyte, and an electrode transducer.

Electrochemical sensors are easily miniaturized, as the fabrication process is  simple. Screen-printed technology is commonly used to prepare these devices by depositing a metal mixture, carbon mixture, and a polymeric binding mixture (or a conductive ink/paste) onto an insulating polymer or ceramic substrate that is then connected to a transducer for readout. 
[bookmark: _Toc84564889][bookmark: _Toc85058984]2.6.3.1 Paper-based Electrochemical Sensors
As previously mentioned, the use of paper as a substrate for analytical measurements has been evolving over the last 30 years. While many paper-based analytical devices are known to be used as colorimetric detectors, this mode of detection can has limited sensitivity, and poor specificity. In addition, colorimetric devices may experience color saturation, making it challenging to increase dynamic range. In an effort to overcome some of the limitations that are seen with colorimetric devices, electrochemical sensing techniques have been developed for use with paper analytical devices. Electrochemical measurement, such as current and voltage, can provide greater sensitivity in detection as opposed to light or colorimetric-based sensing. In addition, these electrochemical sensors can be produced as simple, inexpensive electronic devices that are made in bulk quantities. 
Today, the construction of typical paper-based electrochemical sensors consists of placing conductive material over the paper and modifying the recognition sites. When the analyte interacts with the recognition layer, an electrical signal is produced and recorded as an analyte’s concentration. However, it was not until 2009 that Dungchai et al. and the Henry research group demonstrated the first paper-based microfluidic electrochemical detection devicse (Figure 2.16) using photolithography to place screen printed of carbon electrodes onto filter paper.123 This new type of device would later be used to determine glucose, lactate, and uric acid in biological fluids. 124 since then, electrochemical paper-based sensors have been used in a variety of detection modes, including; biosensing 125-128, electrochemiluminescence (ECL) 129,130, and immuno-sensing.131-134 

[bookmark: _Toc84815887]Figure 2.16 Example of paper-based microfluidic electrochemical sensors provided by Henry’s research group. A) Basic design of the paper-based microfluidic electrochemical sensor and B) Three-electrode paper-based microfluidic electrochemical device that contains a hydrophilic area at the center of the device and 3 separate testing zones for glucose, lactate, and uric acid.119



[bookmark: _Toc84564890][bookmark: _Toc85058985]2.6.3.2 Screen Printed Electrodes
Many classical electrochemical sensors have become commercially available; however, their dimensions do not allow for direct measurements of small volumes of analytes such as those found at crime scenes. Recent advances in nanofabrication techniques  have permitted the replacement of traditional bulky electrochemical electrodes and electronic equipment with miniaturized electrochemical systems.135 Screen-Printed Electrodes (SPEs), seen in figure 2.17, have found wide use as sensing platforms.  Amongst the first electrodes incorporated, SPEs are often single-use devices designed to work with microvolume samples. 
Some of the electrochemical measurements performed in this dissertation used commercially available disposable electrodes-Zensor TE100 (Taiwan). These particular screen-printed electrodes feature carbon working (3 mm diameter) and counter electrodes and a silver/silver chloride (Ag/AgCl) pseudo-reference electrode.

[bookmark: _Toc84815888]Figure 2.17A) Schematic design for a three-electrode—carbon screen-printed electrode, compromised of working electrode (WE), reference electrode (RE), and counter electrode (C.E.). This three-electrode system was designed to mimic the manufactured electrochemical systems B) provided by Zensors© 136

[bookmark: _Toc84564891][bookmark: _Toc85058986]2.6.4 Biosensors
As an essential class of electrochemical sensors, biosensors are often referred to as analytical tools that monitor specific biological or biochemical changes in reactions to detect chemical compounds through electrical, thermal, or optical signaling. In recent years the development of these analytical devices has evolved from basic electrochemical sensors by integrating two main components into these electronic devices. These components (Figure 2.18) are 1) a biological element (such as enzymes, antibodies, ssDNA, and microorganisms) that acts as a form of a synthetic receptor to recognize and selectively bind sensing target; and 2) a transducer or a detection element that measures and converts the binding reactions to a quantifiable signal and displayed through a signal processor.

[bookmark: _Toc84815889]Figure 2.18 An architecture design of a typical biosensor and its components


Biosensors play a pivotal role in medicine and drug detection and monitoring due to their high sensing abilities.137 Typically, biosensors used in these fields often use classified detection techniques commonly referred to as label-based or label-free according to their transduction methods. Labeled biosensors use signal labeling components to assist with detecting and monitoring the reaction events produced on the transducer’s surface. These labels often involve tagging/attaching the biological recognition elements to obtain specific properties needed for target detection.138 On the other hand, the label-free biosensing technique do not use tagging or labeling, therefore allowing for direct interaction between the target and the recognition element.
The scope of the work presented in this thesis was devoted to developing a label-free gold-nanomaterial-based electrochemical sensing platform that can be used in the field of forensics.  
[bookmark: _Toc84564892][bookmark: _Toc85058987]2.6.4.1 Nanomaterials
In this dissertation, I will mainly focus on transducers suitable for electrochemical biosensing that involve the use of the nanostructured surface properties. Nanotechnology has progressed over the last decade, and nanomaterials have been developed to help improve sensing through enhanced imaging, detecting, and targeting. Different nanostructures can be prepared in a wide variety of shapes such as nanowires, nanoparticles, nanocages, and nanorods, which are examples of nanostructures.139-144 Nanomaterials are usually classified according to the nanostructure dimensions with typical sizes ~ >100 nm. Nanomaterials can modulate the surface area of detection in biosensors, varying in size, shape, and configuration. 

Electrochemical sensors can be modified to become very sensitive and selective for forensic analysis using nanomaterials to assist with binding drugs to the electrode surface. Metallic or inorganic materials can also be used to enhance surface area properties that improve detection through increasing surface area or chemical response to electrode’s surface. 86,145-154
[bookmark: _Toc84564893][bookmark: _Toc85058988]2.6.4.1.1 Gold Nanoparticles
In electrochemical sensing, colloidal nanoparticles, such as colloidal gold, are most commonly used to immobilize the different moieties. Gold nanoparticles (AuNPs) have been used for many years in medical applications. They can be unique in chemical and physical properties, making them attractive for health diagnostics, therapy, and immunology. AuNPs are primarily used for their signaling properties as well as their  biocompatibility and low toxicity in in-vitro applications.145,155,156
Gold nanoparticles can produce various colors and absorb light at various wavelengths depending on their size, shape, composition, and degree of aggregation.157-160 AuNPs exhibit high extinction coefficients (~1000x greater than that of many used dyes), large surface areas, and are capable of easy surface modification. In many cases, AuNPs have been widely used as sensing elements for colorimetric and electrochemical detection of targets, including inorganic ions 161, metallic ions 157,162, DNA 151,153,163, and small molecules 153,159-161,163. Modifications with nanomaterials to the surface of an electrode can enhance the surface kinetics and provide active sites for further functionalization, which can help accelerate the sensing abilities of the sensor.
[bookmark: _Toc84564894][bookmark: _Toc85058989]2.6.4.2 Antibody-based biosensor (Immunosensors)
	An immunosensor is a type of biosensor that detects the interaction between an antibody (Ab) and an antigen for binding response to produce an electrical signal. Immunosensors consist of an active site where the antigen and antibody interact and produce a signal. Antibodies are a variety of immunoglobulins (IgG, IgA, IgM, IgD, and IgE) that contain an amino acid sequence at the end of the immunoglobulin structure’s chain which is specific for a particular antigen.164 Antibody-based biosensors offer many advantages in the strength of binding and  show particular specificity in binding to an antigen. However, these sensors do not have great stability.  Furthermore, variations in binding affinity between similar drug structures reduces the  specificity of direct analysis. 
[bookmark: _Toc84564895][bookmark: _Toc85058990]2.6.4.3 Aptamer-based biosensor
Aptamers are single stranded oligonucleotides (DNA or RNA) or peptide molecules that also selectively bind to a specific target. They can be used as alternatives for antibodies. Aptamers are  developed through an in vitro selection technique of Systematic Evaluation of Ligands using an Exponential Enrichment technique known as SELEX). 165 Their specific target binding properties have been used in various biosensors for practical applications.166 Although some have described aptamers as artificially created chemical antibodies, their advantages over antibodies include the ability to be chemically produced with rapid regeneration. 167-170 Aptamers can also be tailored to adjust binding specificity.  As with antibodies, there is a wide range of applications, including clinical diagnosis of various diseases, development of medicines, detection of biowarfare agents, drug discovery, and molecular toxicology.
As biosensors and aptasensors are evolving in the research and clinical fields, they are being recognized as competitors to immunoassay techniques.171 Immunoassays have the ability to deliver low detection limits and allow for target molecules at low levels to be detected. Although immunoassay-based sensors have been around for decades, there are some drawbacks. Immunoassays utilize antibodies to assist with their sensing abilities and have limited stability with a lengthy development process.  Aptamers are more chemically stable when placed in various temperatures and pH environments. They can also are less affected by denaturation.171-173 However, the main advantage that aptamer-based sensors have over immunoassays is that aptamers do not require an immune response to sense. This permits aptamer-based sensors to be used in a wider variety of potential assays.
According to Kalra et al., the binding affinity of an aptamer is defined as the strength of the interaction between the targeted molecule and the aptamer. This interaction can be measured using the binding or association constant and the dissociation constant. The interaction between an aptamer and its target is dependent on the rates of the reaction. If the aptamer strongly interacts with the target, the aptamer will have a slow “off” rate, versus if the binding between the target molecules and the aptamer is weak, there will be a fast “on” rate. The “slow off” rate,  results in the aptamer being highly sensitive. The following equation represents aptamer’s binding affinity:  

 is represented in the equation as the association constant, and  is the inverse of the association constant and is represented as the dissociation constant. At equilibrium, the association constant is equated to a ratio of the on-rate () and off-rate ( ). 173  Using the above equation, the strength of how strongly an aptamer can bind can be determined.  
The addition of aptamers to electrochemical sensors has shown enhancements in signals produced. For example, literature has reported that the presence of aptamers has increased the signal of an electrochemical sensor by increasing the surface area of an electrode made of gold. 170,174 As aptamers can offer rapid, sensitive, and specific detection of molecular targets, they also can detect trace levels of drugs. 170,172,175,176  
It is possible to develop electrochemical sensors that are specific for biochemical reactions. 172 Aptasensors have shown great potential in diagnosing and treating medical diseases and detecting small molecules in biological matrices. 172,177-179 Aptamers that interact with their specific target can create a charge exchange, permitting electrochemical signaling based on either direct or catalyzed oxidations of DNA bases and redox reactions that occur at the electrode’s surface. 22,146,173,175,180-184
[bookmark: _Toc84564896][bookmark: _Toc85058991]2.6.4.3.1 Aptamers used in Opioid Detection
De la Cruz et al. mentioned that DNA bases are electroactive and can encounter oxidation or reduction during electrochemical analysis.185 As sensors are becoming increasingly popular in forensic science, aptamers for drug sensing are also becoming popular. The use of antibodies or aptamers can be used to achieve specificity of detection for drugs of interest.186he small size of aptamers allows them to generally exhibit equilibrium dissociation constants in the micromolar range, about 100-fold lower than antibodies, which gives them better sensitivity for detection.187 Aptamers that are used for drug detection sometimes undergo conformational changes upon target binding, which can be great for sensor analysis and confirmation binding because of the structure switching that occurs. 
Several forms of opioids and their metabolic counterparts have been detected using aptamer sensing as well as with the use of electrochemical sensing. Recently Kammer and researchers used aptamers to develop a free solution assay to quantify opioids in the urine.188 Saberian et al. used an RNA aptamer to detect nanomolar concentration of codeine by electrochemical analysis.22 Chemically modified aptamers can be selectively synthesized or chemically functionalized to enhance binding properties.172,175,189,190 
[bookmark: _Toc84564897][bookmark: _Toc85058992]2.6.5 Forensic Electrochemistry
Electrochemical methods have become of great interest as an analytical technique for determining trace amounts of substances191,192 These types of sensors eliminate the need for a lengthy sample pretreatment step, and samples can be directly analyzed in a variety of matrices. Using electrochemical methods to analyze forensic evidence permits sensitive testing that is fieldable. According to Smith et al., applications of electrochemistry used in forensic sciences have taken on the term forensic electrochemistry, which has been defined as quantifying chemical species using electrochemical methods in any given matrix.192  Poisons 193-195, explosives 196,197, gunshot residue 198-200, and drugs 165,201-206 have all been analyzed.
[bookmark: _Toc84564898][bookmark: _Toc85058993]2.6.5.1 Fieldable Drug Detection
The ability to perform direct analytical measurements at a crime scene eliminates potential conflicts of altering and manipulating evidence after collection. The current gold standard for analyzing drugs has been the use of chromatographic methods, optical measurements, and mass spectrometry to analyze bulk quantities of drug samples. However, these approaches can be time-consuming and costly. Electroanalytical methods have the ability to expand sample analysis without the need for sample pretreatment. 192,206
Electrochemical methods have been used to detect the presence of many drugs, including cathinones, cocaine, heroin, morphine, tramadol, oxycodone, methadone, caffeine, and fentanyl.201-203,207-214 Simultaneous analysis of multiple drug targets is also possible. 67,213,215-224 
Using differential pulse voltammetry to characterize the electrochemical mechanisms of the oxidative behavior of heroin, codeine, and morphine and their metabolites, Garrido et al. proposed a new mechanism for the oxidative production of amine groups.208-210 In addition, Asturias-Arribas et al. also demonstrated the ability to detect codeine using  an enzyme-modified screen-printed carbon electrode, RNA aptamer. The authors used an isozyme to covalently bind to the modified electrode surface to demonstrate direct electron transfer. 18
While researchers are discovering many methods to enhance sensor detection and portability,  many are turning to the use of aptamers. By incorporating aptamers into sensing technologies and being able to select from a variety of  different electrochemical techniques, a wide range of molecular and therapeutic targets can be detected because aptamers offer high sensitivity, selectivity and can be used miniaturized devices developed at a low cost. Using the abilities of distinction for the chirality of molecules, aptamer-based biosensors are applicable in forensic for drug detection in biological fluids, environmental waters, and seized drugs. Developing a aptamer-based sensors that can contribute to fieldable drug detecting technologies, would continue opening the field of forensics to electrochemistry.
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[bookmark: _Toc84564900][bookmark: _Toc85058995]Experimental
This chapter will describe the experimental procedures and measurement techniques that were used to characterize the materials and analytes used throughout the completion of the work for this dissertation. 
[bookmark: _Toc84564903][bookmark: _Toc85058996][bookmark: _Hlk79663692]3.1 Chemical Reagents
[bookmark: _Toc84564904][bookmark: _Toc85058997]3.1.1 Paper Microfluidic Devices for Serology 
[bookmark: _Toc84564905][bookmark: _Toc85058998]3.1.1.1 Chemicals
All chemicals used for this project were analytical grade. Sodium perborate tetrahydrate, granular, 97% was purchased from Alfa Aesar™ (Tewksbury, MA, United States). Fast Blue B salt, Urease from Canavalia ensiformis (Jack Bean), α-naphthyl acid phosphate monosodium salt, and Nessler's Reagent were purchased from Sigma-Aldrich (St. Louis, MO, United States). Phenolphthalein, glacial acetic acid, and iodine solution were purchased from Fisher Scientific (Pittsburgh, PA, United States). Laboratory corn starch was obtained from Fisher Scientific (Pittsburgh, PA, United States). For each testing reagent, standard solutions were prepared bi-weekly for sample testing and placed on the chips.
[bookmark: _Toc84564906][bookmark: _Toc85058999]3.1.1.2 Biological Fluids
Biological specimens, including urine, blood, saliva, and semen, were collected by volunteers with procedures approved by the Health Science Institutional Review Board of Florida International University, IRB-16-0279 and follows relevant federal regulations for the protection of human subjects in research (45 CFR 46). Written informed consent was obtained from all subjects. When conducting testing, dried and wet samples were used. Two microliters of neat samples were diluted with distilled water to make a 4 mL solution. Nine different concentrations of analytes were prepared, including dilutions of 1 : 2, 1 : 5, 1 : 10; 1 : 20, 1 : 50, 1 : 100; 1 : 200, 1 : 500, and 1 : 1000. Once diluted, the samples are transported via capillary action up individual hydrophilic channels of the μPAD to a reagent location. When a blood, semen, saliva, or urine sample contacts its designated reagent, a colorimetric reaction occurs, producing a readable response.
[bookmark: _Toc84564907][bookmark: _Toc85059000]3.1.2 Voltammetric Opioid Detection
All reagents were of molecular biology grade purchased from Sigma-Aldrich unless otherwise stated. Gold chloride trihydrate (HAuCl4·3H2O), H2SO4 sodium citrate, potassium ferricyanide, and ferrocyanide, phosphate-buffered saline (PBS), NaCl, KCl, NaClO4, MgCl2, Tris-EDTA (TE) buffer solution, EDTA, and Tris-HCl were used in this study. 6-Mercapto-1-hexanol was obtained from TCI Chemicals (Portland, OR, USA). Tris-(2-carboxyethyl) phosphine hydrochloride (TCEP) was obtained from Alfa Aesar. TCEP was a reducer agent intended to disrupt any disulfide bonds and ensure that free –SH groups are ready to bind with the surface of the gold nanoparticles. All solutions were prepared in Ultrapure water with a resistivity of 18.2 MΩ-cm was generated by a Millipore water purification system. Solutions were prepared using ultra-pure water with a resistance of 18 MΩ cm (Millipore, USA). 
All chemicals used throughout this researcher were analytical grade and stored as suggested. All biological reagents were safely stored at -20°C until ready for use. 
[bookmark: _Toc84564908][bookmark: _Toc85059001]3.1.2.1 Biological Fluids
Biological sweat samples were collected by 8 volunteers with procedures approved by the Health Science Institutional Review Board of Florida International University, IRB-20-0116 and follow relevant federal regulations for the protection of human subjects in research (45 CFR 46).
The sweat used in this experiment was collected using two methods of collection: a polypropylene arm cast bag and a sweat patch (developed in-house) that had not taken any analgesic opioid such as codeine. No further dilution or purification was used for these samples, and they were stored at 4°C for reservation. A stock solution of 5μg/mL codeine in sweat was prepared.
[bookmark: _Toc84564909][bookmark: _Toc85059002]3.1.2.2 Chemicals
Codeine (3-methylmorphine) and other drug substitutes mentioned within this paper was donated to our laboratory by the Institute of Forensic Research (IFRI) at FIU and did not undergo any further purification. The thiolated anti-codeine aptamer was purchased from Integrated DNA Technologies, Inc. (IDT DNA) in Coralville, Iowa, USA. with the following oligonucleotides sequence 1,2:
5’-/5ThioMC6-D/CCC CCT GGG TCG GGA AAA GGG GTT GGG GGT GCG G-3’
Tris-EDTA (TE) buffer, 20mM Tris-HCl (pH 7.4); DNA Immobilization buffer containing 1.0 M NaCl, 1mM EDTA, 1 mM TCEP in Tris-HCl (10 mM, pH 8.0); Binding buffer  containing 0.1 M NaCl, 0.2 M KCl, 5 mM MgCl2, 1 mM EDTA in Tris-HCl (20 mM, pH = 7.4) 
[bookmark: _Toc84564910][bookmark: _Toc85059003]3.2. Electrochemical Sensing Techniques
In this section, the electrochemical techniques for biosensing data collection of is explained—cyclic voltammetry (CV),  square wave voltammetry (SWV), and electrochemical impedance spectroscopy (EIS), in addition to chronoamperometry—a constant potential is applied to measure current. These voltammetric methods utilize electrical signally to offer high sensitivity and selectivity of the sensor. In addition, these methods are low-in-cost to use, allows for rapid analysis, and are highly suitable for biological and chemical applications. 
[bookmark: _Toc85059004]3.2.1 Cyclic Voltammetry (CV)
Cyclic square wave voltammetry was the technique used to characterize surface immobilization and binding after AuNPs were electrodeposited onto the surface of the electrode, followed by the functionalization of 5’-thiolated aptamer onto the Au-modified SPCE. After overnight binding, the active binding site blockage occurred using 6-mercapto-1-hexanol (MCH). MCH is seen in the cyclic voltammogram, blocking electrochemical reactions between the redox probe and the Au of the AuNPs. Finally, we are able to observe the binding of the target-codeine.  The voltammograms, indirectly shows the confirmational change that occurs after target-analyte binding happens. 
[bookmark: _Toc85059005]3.2.2 Square Wave Voltammetry (SWV)
Square wave voltammetry (SWV) is the technique used to obtain measurements of the biosensors to determine the limit of detection and observe the selectivity of the aptamer that was used to detect codeine. Using a bare screen-printed carbon electrode, the redox couple (K3[Fe(CN)6]/K4[Fe(CN)6]) was prepared as a solution and used as the electrolytic solution to help observe the conformation change that occurs on the electrode surface between the aptamer and the target analyte. In the case of codeine, the anti-codeine aptamer that was immobilized onto the AuNPs on the surface of the SPCE, when codeine was added to the electrode, the binding of the analyte results in less availability for a redox reaction, which led to smaller SWV current. To quantify the amount of codiene, current suppressions of SWV peak were monitored using the redox couple of an [Fe(CN)6]4−/3− probe. 
[bookmark: _Toc85059006]3.2.3 Electrochemical Impedance Spectroscopy (EIS)
For many years, EIS has been studied as a characterization technique using either Faradic or non-Faradic measurements. Research presented throughout this dissertation uses Faradaic EIS to characterize various stages of modification on the biosensor for detecting the presence of codeine. Therefore, the primary analysis being studied focuses on the charge transfer resistance changes generated between the binding of codeine to the modified surface electrode containing the aptamer. 
[bookmark: _Toc85059007]3.2.4 Chronoamperometry (CA)
In this work, chronoamperometry was used to determine the detection limit of codeine, the biosensor's response times, and to construct calibration curves of the biosensor used. The oxidation potential of codeine at which the calibration curves were carried out to determine CV measurements. 
[bookmark: _Toc85059008]3.3 Non-electrochemical Sensing Techniques:
In this work, several non-electrochemical instruments were used to assist with characterizing the sensing abilities of the sensing platform. Each of the materials was characterized using specific instrumentation access listed in Table 3.1. Dr. Shekhar Bhansali (Computing and Electrical Engineering Department, Florida International University) is acknowledged for access to his laboratory’s potentiostat for electroanalytical analysis and spectrophotometer. The Advanced Materials Engineering Research Institute (AMERI) (Florida International University) is acknowledged for this provision of electron microscopy and nanoparticle characterization facilities. Dr. Bruce McCord (Chemistry Department, Florida International University) is acknowledged for access to his laboratory. Details of experimental procedures specific to each non-electrochemical instrumentation used will be described in relevant sections within this thesis. 
[bookmark: _Toc85041021]Table 3.1 List of non-electrochemical instrumentation used for the analysis of specific material



[bookmark: _Toc85059009]3.3.1 UV-Visible Spectroscopy (UV-Vis)
UV-Visible spectral analysis was collected to detect the binding of aptamers onto the AuNPs based on changes in absorbance peaks for the AuNPs. Measurements were carried out using an Evolution 201 ThermoFisher UV-Visible spectrophotometer using a standard 1 cm path length quartz cuvette. The reference beam sample was purified water. Spectra were obtained from 200-800 nm (spectral resolution 1nm), with the lamp change occurring at 319.0nm. 
[bookmark: _Toc85059010]3.3.2 Scanning Electron Microscopy (SEM)
Scanning electron microscopy (SEM) was used to inspect the surface of a screen-printed carbon electrode modified with gold nanoparticles. By introducing aptamers to the modified surface electrode, a visual inspection of growth to the gold nanoparticles can be observed to which would help determine the morphology binding.  
[bookmark: _Toc85059011]3.3.3 Dynamic Light Scattering (DLS) analysis
Dynamic Light Scattering measurement analysis were carried out at a measurement angle of 173° at 25° using a Malvern Zetasizer Nano ZS  instrument. Particle size distribution (nm) of unfunctionalized AuNPs and aptamer functionalized AuNPs were measured by dynamic light scattering. The average of three sets of light scattering measurements were recorded which resulted in an increase in particle size of the functionalized AuNPs (57.6nm) compared to unfunctionalized AuNPs (50.2nm). 
[bookmark: _Toc85059012]3.3.3.1 Zeta Potential (ζ)
 	Using the same instrument as DLS, ζ values of the unfunctionalized AuNPs are -45.0 mV compared to the aptamer-functionalized AuNPs -30.2mV, indicating the absence of repulsion among the synthesized nanoparticles when the codeine aptamers are present. In addition, the ζ values of the unfunctionalized AuNPs is -45.0 mV compared to the fentanyl aptamer-functionalized AuNPs -26.0 mV, indicating the absence of repulsion among the synthesized nanoparticles when the fentanyl aptamers are present. 
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[bookmark: _Toc84564921][bookmark: _Toc85059014]Development of a Microfluidic Device (μPADs) for Forensic Serological Analysis
In this paper, we describe a paper microfluidic device capable of performing a variety of presumptive tests for the presence of biological fluids at crime scenes. The device is multiplexed and permits the simultaneous detection of blood, saliva, semen, and urine. This portable device utilizes a set of hydrophilic channels created with wax on chromatographic paper. On the terminal end of each channel, there are embedded colorimetric reagents that can be read by the eye or detected using a cell phone camera. This portable device permits fast, simple and simultaneous screening of 4 different body fluids. It should prove useful in forensic analysis for individuals interested in sample collection for subsequent downstream laboratory analysis.
[bookmark: _Toc84564922][bookmark: _Toc85059015]4.1 Introduction
In forensic science, determining the presence of biological samples involves the application of a set of chemical and enzymatic colorimetric tests.1 This process, known as forensic serology, typically involves a two-step sequence.2 The first step utilizes a presumptive screening test which indicates the potential presence of the biological fluid. The second step utilizes a confirmatory test which is human-specific and permits identification of the body fluid at a higher certainty.3 resumptive testing is usually portable and capable of being used outside of the laboratory. Crime scene testing for body fluids can be critical for forensic investigations as such tests are used to assist investigators in the collection of evidence that may later be utilized in DNA typing. Proper collection of biological samples can be a critical influence on the outcome of a case. 4
Unfortunately, traditional methods for identifying unknown biofluids and stains at crime scenes can be complex, destructive, and time consuming. When multiple tests are applied to the same evidence, this process can waste valuable samples. Thus, there is a need to develop methods that minimize time and limit sample wastage during evidence collection. In recent years, there have been a number of new procedures developed for forensic serology involving immunoassay and spectroscopic methods. 5-8 There also have been more advanced methods involving proteomic and epigenetic techniques. 9,10 While these new developments have advanced the field and, in many cases, have improved specificity, there is still a need for highly portable methods which can be quickly applied to suspect evidence at a scene without the need for expensive instrumentation or complex chemical devices.
One potential solution to the problem of developing fieldable detection methods involves the application of microfluidic devices. 11-14 These novel analytical tools are known as “lab on a chip”, have allowed researchers to analyze molecules and materials on chip-like devices using micro-scaled samples. 15 Using these devices, ultralow volumes of biofluids can be analyzed in clinical applications, saving both time and precious samples. 16  
Microfluidic paper-based analytical devices (μPADs) were first developed at Harvard University by the Whitesides Group. 14,17-19 These devices are being developed for a wide variety of applications in food 20  environmental, 20 forensic, and biomedical research.16,21 For example, microfluidic systems have been developed to detect various pathogens, additives, and contaminants within food and water, 20 nitrate for urinary tract infections, sugar and protein levels in blood, and biomarkers in cardiovascular disease, lung cancer, and transmitted infections. 21-25 μPADs are capable of both semi-quantitative and qualitative analysis. 26,27
In this paper, we propose the application of multiplexed paper microfluidic devices for presumptive testing in forensic serology. Because of its convenience, colorimetric detection has been used in both presumptive and confirmatory serological testing. 6,27 Modern applications include devices utilizing lateral flow immunoassays that can provide specific detection of targeted analytes. 26,28,29 However, these devices are more commonly used as confirmatory tests. 5 Instead, in this project, we are interested in the potential application of paper microfluidic devices as a more portable and more convenient method for the presumptive detection of biological fluids at the crime scene. These systems utilize melted wax to define channels on chromatographic paper. The cellulose composition of paper is compatible with proteins and biomolecules and allows aqueous biological fluids to travel to the test wells via capillary action.
The hydrophilic channels created by the thermal wax direct liquid samples along a main channel to colorimetric sensor arrays. Incorporating colorimetric detection with microfluidic paper-based analytical devices (μPADs) can help detect biological materials' presence through a series of chemical reactions. Multiplex sample analysis occurs via the tree/branch structure of the device in which a single channel branches off into a series of detector pads. Previous work conducted within this laboratory has demonstrated the potential of paper microfluidic devices for detecting explosives, seized drugs and toxicological samples. 30-33
In this project, we developed a colorimetric sensing system used in fieldable presumptive testing of body fluids. Modifications were made to the currently available colorimetric serological tests for blood, saliva, semen, and urine in order to permit multiplexed analysis on a single paper device.5,34-38 The composition of the reagents on the paper matrix was adjusted and modified to permit stabilization and quick visualization.
[bookmark: _Toc84564923][bookmark: _Toc85059016]4.2 Experimental
[bookmark: _Toc84564924][bookmark: _Toc85059017]4.2.1 Chemicals
All chemicals used for this project were analytical grade. Sodium perborate tetrahydrate, granular, 97% was purchased from Alfa Aesar™ (Tewksbury, MA, United States). Fast Blue B salt, Urease from Canavalia ensiformis (Jack Bean), α-naphthyl acid phosphate monosodium salt, and Nessler's Reagent were purchased from Sigma-Aldrich (St. Louis, MO, United States). Phenolphthalein, glacial acetic acid, and iodine solution were purchased from Fisher Scientific (Pittsburgh, PA, United States). Laboratory corn starch was obtained from Fisher Scientific (Pittsburgh, PA, United States). For each testing reagent, standard solutions were prepared bi-weekly for sample testing and placed on the chips.
[bookmark: _Toc84564925][bookmark: _Toc85059018]4.2.1.1 Biological fluids
Biological specimens, including urine, blood, saliva, and semen, were collected by volunteers with procedures approved by the Health Science Institutional Review Board of Florida International University, IRB-16-0279 and followed relevant federal regulations to protect human subjects in research (45 CFR 46). Written informed consent was obtained from all subjects. When conducting testing, dried and wet samples were tested. Two microliters of neat samples were diluted with distilled water to make a 4 mL solution. Nine different concentrations of analytes were prepared, including dilutions of 1 : 2, 1 : 5, 1 : 10; 1 : 20, 1 : 50, 1 : 100; 1 : 200, 1 : 500, and 1 : 1000. Once diluted, the samples are transported via capillary action up individual hydrophilic channels of the μPAD to a reagent location. When a blood, semen, saliva, or urine sample contacts its designated reagent, a colorimetric reaction occurs, producing a readable response.
[bookmark: _Toc84564926][bookmark: _Toc85059019]4.2.2 μPADs
A four-lane μPAD was designed as a testing device to detect, identify, and differentiate the following body fluids: blood, saliva, semen, and urine. The device was prepared using a commercial wax printer (Xerox Color Cube, 8570DN, Xerox, US), which was used to print the four-lane pattern on chromatographic paper (Whatman no. 1, GE Healthcare, UK). After printing, the paper was run through a temperature-controlled laminator three times using aluminum foil as a heat insulation packing pouch to melt the wax into the paper. The laminator temperature was set at 160 °C at a motor speed of 2 cm s−1 (Tamerica/Tashin Industrial Corporate, TCC-6000) to ensure that the wax printed would completely melt through each side of the paper, allowing for hydrophobic barriers to be created.
Each lane was designed to detect a specific type of biological sample that was present within a collected unknown fluid. When one or more of the analytes was present, a color response could be observed in each relevant lane. Figure 4.1 illustrates the microfluidic device, in which each channel is labeled with its respective body fluid type to indicate the location in which specific test reagents were placed.




[bookmark: _Toc84815890]Figure 4.1 Multi-analyte paper microfluidic testing device developed for detecting body fluids. The device consists of 4 channels with 5 locations for reagents. The area labeled A is where sodium perborate tetrahydrate is placed within a thin layer of water-based liquid glue. Area B is the location where phenolphthalein is placed.

[bookmark: _Toc84564927]A single sample is placed at the base of the device, and capillary action transports the sample up into each individual branch of the device. A different colorimetric reagent is placed at the terminal end of each branch. The advantage of this layout is that both single analytes and mixtures can be assessed using one device.
[bookmark: _Toc85059020]4.2.3 Serology Colorimetric tests
The initial procedures used for each colorimetric test were developed by examining traditional solution-based forensic serological test methods. These included the Kastle–Meyer test for blood, the starch–iodine test for saliva, Nessler's reagent for urine, and the acid phosphatase (AP) test for semen.34-38 These procedures were then modified to achieve compatibility with the paper substrate and the linear capillary flow. Reagent placement was critical for achieving proper mixing and sequential reactivity with the individual analytes.
Samples were prepared through dilution using a v/v ratio of: 1 : 2, 1 : 5, 1 : 10; 1 : 20, 1 : 50, 1 : 100; 1 : 200, 1 : 500, 1 : 1000, while dried samples are cut out to 3 × 10−3 cm3 and diluted with 20 μL, 50 μL, 100 μL, 250 μL, 400 μL, 500 μL, 700 μL, 850 μL, 1000 μL of distilled water.
Initial tests were performed on single lane devices. In Table 4.1, the μPAD design and colorimetric reaction test results can be seen for independent testing of each sample lane. Each body fluid specific reagent were spotted into the terminal ends of the hydrophobic channels. This includes Row A: 0.5 μL of Urease-Nessler's reagent (urine), Row B: the Kastle–Meyer test (blood) spotted in two separate locations with 0.5 μL phenolphthalein spotted in location B of the blood lane, and 3 mg sodium perborate tetrahydrate spotted in location A of the blood; Row C: shows the test for saliva involving a mixture of 0.5 μL starch solution and iodine for saliva; and Row D: 0.5 μL acid phosphatase mixture for semen. Each row demonstrates the design of the chip, the color of the prepared device, and the color change that results from a positive test.


[bookmark: _Toc85041022]Table 4.1 Each lane of the µPAD has been separated using a hydrophobic barrier lane for initial sensitivity testing. (A) Urine (B) Blood (C) Saliva (D) Semen.

Next, the sensitivity and detection limit of each presumptive test was determined by performing serial dilutions of each analyte. Additional tests were performed for the determination of the effects of sample age and matrix interference.
[bookmark: _Toc84564928][bookmark: _Toc85059021]4.2.3.1 Test development
[bookmark: _Toc85059022]4.2.3.1.1 Urine
In humans, urea is generally used as a marker for urine due to its high concentration in this biofluid.6 A useful test for urea takes advantage of the enzymatic activity of urease, followed by the detection of ammonium with Nessler's reagent.3,37,38 The overall hydrolysis of urea is shown in Eqn (1):




In this experiment, crystalline urease from jack beans was used.34,38-42 The hydrolysis involves an enzymatic reaction in which the metalloenzyme binds and degrades the urea into ammonium and carbamate.39-44 The carbamate then decomposes into ammonia and bicarbonate (Figure 4.2).40,43-45

[bookmark: _Toc84815891]Figure 4.2 The detection of urea in urine is performed using urease to decompose urea into NH3 and HCO3-  ions.

To detect the presence of the ammonia that is formed from the hydrolysis of urea, a colorimetric method using Nessler's reagent is performed. The Nessler reagent contains mercury(ii) iodide, sodium hydroxide, and potassium iodide in water. Nesslerization occurs when the ammonia subsequently reacts with mercuric iodide to yield a mercuric ammonia complex. This reaction gives off a characteristic of a yellow-brownish color product.45-48 When the presence of ammonia is low, the color product is yellow, whereas when the presence of ammonia is high, the colored product is brown. The Nesslerization of ammonia can be seen in Figure 4.3. To prepare this reagent, powdered urease, 0.034 g, was added to 45 μL of purified water followed by the addition of 1 mL of Nessler's reagent. 0.5 μL of this solution was placed in the distal end of the urine channel.

[bookmark: _Toc84815892]Figure 4.3Ammonia that is produced following the hydrolysis of urea is mixed with Nessler's reagent to produce a colorimetric reaction and a mercuric ammonia product. This process is called Nesslerization
[bookmark: _Toc84564929][bookmark: _Toc85059023]4.2.3.1.2 Blood
For blood identification, forensic laboratories typically utilize oxidation-reduction reactions when performing presumptive testing, followed by a more specific confirmatory test.3 Most of the tests used in the detection of blood are based on the presence of hemoglobin. 3,37 A presumptive test that is widely used during criminal investigations when blood is suspected to be present is the Kastle–Meyer Test.3,34,35,37 In the Kastle–Meyer test, the presence of hemoglobin in the blood provides a peroxidase-like activity. In the presence of hydrogen peroxide, hemoglobin can oxidize phenolphthalin into phenolphthalein, yielding a pink color.3,6,34,35,37,38,49  For this reaction to produce stable results on paper, we substituted the hydrogen peroxide with sodium perborate tetrahydrate because of its enhanced stability and oxidizing ability.49,50 The overall reaction can be seen in Figure 4.4, in which the reduction of the sodium perborate simultaneously oxidizes the phenolphthalin. This test yields a fast and efficient result that can alert the user that blood may be present. To prepare the μPAD, (Fig. 1) 0.2–0.6 μm of water based glue was placed in the A section of the blood channel. 3 mg of sodium perborate tetrahydrate crystals were added to water-based glue, and 1.0 μL of the phenolphthalein solution was placed at the distal end of the blood channel (section B). In its solid form sodium perborate contains strong oxidizing properties while maintaining stability with the atmosphere. Mixing the crystalline form of sodium perborate tetrahydrate with small amounts of water-based glue ensures long term stability and avoids the problem of the reagent flaking off the chip.

[bookmark: _Toc84815893]Figure 4.4 Blood can be detected by the Kastle–Meyer test by using the peroxidase-like activity of hemoglobin.
[bookmark: _Toc84564930][bookmark: _Toc85059024]4.2.3.1.3 Saliva
There are several presumptive tests that are used to determine the presence of saliva in forensics.6 One of these utilizes the presence of α-amylase in human saliva, which is used to break down starch. Starch from foods contains polysaccharides, and when food is eaten, salivary α-amylase in saliva is used to help to digest these polysaccharides to produce maltose and glucose for the body.51-55 A common presumptive test used to detect the presence of saliva is known as the starch–iodine test.3,6,34,37 The starch–iodine test results are based on the fact that when starch and iodine react together, a blue/black color appears. During this reaction, iodine attaches to the helices of the polysaccharides. In the presence of α-amylase, saliva hydrolyses the starch by cleaving the α-(1,4)-glycosidic bonds of polysaccharides, causing the starch bond to break down and the loss of the blue color formed begins to disappear.3,34,37 According to Gaensslen, this color intensity and shade formation are dependent on the helical chain length found in starch. 3 To prepare this test, 2 g of laboratory-grade starch was brought to a boil in 5 mL of water until it became a clear solution. Once cooled, 0.5 μL of the mixture was placed in the reagent location of the saliva lane, followed by 0.5 μL of 1N iodine solution. This created a blue/black color. Addition of saliva to this mixture produces the color change as the degraded starch releases iodine. Nine samples of saliva were diluted, 1 : 2 to a 1 : 1000 (v/v), using to determine the minimal amount of saliva that can be present and used for detection while using the paper microfluidic devices. Figure 4.5 demonstrates the starch–iodine test reaction that occurs when salivary amylase is present.

[bookmark: _Toc84815894][bookmark: _Toc84564931]Figure 4.5 Saliva's amylase activity was measured through the hydrolysis of the starch–iodine.
[bookmark: _Toc85059025]4.2.3.1.4 Semen
In sexual assault cases, unknown biological fluids are many times left behind at a crime scene. One of these fluids is semen. Semen contains citric acid, lipids, acid phosphatase, and other enzymes.55-57 In male humans, semen contains high concentrations of acid phosphatase. A colorimetric test can be implemented in which the presence of acid phosphatase is detected based on its enzymatic function.2,3,6,34,37,58,59  Acid phosphatase reagent at pH 5.0 can catalyze the hydrolysis of α-naphthyl acid phosphate to produce naphthol.2,6,36,58,59 As seen in Figure 4.6, the naphthol reacts with fast blue B dye, producing a purple azo dye.

[bookmark: _Toc84815895]Figure 4.6 Semen was detected using sodium α-naphthyl phosphate with acid phosphatase and fast blue B.

[bookmark: _Toc84564932]Two solutions – substrate and dye solutions – were prepared using diagnostic test instructions and protocols provided by Arrowhead Forensics and the National Forensic Science Technology Center (NFSTC). The substrate solution included glacial acetic acid, sodium acetate, water and fast blue B.37 A dye solution, including water and alpha-naphthyl phosphate disodium salt were also prepared.37 The solutions were mixed and 0.5 μL of the mixture was placed within the semen reagent location.
[bookmark: _Toc85059026]4.2.5 Interference testing
Presumptive tests are designed as screening tools and are used mainly determining the potential presence of body fluids. However, depending on the reaction mechanism, there are usually a number of potential interferences in these tests. Some of these contributors include oxidizing agents, thermal denaturants, and certain environmental contaminants.
For example, when using the Urease-Nessler reagents to test for the presence of ammonia in urine; alcohols and ammonia based materials can create interferences.60,61  The Sacramento County District Attorney Laboratory of Forensic Services suggested that some interferences to the Kastle–Meyer test for blood were those that contained chemical oxidants, other substances that contained similar peroxidase activity, or materials containing peroxidase. 36,62  Additional interferences for the were also suggested by other laboratories.34,36,63 For example, raw potatoes may produce false-positive results for the Kastle–Meyer test. 63
When using the starch–iodine test for detecting the presence of amylase, it should be noted that animal and plant amylase can produce false positives when using the starch–iodine enzymatic test.64 In addition, amylase can also be detected in breast milk, semen, and perspiration of humans resulting in additional false positives.65 However, in general, the levels of amylase in these other body fluids are low when compared to that in saliva. 66
The acid phosphatase test has potential interferences which include male urine, saliva, and feces which, however, contain the enzyme acid phosphatase at lower levels than semen.34,36,67 It has also been suggested that plants, fungi, and bacteria may contain enzymes similar to those of seminal acid phosphatase that produce a reaction to the AP test.34 For example, teas made from Camellia sinensis display a colorimetric reaction when tested using the acid phosphatase-fast blue test. 36
Biological samples were donated by protected volunteers under the Health Science Institutional Review Board of Florida International University, IRB-16-0279 Based on a survey of the literature, the following substances were examined for interference testing: Hydrastis Canadensis (Goldenseal herbal supplement tea) was purchased from the Vitamin Shoppe (Miami, Florida); Camellia sinensis (Green Tea), bleach (Clorox), glass cleaner (Windex), hand soap (Softsoap), dish detergent (Palmolive), corn starch (Great Value), nail polish remover (Cutex Strength Shield Nail Polish Remover), and potatoes were purchased from supermarkets in Miami, Florida.
[bookmark: _Toc84564933][bookmark: _Toc85059027]4.3 Results and discussion
This study aimed to prepare a multi-analyte μPAD method for the presumptive detection of body fluids. The design permits 4 simultaneous colorimetric tests to be performed, making the method highly specific, as interferences can be discriminated by their relative response in each colorimetric channel. The colorimetric tests used in this study were selected based on their previous application as solution tests and modified as necessary for use with paper microfluidic sensors.
Samples were prepared through dilution using a v/v ratios for non-dried samples and volume flow rate of sample and distilled water for dried samples.
Body fluids are composed of various enzymes and proteins in a wide range of concentrations, the complexity of detecting these fluids in mixtures can increase, and cross-reactivity can become an issue. 68 Therefore, initial tests were performed on single lane devices, as seen in Table 4.1. Each body fluid specific reagent that is spotted into the terminal ends of the μPAD is observed in Table 4.1. Urease-Nessler's reagent is used to test for urine, the Kastle–Meyer test is used to test for blood using sodium perborate tetrahydrate; saliva was tested using a starch–iodine solution; and acid phosphatase mixture was used to test for the presence of semen's enzyme acid phosphatase.
Individual fluid tests were taken and 600 μL of the varying sample ratios were prepared, and the μPAD was used for testing. The lane channels are separated to show the difference between the prepared reagent location and the locations in which each reagent reacts with each designated fluid. The μPADs in Table 4.1 were only used to individualize each test for better observations during sensitivity testing. To see the demonstrated microfluidic device used for field testing, refer to Table 4.2.

[bookmark: _Toc85041023]Table 4.2 The μPAD design used for serological analysis. The subsequent figures illustrate the device before and after the simultaneous detection of urine, blood, saliva, and semen.

The time required for a positive response using the μPAD in Tables 1 and 2 was estimated to require 10–15 minutes. Where 150–300 μL of the varying samples were mixed to total a 600 μL prepared sample for the multi-analyte testing. The total time to detection varied depending on the quantity of sample present, the nature of the sample, the dilution of the sample, and the nature of the biological fluid. 68
[bookmark: _Toc84564934]4.3.1 Sensitivity study
A study of the device's sensitivity for each body fluid was performed using sample dilutions from 1 : 2 to 1 : 1000 for each body fluid type, including blood, semen, saliva, and urine. 480 μL of each sample dilution was placed into a designated 1 mL certified glass insert vial during preparation. The μPAD was placed into the vial, and the fluid samples flowed up through the hydrophobic channels until they reached the terminal ends where the reagents were placed. The intensity and spot size of each analysis were recorded using a Samsung Galaxy Note 8 smartphone. Each microfluidic device was photographed using a white background with ambient lighting to avoid external light interference and contamination. A 15 cm distance was maintained between the camera and the microfluidic device. The resultant images of the colorimetric reaction of urine at the various dilutions in water can be seen in Figure 4.7.


[bookmark: _Toc84815896]Figure 4.7 Illustrates the presumptive test results using colorimetric testing reagents for urine at dilution ratios of: 1 : 2, 1 : 5, 1 : 10; 1 : 20, 1 : 50, 1 : 100; 1 : 200, 1 : 500, 1 : 1000. The Urease-Nessler test was used in the above figure to detect urine.

The results were processed using the densitometry function of the image processing and analysis software ImageJ program and plotted using Microsoft excel. The data was fit to semilog plots of concentration vs. color density, Figure 4.8
[bookmark: _Toc84815897]Figure 4.8   ImageJ semilog plots of sample concentration vs. color density

A visual detection limit was determined by polling 33 individuals as to the lowest level of signal for which they could define a positive result.69 The lowest level at which 90% of the participants detected a color change was deemed the visual detection limit. 
For determination of the LOD based on smartphone data, an analysis of 10 replicate samples of each biofluid was plotted to a curve fit to determine the minimal detectable quantity. Urine was measured at 10 replicates of 0.01 v/v dilution, saliva was measured at 10 replicates of 0.01 v/v dilution, semen was measured at 10 replicates of 0.01 v/v dilution, and blood was measured at 10 replicates of 0.005 v/v dilution. The standard deviation, σ, of the signals obtained from the replicates were then used to determine the minimal detectable dilution of each body fluid. This data is listed in Table 4.3.
[bookmark: _Toc85041024]Table 4.3 Figures of merit for each body fluid, including the curve fits for the semilog plots, the R2 values for each fit, the visual limit of detection (v/v), and the minimum concentration detection limit measured using ImageJ software.
	Biological Fluid
	Fit
	R2
	Visual Limit of Detection
	Cell phone LODI

	Urine
	0.0604 ln(x) + 2.1687
	0.9402
	0.01
	2.2233

	Blood
	0.011 ln(x) + 2.2906
	0.9748
	0.005
	2.3001

	Saliva
	0.1715 ln(x) + 1.4598
	0.8969
	0.01
	1.6072

	Semen
	0.1799 ln(x) + 1.6071
	0.9363
	0.01
	1.7808


[bookmark: _Toc84564935]
[bookmark: _Toc85059028]4.2.4 Interference testing
Using known colorimetric test interference items and other household items that were available within the laboratory, interference tests were conducted under a blind study. Colorimetric reactions that occurred on the μPAD when a sample was tested were noted. While conducting the blind study, leafy herbal teas (Hydrastis Canadensis, Camellia sinensis, and other Camellia sinensis varieties that were closely related to garden plants)36 and vaginal fluid secretions34 (only after a 2-minute waiting time period) were found to cause a purple color change in the acid phosphatase + fast blue B reagent location of the μPAD designated for semen detection. However, there were no other colorimetric changes in either the blood, saliva, or urine testing locations using these reagents. It should be noted that low amounts of acid phosphatase may be present in vaginal fluids. This can result in the slow development of a weak color change for specific samples after 1–2 minutes. 70 Thus, color changes that occur 1 minute or longer after the solution reaches the color pad indicate a potential interference and should be interpreted with caution.
10% concentrated bleach was tested for interference on the μPADs, which resulted in a color change in the Urease-Nessler's and Kastle–Meyer channels. The color change observed in the Urease-Nessler's channel was orange-brown. The color change in the Kastle–Meyer channel was the same color pink as observed when blood was present. Glass cleaner from its commercial bottle produced a yellow and pink color change in the reagent locations with Urease-Nessler's reagent and sodium perborate-phenolphthalein. 60,61 10% hand soap and dish detergent were used to test its interference abilities. The alkali in hand soaps and dish detergent chemically reacted with the phenolphthalein causing an alkylation to occur and produce a slight pink colorimetric change when reacting with the sodium perborate-phenolphthalein reagent location. 71 Nail polish remover proved to be another interference with the Urease-Nessler's test, causing a yellow-colorimetric change to occur when there was no urine present due to its alcohol component. 60,61 The starch–iodine test showed false positives when tested against citrus fruits such as lime, lemon, and oranges at whole fruit concentrations and a 1 : 10 diluted ratio with water.64 The results for these experiments are detailed in Table 4.4.













[bookmark: _Toc85041025]Table 4.4 Common test interferences obtained using the multi-analyte device

[bookmark: _Toc84564936]
[bookmark: _Toc85059029]4.3 Conclusion
In conclusion, we have developed a multi-analyte paper-based device (μPAD) that can rapidly and reliably detect serological stains on various substrates. This device should prove useful for presumptive testing of stains at crime scenes and in the laboratory. Initial validation work has shown that the device can simultaneously detect mixtures of biological materials. During the development, we have also demonstrated that the multi-analyte device has up to a two-week shelf life when prepared with reagents and stored in a dry, dark location. The colorimetric response permits sample detection within a 10–15 minute time interval. This device has low sample volume input requirements and is inexpensive to make. The multi-analyte format increases the specificity of the detection method, preserves precious samples, and allows users to distinguish if blood, saliva, semen, or urine is presumptively present prior to more specific confirmation testing.
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[bookmark: _Toc85059032]An aptamer-based electrochemical biosensor for label-free of codeine with gold nanoparticles amplification
Rosa L. Cromartie, Vivek A. Kamat, Shekhar Bhansali,  Bruce R. McCord
Abstract
This paper reports the development of a paper-based electrochemical aptasensor using an anti-codeine aptamer as a biological recognition element for detecting codeine in sweat. The sensitivity of this sensor was achieved by utilizing gold nanoparticles (AuNPs), which were electrodeposited onto the surface of a bare carbon screen-printed electrode increasing the surface area. Next, the surface was modified with DNA aptamers through a thiol attachment. Upon binding to a codeine target, the aptamer changes conformation, blocking access to the ferrocyanide electrolyte and providing indirect detection. Peak current decreased as the concentration of codeine increased. Square wave voltammetry was utilized to determine the presence of codeine in sweat using both screen-printed and paper-based electrodes for detection after surface modification.  Bothe aptasensors demonstrated high specificity for codeine with a 29 ng/mL detection limit for the screen screen-printed electrode and 75ng/mL for the paper-based electrode. The ultimate goal of this sensor was to provide a non-invasive sensing mechanism that analyzes sweat samples for the presence of codeine and codeine-like structures. This sensor provides good sensitivity and reproducible analytical performance and was successfully used to detect codeine in spiked human sweat samples. 
[bookmark: _Toc85059033]5.1 Introduction
Over the past three decades, there has been widespread abuse of opioids and a dramatic rise in the use and misuse of these molecules used as APIs (active pharmaceutical ingredients ) in drugs.  1 The abuse of opioids has resulted in an epidemic of hospitalization and death in the USA and other countries.  Much of the initial rise in the rate of abuse is due to the increased availability of prescription opioids, including codeine.  Codeine (3-methylmorphine) is a natural opioid and one of the commonly known alkaloids of opium widely used in pain treatments. 2-4 Although codeine has been presented as a mild sedative drug, it can be dangerous when abused. 2 When codeine is consumed through oral dosage, about 10% of the codeine undergoes O-demethylation by CYP2D6 and metabolizes into morphine, leaving the remainder of the drug to be absorbed by the body and processed for elimination. 5 To determine the presence and quantity of any consumed opioid, biological samples are collected and analyzed. Typically, analysis of opioids in biological fluids is performed using blood or urine specimens.  6,7 This testing process is commonly implemented in workplaces, athletic doping control, forensic investigations, clinical and healthcare monitoring. For many years, facilities have used either blood or urine to detect the presence of drugs of abuse using advanced laboratory instrumentation such as liquid chromatography (LC-MS). However, these tests are invasive and can be lengthy in analysis. Therefore, non-invasive and reliable tests are needed, which can be performed quickly and on-site. 
For this reason, we are investigating the development of biosensors for the detection of drugs in sweat. Sweat provides a valuable and non-invasive matrix for detection. Drugs can be detected in sweat due to secretion from eccrine and apocrine glands located on the skin's surface. Sweat patches can be used to collect and detect these compounds and have been previously used to collect and analyze sweat using gas chromatography for codeine. 8
This study describes the development of a unique electrochemical sensor for the detection of codeine molecules in sweat. The system utilizes disposable polypropylene screen-printed carbon electrodes and a paper-based carbon electrode modified with aptamer functionalized nanoparticles to capture the codeine molecules. The redox probe solution used for sample analysis was 5mM K4Fe(CN)6/K3Fe(CN)6 containing 0.1M KCl. Indirect detection occurs as the presence of the aptamer bound codeine blocks access of the K4Fe(CN)6/K3Fe(CN)6 reaction to the electrode surface.
[bookmark: _Toc85059034]5.2 Materials and Reagents
All reagents were of molecular biology grade purchased from Sigma-Aldrich unless otherwise stated. Gold chloride trihydrate (HAuCl4·3H2O), H2SO4 sodium citrate, potassium ferricyanide, and ferrocyanide, phosphate-buffered saline (PBS) pH 7.4,  NaCl, KCl, MgCl2, Tris-EDTA (TE) buffer solution, EDTA, and Tris-HCl were used in this study. 6-Merchato-1-hexanol was obtained from TCI Chemicals (Portland, OR, USA).  Tris-(2-carboxyethyl) phosphine hydrochloride (TCEP) was obtained from Alfa Aesar. TCEP was a reducer agent intended to disrupt any disulfide bonds and ensure that free –SH groups are ready to bind with the surface of the gold nanoparticles. All solutions were prepared in Ultrapure water with a resistivity of 18.2 MΩ-cm was generated by a Millipore water purification system. Solutions were prepared using ultra-pure water with a resistance of 18 MΩ cm (Millipore, USA). 
Sweat was collected from volunteers with IRB-approval 108708 (Florida International University). Codeine (3-methylmorphine) and other drug substitutes mentioned in this paper were obtained from Cayman Chemical (Ann Arbor, MI) without further purification. The thiolated anti-codeine aptamer was purchased from Integrated DNA Technologies, Inc. (IDT DNA) in Coralville, Iowa, USA. With the sequence of the following oligonucleotide 2,3:
5’-/5ThioMC6-D/CCC CCT GGG TCG GGA AAA GGG GTT GGG GGT GCG G-3'
The lyophilized aptamer was resuspended in Tris-EDTA buffer to a 100μM solution and stored in at -20°C until needed for use. When ready for use, the aptamers were prepared the aptamer by first diluting to 10μM using 20mM Tris-HCl (pH 7.4) and denatured at 90°C for 5 min to dissociate any intermolecular bonds before renatured by cooling down to room temperature. Next, the denatured DNA was further reduced to 2 μM using immobilization buffer containing 1.0 M NaCl, 1mM EDTA, 1 mM TCEP in Tris-HCl (10 mM, pH 8.0) and the binding buffer containing 0.1 M NaCl, 0.2 M KCl, 5 mM MgCl2, 1 mM EDTA in Tris-HCl (20 mM, pH = 7.4) that was subsequently prepared.
*Important Note: Resuspended aptamers were stored at -20°C for future use. Unused unfolded aptamers used can be frozen; however, they will need to undergo the denaturation and renaturation process again*

[bookmark: _Toc85059035]5.2.1 Apparatus  and Instrumentation
Carbon-Graphene Conductive ink (C2131121D3) was purchased from Gwent Electronics Materials Co., Ltd (United Kingdom) Silver conductor paste (DuPont 5025) was purchased from DuPont Microcircuit Materials (Research Triangle Park, NC, USA). Whatman no. 1, Chromatographic paper was purchased from GE Healthcare (United Kingdom). Xerox ColorQube 8570DN printer (Xerox, USA). Disposable polypropylene carbon screen-printed electrode (SPE) (TE-100) (Zensor R&D, Austin, TX, USA); Evolution 201 ThermoFisher UV-Visible spectrophotometer; Scanning electron microscope (SEM; model JOEL SEM 7000); Malvern Zetasizer Nano ZS instrument; Metrohm Autolab analyzer
[bookmark: _Toc85059036]5.2.1.1 Synthesis of AuNPs
AuNPs were synthesized by the sodium citrate-mediated method, according to previous reports.   3,9,10 HAuCl4 was dissolved in deionized water, gently stirred into the solution to form a yellow solution at 110°C. Trisodium citrate was then vigorously stirred and refluxed for 30 3,9,10 HAuCl4 was dissolved in deionized water, gently stirred into the solution to form a yellow solution at 110°C. Trisodium citrate was then vigorously stirred and refluxed for 30 minutes. The yellow solution gradually changes from a colorless solution to a wine-red like color; once this color stabilizes, the heat is turned off and the solution is continuously stirred for 30 minutes at room temperature. The average size of these nanoparticles was 50.2 nm ± 0.5nm. The solution of the particles was transferred to a glass storage bottle, wrapped in aluminum foil and stored in the dark at 4°C.

[bookmark: _Toc85059037]5.2.1.2 Design and Fabrication of the paper-based screen-printed  electrode


[bookmark: _Toc84815898][bookmark: _Hlk83951757]Figure 5.1 Three-electrode system design created using LayoutEditor Software. This electrode pattern was used to create a paper-based screen-printed electrode used as a comparison for the experiment.

The screen-printed electrode was designed based on a three-electrode system that included working, reference, and counter (auxiliary) electrodes. To prepare for the screen-printing of the three-electrode pattern, LayoutEditor Software was used to formulate the design of the screen-printed electrode as seen in Figure 1, and the electrode patterns were cut out using Silhouette Studio v. 4.4 software and a Silhouette Cameo 3 craft cutter printer (Silhouette, Brazil). After designing and cutting the electrode stencil, we proceeded with the electrode fabrication process. 
[bookmark: _Hlk71737228]The steps used to fabricate the paper-based screen-printed carbon electrode are shown in Figure 2. The wax barrier was printed with a Xerox ColorQube 8570DN printer (Xerox, USA). After printing, the paper was run through a temperature-controlled laminator three times using aluminum foil as a heat insulation packing pouch to melt the wax into the paper. The laminator temperature was set at 160°C at a motor speed of 2 cm s-1 (Tamerica/Tashin Industrial Corporate, TCC-6000) to ensure that the wax printed would completely melt through each side of the paper, allowing for hydrophobic barriers to be created. 

[bookmark: _Toc84815899]Figure 5.2 Fabrication process involved in the making of the paper-based screen-printed electrode. For details of the various steps. A. Chromatographic paper used with ColorQube wax printer; B. ColorQube wax printed used to print the base electrode design for hydrophobic barrier; C. temperature-controlled laminator to melt the wax into the chromatographic paper; D. The Melted wax design that has formed hydrophobic barriers; E. Using the stencil design created with the Silhouette Cameo, the design is placed on top of the waxed paper, and the conductive ink is squeegeed and cured, F. A bulk of cured and ready to go electrode; G. Photograph of the final paper electrode inserted.
[bookmark: _Toc85059038]5.3 Experimental
[bookmark: _Toc85059039]5.3.1 Electrode Preparation
All voltammetric parameters were optimized based on the peak current intensity response profile vs. peak potential produced by codeine.  The previously synthesized negatively charged citrate-capped AuNPs were electrochemically deposited on the SPCE using pre-synthesized AuNPs and applying potential using chronoamperometry. 11-13
[bookmark: _Toc85059040]5.3.1.1 Optimization of electrodeposition time and potential
Gold nanoparticle electrodeposition on the surface of the carbon electrode can be affected by several parameters, including time and applied potential. In this study, both factors have been optimized to obtain the best performance. Optimization of the applied potential of  +0.4V and the electrodeposition time was evaluated within 300-800 seconds. Observations showed that the current increased as the deposition time increased and began to remain constant at 450-800 seconds. Thus, is where the selection of 600 seconds for electrodeposition was selected. Using the electrodeposition time of 600s, we determined the applied potential to the working electrode. Varying between +0.3V to +1.0V, the current showed a decrease throughout the optimization of applied potential from +0.4 until reaching +1.0V. This decrease remained constant until applying a potential greater than +0.3, where the current began to increase. To get a better insight into the selective deposition and growth of the AuNPs on the surface, the electrode is represented by chronoamperometry. Figure 3 This technique provides details of the transient current -time (i-t) curve during the electrochemical deposition of the AuNPs onto the bare electrode. It has been mentioned that negative potentials cause higher currents to be observed at early deposition times due to rapid formation onto the surface of the electrode. Thus, a decrease in the current was observed as an increase in potential was applied. Therefore, an electrodeposition potential of +0.5V was selected for deposition of the gold nanoparticles onto the surface of the electrode. 

[bookmark: _Toc84815900]Figure 5.3 Chronoamperometry curves of electrodeposition of gold onto the bare screen-printed carbon electrode by applying different potentials. Effect of electrodeposition time employing AuNPs a standard of 40μL of 25.3μM and an Edep of 500 mV for 600 s was selected.
[bookmark: _Toc85059041]5.3.2 Codeine sensing principle
A schematic diagram illustrating the codeine electrochemical sensing principle is shown in figure 4. In this process, gold nanoparticles were electrodeposited onto the screen-printed carbon working electrode's surface, followed by the functionalization of the anti-codeine single-stranded DNA aptamer onto the AuNPs at the electrode surface. The aptamer was allowed to incubate in the dark at room temperature (~25°C) on the surface of the electrode overnight (>14 hours). Next, 1mM 6-MCH was added to block any remaining active sites and left to incubate for 1 hour, followed by rinsing the electrode with the binding buffer. 6-MCH is being used as a co-adsorbent to block nonspecific aptamer molecule absorbing sites. 

[bookmark: _Toc84815901]Figure 5.4 Principle of confirmational structure change for the detection of codeine. Aptamers are introduced to the AuNPs that is electrodeposited onto the surface of the working electrode of the carbon screen-printed electrode system for thiol functionalization. After incubation, the electrodes are rinsed with binding buffer to remove unbound aptamers, and 6-mercapto-1-hexanol is used to block any remaining active sites and left to incubate for 1 hour.
[bookmark: _Toc85059042]5.3.3 Sample Preparation
Biological sweat samples were collected by 8 volunteers with procedures approved by the Health Science Institutional Review Board of Florida International University, IRB-20-0116, and follow relevant federal regulations to protect human subjects in research (45 CFR 46). The sweat used in this experiment was collected using two methods of collection: a polypropylene arm cast bag and a sweat patch (developed in-house) that had not taken any analgesic opioid such as codeine. Subjects were asked not to take any analgesic opioid such as codeine before collection. No further dilution/ purification was used for these collected biological samples, stored at 4°C prior to analysis. A stock solution of 5μg/mL codeine in sweat was prepared. The sweat samples were then spiked with stock solutions to provide 25ng-150ng/mL codeine. When analyzing the spiked codeine-sweat samples, electrochemical impedance spectroscopy (EIS) analysis was used to obtain information on the mechanism of the surface binding. Any modified sensors that were not immediately used were kept at 4°C until ready for use. Before analysis, the aptamer-AuNP sensors were incubated with the sweat containing codeine for 1 hour to allow for analyte-aptamer binding to occur. 3,14 This time for incubation was determined after reading literature and examing the difference shift in current after longer incubation periods. All analyses were performed in quadruplicate using the same electrode and recorded. Each modified electrode was used only one time, then disposed of.
[bookmark: _Toc85059043]5.3.4 Electrochemical Measurements 
Electrochemical impedance spectroscopy (EIS) was used to examine the charge transfer process characterize the effect of surface modification occurring at the sensor/sample interface. Nyquist plots of impedance spectra were used to study charge transfer at sensor-solution interfaces following the deposition of gold nanoparticles, the immobilization of aptamers bound to the gold nanoparticles, and the blocking of static sites by MCH. The value of the charge transfer resistance decreased compared with the bare electrode due to an increase in the electron transfer rate between the AuNPs and the carbon electrode. Surface modifications were also recorded by cyclic voltammetry. All electrochemical measurements were conducted using the redox probe solution 5mM K4Fe(CN)6/K3Fe(CN)6 containing 0.1M KCl. 
Voltammetric studies were conducted using a CHI 1230B electrochemical potentiostat workstation (CH Instruments, Inc., Austin, TX, USA) of the electrodes. Square wave voltammetry (SWV) was carried out to compare the commercial disposable Zensor electrode to the paper-based screen-printed electrode sensors. Comparisons were made to assure the accuracy of the measurements collected. SWV measurements were performed to enhance sensitivity, enabling the use of a lower concentration of the aptamer (2μM) as a biological recognition element in developing the biosensor. 
[bookmark: _Toc85059044]5.4 Results and Discussion
[bookmark: _Toc85059045]5.4.1 Sensor Surface Characterization
The sensor was fabricated by electrochemical deposition of AuNPs prepared by citrate-mediated reduction of HAuCl4. The surfaces of the sensors containing both Bare AuNPs as well as  AuNPs and Aptamers on SPCEs were examined using a JOEL SEM 7000 Scanning Electrode Microscope (SEM) operating at 10kV emission voltage and 9μA probe current and Ultraviolet-Visible (UV-Vis) Spectroscopy in order to understand the morphology of immobilized material's structure. The results of each characterizing method can be seen in Figure 5. SEM analysis was used to assess the electrode's surface and  revealed efficienct functionalization of the AuNPs with uniform binding of AuNPs.  Figure 5A1 shows unfunctionalized nanoparticles coated on the electrode's surface, whereas A2 shows the functionalization of the modified aptamers being bound to the AuNPs. It can be seen that the aptamers that are bound to the AuNPs on the electrode surface produce an increase in the nanoparticle cluster size. Figure 5B provides the UV/Vis absorption spectra obtained for the unfunctionalized citrate-stabilized gold nanoparticles (AuNPs) and produces a maximum peak at 538 nm with an absorbance of 0.15. After functionalization of the aptamers onto the gold nanoparticles, the AuNP diameter increased from 50.2±5nm to 57.6 ± 5nm, and the absorbance decreased.
[bookmark: _Hlk83150765]Additionally, the surface zeta potential changed from – 30mV to − 45mV, indicating that large amounts of negatively charged nucleic acid have bound onto the surface of the AuNPs. As seen in Figure 5C, when the aptamers become bound to the AuNPs, the size of the molecular combination increases, and the charge decreases. The increase in size means that the scattering of light is absorbed as a result of aptamer binding. According to Sandström et al., this suggests that there is nonspecific binding between the high negative charged backbone of the DNA aptamer and the highly polarizable gold nanoparticles as a result of  ion-induced dipole dispersive interactions. 15 This transition can also be demonstrated by observing the change in zeta (ζ) potential between the unfunctionalized AuNP surface and the aptamer-functionalized gold nanoparticles by DLS. The unfunctionalized gold nanoparticles show a ζ- potential  of -45.0mV compared to the aptamer-functionalized gold nanoparticles' ζ -potential of -30.2mV.  This indicates that conjugation between the gold nanoparticles and the aptamers has occurred. 16

[bookmark: _Toc84815902]Figure 5.5 SEM images of unfunctionalized AuNPs (A1) and aptamer-functionalized AuNPs (A2). B.) UV-Vis absorbance spectrum of unfunctionalized AuNPs and aptamer-functionalized AuNPs. C. Data of Dynamic light scattering (DLS) showing the size distribution and zeta potential of 50nm unfunctionalized gold nanoparticles and aptamer-functionalized gold nanoparticles.

[bookmark: _Toc85059046]5.4.2 Aptamer Loading
After functionalizing aptamers on gold nanoparticles, we were able to characterize the loading efficiency. To quantitatively determine the loading of the aptamer, the concentration of the nanoparticles and the aptamers in each sample were measured. The concentration of the gold nanoparticles were determined after performing UV-Vis spectroscopy and obtaining the absorbances of functionalized and unfunctionalized AuNPs. Using Beer’s law, we were able to determine the concentration of the AuNPs. Using the wavelength of 531nm (correcting for the dilution of the AuNPs for absorbance) and the extinction coefficient of 1.5x1010 L/(mol·cm) we were able to determine the concentration of nanoparticles loaded onto each nanoparticle. In these experiments the unfunctionalized AuNPs showed a decrease absorbance as they become functionalized.
Next, in order to determine the concentration of aptamer loaded onto the gold nanoparticles in each aliquot, we followed the suggested calculation provided by Fernandez et al  by taking the initial concentration of the aptamer before loading. 17 In order to obtain an estimate of the concentration of the aptamers after loading is loaded onto the AuNP, were determined using the Beer’s Law equation as before with the absorbance peak at 260nm, which corresponds to that of DNA absorption. Keeping in mind that absorbance of a solution will increase as attenuation of the bean increases and DNA does not get absorbed, therefore the absorbance will be directly proportional to the we took the obtained an absorbance spectrum to calculate the path length and the concentration of the absorbing species. This helped to obtain the aptamer concentration of aptamer functionalization onto AuNPs in liquid form. Using the following equation,  it was determined that the loading capacity of oligos/gold nanoparticle(50nm) was approximately 2600 aptamers per nanoparticle as the concentration of the aptamers were larger than referenced studies. Knowledge of the loading capacity can help determine the average aptamer density loaded onto the sensor's working electrode. In this case, an average of 52% of the aptamers in solution were loaded onto the working electrode. 
[bookmark: _Hlk84776399][Aptamer/mL] = [NPconc] (nanoparticles/mL) × loading capacity (oligos/ particle)
It is important to understand that this is an approximation; the size and surface of each particle vary.
[bookmark: _Toc85059047]5.4.3 Sensor Sensitivity 
While investigating the sensitivity and efficiency of the codeine aptamer-AuNPs sensor, SWV measurements were performed on sweat  in the absence and the presence of codeine. The SWV scan parameters used were obtained at an amplitude of 25mV, a frequency of 15 Hz, and a step potential of 0.004 V.  All electrochemical measurements were carried out at room temperature (~25°C).  Codeine concentrations  from 25ng/mL-150ng/mL in sweat were analyzed to determine the effect on peak current, and to confirm the binding of the analyte. As can be seen in figure 6, the peak current of the SWV curves increased as the concentration of the codeine present in sweat increased. Binding of codeine molecules causes a structural change in the aptamer, hindering the access of the redox probe to the working electrode's surface. This results in a significant increase in the peak current of the working electrode in the presence of codeine (-24μA of background to -16 μA). (Figure 6). A calibration curve (Figure 6 insert) of maximum peak heights of the averaged replicated runs  vs  concentration shows the change in surface redox reaction rate as the aptamer binds to the target. The detection limit using was determined to be 29ng/mL at a concentration producing a signal three times the standard deviation of the blank. .


[bookmark: _Toc84815903][bookmark: _Hlk84247012]Figure 5.6 Square wave voltammogram showing the detection of codeine spiked in sweat with sweat (lowest level) as a reference. Codeine was spiked in sweat through serial dilution. SWVs detected from 25ng/mL to 150ng/mL in [Fe(CN)6] 3-/4-/KCl (5 mM /0.1 M) electrolyte solution.

[bookmark: _Toc85059048]5.4.4 Sensor Specific Binding
Specific binding interactions between the aptamer and codeine forms a complex that hinders electron transfer and increases the charge-transfer resistance (RCT) between the solution-based redox probe [Fe(CN)6]3−/4− and the electrode surface. The change in ΔRCT (ΔRCT = RCT(after)-RCT(before)) is positively related to the codeine level, so the determination of codeine can be quantitatively tested by EIS and cyclic voltammetry. In figure 7, cyclic voltammogram (A) was recorded over a potential range between -0.8 and +0.8 V with a scan rate of 0.05 V/s. Figure 6A shows the redox probe CV scans of the bare SPCE ( plot a), AuNPs/SPCE (plot b), aptamer/ AuNPs/ SPCE (plot c), and plot MCH/aptamer/ AuNPs/ SPCE (d) . EIS responses represented by the Nyquist Plot (B) are presented, illustrating the response of the modification process of the electrode and the functionalization of the AuNPs with the aptamer. The EIS decreased for the AuNP modification process, which suggested that there is an increase in electrochemical activity on the electrode surface. This also confirms the increase in conductivity seen in figure 7A, where the CV also indicated an increase in the surface area of the working electrode following the deposition of the nanomaterial. The value of electron transfer resistance for the bare electrode is 5000Ω compared to the electrodeposited 50nm AuNPs at 2000Ω, as seen in figure 7B. 
Subsequently, the immobilization of the thiolated aptamer and 6-mercaptoethanol onto the AuNP surface of the SPCE caused the diameter of the semicircle in the Nyquist plot to increase significantly. This was determined to be due to the blockage of the electron transfer between the electrode's surface and the redox probe. 
After immobilization, the sensor was introduced to sweat and its target—codeine (50ng/mL) with an incubation time of 1 hour. Observations determined that binding of codeine effects caused an increase in the resistance to charge transfer, which confirms the successful fabrication of the aptasensor. The effect of sweat in these electrochemical studies shows that there sweat significantly decreases impedance values which can be due to the substances contained within sweat that interferes with the electrochemical interaction between the electrode and the electrolyte. Therefore, we needed to use an electroactive solution to help enhance the signaling of each sample to obtain a rangable conductivity. The conductivity of sweat and its components are seen in Table 1, can range between 5,000-9,000Ω/cm, which depends on the collection process, contamination, and location of collection on the skin. 




[bookmark: _Toc84815904][bookmark: _Hlk84033704][bookmark: _Hlk84247375]Figure 5.7 A. Cyclic voltammogram used to characterize the surface modification of the electrode.. (a)SPCE ; (b) AuNPs/SPCE (c)  aptamer/ AuNPs/ SPCE; (d) MCH/aptamer/ AuNPs/ SPCE; (e) Sweat/MCH/aptamer/AuNPs/SPCE and (f) Codeine (50ng/mL)/MCH/aptamer/AuNPs/SPCE in 5mM [Fe(CN)6]3−/4− containing 0.1M KCl redox probe solution.  B. EIS Representative Nyquist plots (−Zim vs. Zre) for the same samples used in the cyclic voltammogram.


[bookmark: _Toc85041026]Table 5.1: Conductivity and pH of biological and electrochemical samples used to detect codeine using the aptasensor.


[bookmark: _Toc85059049]5.4.5 Sensor Selectivity
Selectivity of these sensors is important in determining the specificity of the detection of the analyte of interest in real samples. To assess the selectivity of the proposed aptasensor, other interferential opioids, and drugs that may coexist with codeine in biological samples were chosen for the evaluation. In addition, two concentrations of codeine 50ng/mL (Codeine 1) and 150ng/mL (Codeine 2) were examined in the presence of the tested interferants. (Figure 8) The selected interferants used were (a) Acetaminophen, (b) Cocaine, (c) Diazepam, (d) Fentanyl, (e) Heroin, (f) Hydrocodone, (g) Meperidine, (h) Methamphetamine, (i) Morphine, (j) Nicotine, (k) Oxycodone, (l) Phenobarbital, (m) Thebaine, (n) Tramadol, (o) Caffeine, (p) CaCl2, and (q) Glucose were evaluated. It was observed that a signal was produced following the addition of codeine and compounds similar in structure, whereas the incubation of the aptasensor with other common drugs. Common sweat components were also selected as interferences to be tested against the binding of the aptasensor.  (Figures 8 and 9)
The largest drops in current were achieved with the addition of codeine. Other opioids also showed some cross reactivity. In contrast, the incubation of the aptasensor with other commonly present drugs did not display much a change in currentto show binding to the sensors surface after incubation on the aptasensor. The results shown in figure 8 that 100ng/mL of morphine binds ~37% , 125ng/mL of thebaine binds ~28.9%, heroin 150ng/mL of heroin binds ~38% to the opioid receptor. Theoretically the reason for the binding this binding is these interferences are similar in structure and are similar in structural backbone which shows that there is little binding for the aptamer selected to bind to codeine at certain concentrations.


[bookmark: _Toc84815905]Figure 5.8 Aptamer selectivity was evaluated of the label-free codeine sensor by incubated 50ng/mL codeine (Codeine 1), 150ng/mL codeine (Codeine 2)  and various interferants at the concentration of 200ng/mL(a) Acetaminophen, (b) Cocaine, (c) Diazepam, (d) Fentanyl, (e) Heroin, (f) Hydrocodone, (g) Meperidine, (h) Methamphetamine, (i) Morphine, (j) Nicotine, (k) Oxycodone, (l) Phenobarbital, (m) Thebaine, (n) Tramadol, (o) Caffeine, (p) CaCl2, and (q) Glucose were evaluated.

[bookmark: _Toc84815906][bookmark: _Hlk84478922]Figure 5.9 Comparison of current change of the label-free codeine sensor by incubated 50ng/mL codeine (Codeine 1), 150ng/mL codeine (Codeine 2)  and various interferants at the concentration of (a) 150ng/mL Acetaminophen, (b) 150ng/mL Cocaine, (c) 150ng/mL Diazepam, (d) 150ng/mL Fentanyl, (e) 150ng/mL Heroin, (f) 150g/mL Hydrocodone, (g) 150ng/mL Meperidine, (h) 150ng/mL Methamphetamine, (i) 100ng/mL Morphine, (j) 200ng/mL Nicotine, (k) 125ng/mL Oxycodone, (l) 150ng/mL Phenobarbital, (m) 125ng/mL Thebaine, (n) 150ng/mL Tramadol, (o)  150Caffeine, (p) 150ng/mL CaCl2, and (q) 150ng/mL Glucose were evaluated

[bookmark: _Toc85059050]5.4.6 Reproducibility of Sensor
To estimate the fabrication reproducibility of the proposed aptasensor, 4 sensors were prepared consecutively and used to detect  a sample of sweat containing 75ng/mL codeine, which resulted in the relative standard deviation (RSD) was obtained, 9.6%, which suggests that the fabrication of the designed aptasensors has good reproducibility. The long-term stability of the developed sensor was also investigated. The aptasensor was stored in the prior to binding of codeine refrigerator at 4 °C temperature and used to determine 75ng/mL codeine spiked in sweat. After 7 days, the aptasensor response decreased to 92%.  After a 15-day storage period under dark, dry, temperatures 68-72°F (20-22°C), the sensor retained 81 ± 0.83% of its initial activity after being measure three times. 
[bookmark: _Toc85059051]5.4.7 Validation of paper-based sensor 
The performance of the paper-based screen-printed carbon electrode was evaluated using the same procedure as used for the screen-printed sensors. Using SWV (figure 10A) and EIS (Figure 10B) techniques comparison is shown between the aptasensors developed using the disposable Zensor electrode and the paper screen-printed electrode. The linear dynamic detection range was evaluated based on the change in current between the two sensors versus the concentrations applied. The disposable sensor demonstrated a detection limit of 29ng/mL and a linear dynamic range of 50-125ng/mL compared to the paper-based sensor with a range of 50-100 ng/mL. These results indicated that the paper-based sensors were also capable of detecting codeine, albeit with a lower sensitivity.  Future studies of this sensor should explore the effect of different levels of  AuNPs  and how they might affect the sensitivity on paper-based devices. Lower concentrations of aptamers (<2μM) to be functionalized on gold nanomaterials could increase the sensitivity of the electrode, as studies show that heavily loaded aptamers capture less of their targets. 

A 
B 
[bookmark: _Toc84815907]Figure 5.10 A Square wave voltammogram showing the detection of codeine spiked in sweat using the paper based aptasensor. SWVs detected from 25ng/mL to 150ng/mL in [Fe(CN)6] 3-/4-/KCl (5 mM /0.1 M) electrolyte solution with a shorter change in current at 100-150ng/mL. B EIS Representative Nyquist plots (−Zim vs. Zre) was used to characterize the surface and various functionalization steps of the electrode. (a)SPCE ; (b) AuNPs/SPCE (c)  aptamer/ AuNPs/ SPCE; (d) MCH/aptamer/ AuNPs/ SPCE; (e) Sweat/MCH/aptamer/AuNPs/SPCE and (f) Codeine (50ng/mL)/MCH/aptamer/AuNPs/SPCE in 5mM [Fe(CN)6]3−/4− containing 0.1M KCl redox probe solution.
[bookmark: _Toc85059052]5.5 Conclusion
In this work, a gold nanoparticle functionalized aptasensor was fabricated and analyzed to determine its performance for detecting codeine in sweat. After successfully building the aptamer-based sensor with AuNPs, aptamers and MCH, we were able to successful detect low concentration levels of codeine in sweat of 29ng/mL. This biosensor displayed many advantages for the detection of codeine within sweat. The sensitivity of the disposable electrode possessed a higher sensitivity of detecting codeine, we obtain a low detection limit closest to the concentrations examined. Using these analyzes we were able to use the detection limit to test interferant drug and compounds that are usually found within sweat to determine if the sensor was selective.  The success of the disposable sensor lead to the fabrication of a paper-based AuNP-aptamer modified sensor to determine the ability to the sensibility of the sensor on paper. The performance of the paper-based sensor produces a current approximately 2x less than the commercial disposable sensor with a detection limit of codeine as 75ng/mL. Overall, this aptasensor should provide  a credible and economical alternative for detecting codeine in sweat. 
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[bookmark: _Toc85059056]Conclusion and Future Work
Over the past decade, the United States has witnessed a drastic increase in drug abuse of opioids, resulting in over 700,000 overdose deaths. 1 As a result of stricter restrictions placed on prescribed opioids, an increase in healthcare needs, the loss in opioid productivity,  street drug markets begin developing and distributing their own source of opioids to those who either can not afford pharmaceutical prices or need fast relief. Thus, leading to an increase in the number of drugs illegally being sold on the street.
The increased use and abuse of both pharmaceutical and illicit opioids are causing an immense concern not only in the U.S. but throughout the world. Reaching numerous communities throughout the world, drug abuse of opioids is causing an increase in drug-related crimes, social and health problems, and the number of accidental overdose deaths. With increasing cases of drug abuse, there follows an increase in detection and sensing applications. As a result, new sensing technologies are being developed for detection; however, many of these technologies lack sensitivity and specificity and require complex analytical of these drugs in biological matrices.
Opioids are appearing as lacing agents in drug mixtures or cheaper alternatives in street drugs. As a result, new sensing technologies are being developed for detection; however, many of these technologies lack sensitivity and specificity and require complex analytical of these drugs in biological matrices. 
Using an electronic sensing platform for monitoring drug abuse is amongst the most common monitoring and detection methods to date. As electronic sensing evolved, chemical sensing was combined to develop a platform that uses both electronic and chemical sensing—electrochemical sensing. The versatility that electrochemical sensing allows the sensor to be modified using a variety of surface enhancing materials that can be fluorescently tagged, labeled, or label-free, such as aptamers, antibodies, polymers, and/or nanomaterials. These devices can either be fabricated for reuse or inexpensively disposable. 
The development and application of label-free, aptamer-based sensing for opioids in biological fluids, such as sweat and saliva, was presented in this dissertation using voltammetric analysis on commercially available disposable screen-printed electrodes as well as paper-based screen printed electrodes. Using the strategies explored for biosensor development has shown that electrochemical-based biosensing is a foreseeable and noninvasive method of analyzing opioids in biofluids. Using gold magnetic nanoparticles to enhance the sensor's surface area for sensing allowed more aptamers to load onto the sensor's surface, capture more of its target, and enhance its sensitivity. We selected these biological fluids because 1) sweat is a vital body fluid that can be used to trap and analyze drugs of abuse; 2) saliva is a multi-constitute oral fluid that has been commonly used to correlation the concentrations of drugs to plasma concentrations; and 3) the collection, storage, and transportation process of these fluids are easy and noninvasive.  2
Many analytical methods have been studied and are continues to be studied for the detection of opioids and how detection can be enhanced for biological fluid detection. This study illustrates the ability to use screen-printed technology and how this application can be used on chromatographic paper to detect pharmaceutical opioids that are often distributed as illicit street drugs. Exploring aptamers and nanoparticles as a strategy for biosensor development has shown that electrochemical-based biosensing is a foreseeable and noninvasive method of analyzing opioids in biofluids. Using gold magnetic nanoparticles to enhance the sensor's surface area for sensing allowed more aptamers to load onto the sensor's surface, capture more of its target, and enhances the sensitivity of the sensor. Although the development of this sensor has shown to provide a low limit of detection using commercially available disposable screen-printed electrodes (29ng/mL of codeine in sweat) and paper-based screen printed electrodes (75ng/mL of codeine in sweat), some limitations can further be explored in the future to confirm the presented success of this sensor. 
In the future, we plan to improve upon this work by optimizing additional parameters for these sensors, such as conducting conditional studies for pH,  different shapes, sizes, and metallic nanoparticles, different concentrations of the aptamers used in each study. This was a concern for determining the density of the aptamer and the loaded number of aptamers onto the surface of the electrode. Next, we plan to introduce the application of Surface-enhanced Raman Spectroscopy (SERS) as a spectroscopic technique for this biosensing platform. The development of a spectroelectrochemical sensor that can compare the aptamer-based screen printed electrodes with  SERS provides enhanced Raman signals of Raman active analytes absorbed on the surface of metal nanostructures. The idea would be to draw out the Raman signals from the target analyte by signaling other compounds present and detecting trace amounts of the target after being captured by aptamers. 3  As SERS has been a success and significant focus of research in our laboratory involving drug detection within biological fluids, this approach could continue to expand in areas of analytical forensic research. With an end goal for using this application for point of care testing, we plan to conduct direct clinical studies by obtaining samples from rehabilitation facilities. We anticipate that the future of this work will be a valuable tool for researchers in analytical forensics who are interested in using these types of sensors for future field analysis, in addition to therapeutic drug monitoring programs as a noninvasive method for point of care analysis.  The principal of these sensors is to reduce the detection limit to trace true levels of drugs and to be able to differentiate amongst the results which compounds are active.
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