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Abstract 
 

The market for new psychoactive substances (NPS) has increased significantly in recent years and 

there is now a steady stream of compounds appearing every year. 

NPS present challenges for detection due to the numerous generations and structural variations 

circulating in communities and the illicit market at any given time. Currently, no validated screening 

or quantification methods exist that cover a wide range of NPS. 

The aim of this work was to investigate and develop new approaches and methods to address some 

of the shortcomings of current analytical strategies in forensic chemistry; the use of liquid 

chromatography coupled with mass spectroscopy enabling the detection of a large number of NPS 

allowing this emerging problem to be tackled by looking at it from different point of view. 

The developed procedures were designed for use with biological samples, in particular urine and 

oral fluid, but they can be easily adapted to other specimens such as plasma, serum and whole blood.  

Each of these matrices is crucial for forensic purposes, as they provide different types of information 

regarding the timing of substance intake and possess unique characteristics; in addition, in forensic 

investigations, other matrices are interesting, such as seizures from law enforcement agencies. 

The development of methods for NPS monitoring and/or quantification, based on liquid 

chromatography coupled with tandem mass spectrometry (LC-MS/MS), both low and high-

resolution MS, was the purpose of this PhD project. LC-MS is widely recognized as the benchmark 

for qualitative and quantitative analysis offering high specificity, sensitivity and speed. Various 

chromatographic conditions were assessed to achieve optimal separation of the target compounds 

and revelation of the unknown analytes.  

A first part of the project was devoted to the development of a suspect screening method for NPS 

detection. To enhance selectivity, a method based on a scheduled multi-reaction monitoring (sMRM) 

survey triggering enhanced product ion (EPI) acquisition has been created; this method could be 

used to investigate NPS in real samples without the need for certified reference standards. The 

method was successfully applied to oral fluid samples, yielding good results. 

 

In a second part of the project, the attention was paid to the study of indirect approaches to detect 

the consumption of psychoactive substances belonging to specific classes, such as synthetic opioids; 

the conspicuous difficulties in investigating and discovering unexpected drugs were circumvented 
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by the creation of an indirect screening strategy, based on an untarget metabolomics LC-HRMS 

workflow, focused on the study of endogenous urinary metabolites alteration after the consumption 

of opioids.  

Last but not least, a pilot study was conducted involving principal component analysis-based 

prediction model for identifying NPS using LC-MS. The developed approach allows retrospective 

analysis of mass spectra, enabling the identification of class-specific fragments and neutral losses; in 

this context the use of multivariate statistical techniques expand the panorama of possibilities to 

potentially identifying new drugs of abuse. 
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INTRODUCTION 
 

In this PhD project both, low- and high-resolution mass spectrometry, were used to develop new 

analytical strategies for the identification of Novel Psychoactive Substances (NPS) and their 

metabolites in biological matrices.  

 

The experimental work has been divided into three parts, based on different analytical approaches 

developed. The first section encompasses a low-resolution mass spectrometry approach including 

an information dependent MS/MS scan used for the putative identification of NPS; briefly a UHPLC-

MS/MS target method for the quantitation of classical drugs and NPS combined to a suspect 

screening approach for concurrently monitor additional compounds in a composite MS/MS 

acquisition method was developed. The second section is dedicated to an innovative application of 

an untarget metabolomic workflow to urinary samples of mice dosed with morphine and fentanyl, 

to identify characteristic metabolic fingerprints arising from the consumption of natural and 

synthetic opioids, given the difficulty to identify them in biological matrices. The third and last 

section regards a pilot study developed using a high-resolution mass spectrometry instrument 

which exploits principal component analysis to identify the chemical class of new drugs appearing 

on the market based on common MS/MS fragmentation patterns.   

1. Novel Psychoactive Substances (NPS) an overview 
 

 
NPS, also known as "designer drugs," "legal highs," or "research chemicals," are a class of synthetic 

substances that are designed to mimic the effects of traditional illicit drugs1 such as cannabis, ecstasy, 

cocaine, or hallucinogens. NPS are typically created by modifying the chemical structure of existing 

drugs to produce new substances that are not yet controlled or regulated by existing drug laws. 

They have been defined by the UNODC (United Nation Office for Drugs and Crime) as “Substances, 

either pure or in the form of a preparation, that are not controlled by the Single Convention on 

Narcotic Drugs of 1961 or by the Convention on Psychotropic Substances of 1971, but still pose a 

threat to public health”. However, definitions of NPS may vary from country to country, reflecting 

different national legislation rather than different structures and classifications. Many NPS were 

initially synthesized for therapeutic purposes, and only later abuse and addiction became  
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widespread because of their euphoric effects, which made them legal alternatives to traditional 

drugs. This gave rise to one of the most common nicknames for NPS, namely legal highs2.  

 

 

Here are some key points about NPS: 

1. Chemical Diversity: NPS encompass a wide range of chemical structures, including synthetic 

cannabinoids, synthetic cathinones (commonly known as "bath salts"), phenethylamines, 

tryptamines, and many others. They are often developed in clandestine laboratories, making 

it difficult to determine their exact composition and potential risks. 

2. Availability and Marketing: NPS are often sold as legal alternatives to illicit drugs or as 

substances with various other purposes (e.g., plant food, research chemicals) to circumvent 

drug regulations. They are commonly marketed and sold online, in "head shops," or through 

other underground channels. Packaging and branding may use misleading labels or claim 

they are not intended for human consumption to evade legal consequences. In this context 

Europe plays a strategic role in the drugs market, which is supplied both by in-house 

production and by illicit imports from other countries. Classic illegal substances come to 

Europe from South America, West Asia and North Africa, while NPS mostly arrive from 

China; Europe is also a producer of designer drugs, which are synthesised and then exported 

to other countries3. 

3. Changing Formulations: to evade legal regulations, manufacturers of NPS frequently modify 

their chemical structures. By making slight alterations to the molecular structure, they can 

produce new substances that are not yet controlled by existing laws. This cat-and-mouse 

  

Figure 1. Europe seizures of NPS (Source: EMCDDA) 
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 game between regulators and manufacturers poses significant challenges in effectively 

addressing the risks associated with NPS. 

4. Health Risks: the use of NPS poses substantial health risks due to their unpredictable effects 4 

and limited research on their safety profiles. Users may experience severe and potentially 

life-threatening reactions, including psychosis, hallucinations, seizures, cardiovascular 

problems, organ damage, and even death. The lack of quality control and varying potency 

further increases the risks. 

5. Legal Status: governments worldwide have been implementing measures to control and 

regulate NPS. However, due to the constantly evolving nature of these substances, it can be 

challenging for legislation to keep up with the rapid appearance of new compounds. Some 

countries have implemented generic or analogue-based laws, which aim to control entire 

classes of substances with similar chemical structures, rather than individually listing each 

compound.  

6. Harm Reduction: education, awareness, and harm reduction initiatives play a crucial role in 

addressing the risks associated with NPS. Public health efforts focus on providing accurate 

information about the dangers of NPS, promoting safer drug use practices, and offering 

support for individuals who use these substances. 

 

1.1 Biological, chemical and legal classification 

 

A narcotic, psychoactive or psychotropic substance is a pharmacologically active chemical substance 

provided with psychotropic action, that is, capable of modifying the psycho-physical state of a 

subject. In the World Health Organization (WHO) definition, "drugs" (narcotics) are defined as all 

those substances capable of causing tolerance, addiction, and dependence. 

There are two different ways to classify the psychoactive substances: 

a. Chemical structure, dividing them in classes. 

b. Pharmacological effects, specifically psychotropic effects.  

According to the second classification they are divided in three groups, accepted from literature, in 

relation to their activity on the central nervous system (CNS): 

• Psycholeptics, CNS sedative substances with pharmacologic and tranquilizer effects: 

- Hypnotics, used to induce sleep (i.e., opioids) 
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- Minor tranquilizers or anxiolytics, sedative, anticonvulsant, and muscle relaxants (i.e., 

benzodiazepines) 

- Major tranquilizers or neuroleptics, sedative, and antipsychotic activity 

- Mood regulators, action on affective-type disorders 

- Narcotics, opioids and derivates (i.e., heroin, morphine, methadone, oxycodone etc.) 

• Psychoanalgesics, substances for psychotherapeutic use that elevate psychic tone by acting on 

biogenic neuroamines (norepinephrine, serotonin, dopamine): 

- Mood stimulants or antidepressants 

- Vigilance stimulants: i.e., phenethylamine and caffeine 

• Psychodisleptics, substances that alter psychic tone, stimulants, but induce a dissociation from 

reality: 

- Narcotics, ethanol and solvents 

- Cannabinoids  

- Stimulants, cocaine, amphetaminic and derivatives 

- Hallucinogens (psychedelics), LSD, mescaline, psilocybin, DMT (dimethyltryptamine) 

- Dissociative, ketamine.   

In Italy, narcotic and psychotropic substances are regulated by the Consolidated Law (DPR 

309/1990) on Narcotic Drugs5 and subsequent amendments, which subdivided illicit drugs into 4 

tables (I and III provide for minor penalties, II and IV for major penalties); the latter are placed under 

national and international control and are annually updated in the Official Gazette of the Italian 

Republic.  

In general, on their legal status, psychoactive substances can be divided in three major groups: legal 

substances, illegal substances and not regulated substances6. Despite the tight worldwide control 

towards drugs, a great deal of NPS is that new drugs are continuously brought to market and 

subsequently modified to avoid legal control. One could, in some cases, even say the opposite: “it is 

not so much the NPS producers who try to evade scrutiny as much as it is the legislative system 

trying to keep up with an ever-expanding and very fast-growing global market”. The proliferation 

of NPS in recent years has led to an increasing need for analytical methods that can identify them. 

Most NPS belong to five different classes, described in detail in the following sections.  
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Figure 2 The Drug Wheel: a pointwise classification of drugs into seven general categories: Stimulants, Depressants, Cannabinoids, 

Psychedelics, Opiates, Dissociatives and Empathogens. (Source: https://www.thedrugswheel.com) 
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1.1.1 Synthetic cannabinoids receptor agonists 

 

Natural cannabinoids, also known as phytocannabinoids, are a group of compounds obtained from 

the plant Cannabis sativa L.. The psychotropic effect of this plant is due to Δ9-tetrahydrocannabinol 

(THC), with the presence of other compounds such as cannabinol (CBN) and cannabidiol (CBD) that 

are representative of a group of terpenophenolic compounds.  Synthetic cannabinoids (SCs), bind to 

cannabinoid receptors, CB1 and CB2, located in the brain and other organs as do the endogenous 

endocannabinoids and THC; these two receptors are related to the psychotropic effects of this class 

of substances. These compounds, more accurately termed cannabinoid receptor agonists, were 

originally developed over the last decades as therapeutic agents. While commonly labelled as 

synthetic cannabinoids, numerous substances in this class lack structural similarity to classic 

cannabinoids, which are based on a dibenzopyran core. This group of cannabinoid receptor agonists 

encompasses a wide range of compounds, most being non-polar and lipophilic, typically consisting 

of 22 to 26 atoms of carbon. A dominant structural feature is the side chain, with optimal activity 

often requiring more than four and up to nine saturated carbons.  Also, is widely known, that 

synthetic compound binds more strongly to the cannabinoid receptor compared to THC, in fact they 

are considered total agonist, and in addition 

some of their metabolites show a high 

affinity for CB1 receptor, whereas 

metabolites of THC have a reduced affinity7. 

Studies on the toxicokinetics of these 

molecules have shown that, in addition to 

the well-known effect on the CNS due to 

their high affinity for respective receptors, 

synthetic cannabinoids tend to distribute 

and accumulate in adipose tissue, allowing 

for wide detection windows after chronic 

consumption8. SCs belong to different 

principal structural groups (Fig. 3):  

  

Figure 3. Principal structure group of synthetic cannabinoids 
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Adamantoylindole, Aminoalkylindole, Benzoylindole, Cyclohexylphenols, Tetramethylcyclopropyl 

ketone indole, Indazole carboxamide, Naphthoylindoles, Naphthylmethylindoles, 

Naphthylmethylindenes, Naphthoylpyrroles, Phenylacetylindoles.  

The rapid emergence of synthetic cannabinoids has posed numerous analytical challenges for both 

clinical and forensic laboratories. To address these evolving challenges, analytical methods for 

identifying SCs must be continually updated, improved, and revalidated to encompass newly 

developed drugs; for instance, conventional screening tests are highly unreliable because they rely 

on low specificity immunoassays9. In order to find a solution for their spread on the market, the 

utilization of highly specific and sensitive analytical techniques is essential for identifying SCs and 

their metabolites. Since new drugs evade detection by existing target methods, so, the most diffuse 

practice regarding the use of LC-MS/MS method that allows high sensivity10. 

 

1.1.2 Benzodiazepines 

 

Benzodiazepines (BZDs) are a class of heterocyclic-type 

drugs of abuse known for their depressant effect on the 

CNS, they act affecting the inhibitory neurotransmitter 

GABA and exert sedative effects. Thanks to their lipid 

solubility, BZDs have a higher concentration in tissue 

respect to the blood, they are metabolized principally by 

the liver and excreted following conjugation with 

glucuronide. BZDs have a significant potential for abuse 

and can cause physical and psychological dependence 

probably correlated to functional deficiency of GABA 

activity. The consumption of BZDs is frequently 

associated to opiate-dependent users, in fact they increase the effect of opioids and alleviate their 

withdrawal symptoms or the adverse effect of drugs like alcohol or cocaine11. Benzodiazepines differ 

in potency, onset time, and duration of action, with some requiring multiple daily doses and others 

only once-daily dosing to achieve their desired clinical effects. Many benzodiazepines, such as 

diazepam, have long-lasting active metabolites that can accumulate with repeated dosing. 

  

Figure 4 Numbers of benzodiazepine seizures by 

country and substances. (EMCDDA report). 
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BZDs can be divided into different groups based on their chemical structure and pharmacokinetic 

properties, despite that all of them show a common mechanism of action and produce a range of 

similar clinical effects.  From a structural point of view is possible to find seven different sub-classes:  

- 1,4-Benzodiazepines, like Clonazepam 

- 1,5-Benzodiazepines, like Clobazepam 

- Imidazo-benzodiazepines, they have an imidazole ring fused to the 7-terminal 

heterocylic ring (Midazolam) 

- Thienobenzodiazepines, encompassing a thiopene ring fused with the diazepinic ring 

(Bentazepam) 

- Thienotriazolobenzodiazepines, in this group the diazepine ring is fused with a 

thiophene ring and a triazole ring (Etizolam and Metizolam) 

- Triazolobenzodiazepines, in which the 7-terminal heterocyclic ring is fused with a 

triazole ring (Alprazolam) 

- Oxalobenzodiazepines, characterized by an oxazole group (Oxazepam).  

There are other compounds known as “Z-drugs”, including zaleplon, zolpidem and zopiclone, that 

have unrelated structures that also bind to the BZDs site on the GABA receptor with whom they 

share some, but not all, pharmacological properties. These exhibit hypnotic effects and possess an 

improved kinetic profile for sleep induction with reduced “hangover” effects12. 
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1.1.3 Opioids 

 

Opioids are a broad class of substances, encompassing naturally occurring molecules known as 

opiates, such as morphine, codeine, and thebaine, 

extracted from the plant Papaver somniferum; semi-

synthetic opioids like heroin, hydrocodone, 

oxycodone, and buprenorphine; and synthetic 

compounds such as fentanyl, isotonitazene, 

methadone, and tramadol, all classified as opioids.  

In 2020, the EU Early Warning System (EWS) 

received reports from Member States regarding 

almost 600 seizures of new opioids13, constituting 

approximately 3% of the total number of seizures of 

NPS. Reflecting shifts in the market away from fentanyl derivatives, slightly over 60% of the seized 

powders were benzimidazole opioids, with isotonitazene comprising 95% of this category. In 

contrast, fentanyl derivatives made up 27% of the total, with carfentanyl representing 88% of this 

subgroup. New synthetic opioids (NSOs) are substances that can directly bind to μ, δ, and κ opioid 

receptors14, triggering dopamine production; they may not necessarily have a structural resemblance 

to morphine, but they exhibit similar psychoactive effects including gratification, pleasure, and 

euphoria1. They can be classified by different criteria, according to their chemical structure15, the 

Drug Enforcement Agency (DEA) divides them in: 

- Phenanthrenes, which include Morphine, Codeine, and Buprenorphine, all of them 

contain one 6-hydroxyl group. 

- Benzomorphanes, for which Pentazocine is a representative. 

- Phenylpiperdines, with Fentanyl being the forefather. 

- Diphenylheptanones, including Methadone and Propoxyphene. 

 The use and abuse of these substances can induce various symptoms, altered mental states with 

consequent neurobehavioral effects, and ultimately lead to respiratory and CNS depression16. 

  

Figure 5 Numbers of opioids seizures by country and 

substances. (EMCDDA report). 



 

 

 

 

18 

 

 They are substances that foster dependence, causing withdrawal symptoms upon cessation of 

consumption. Despite NSOs having a minor presence in the illicit market, they are exceptionally 

potent and hazardous substances. 

 

1.1.3.1 Fentanyl and analogues 

 

Fentanyl, whole fully systematic name is N-

(1-(2-(2-phenylethyl)-4-piperidinyl)-N-

phenyl-propanamide, is a piperidine 

derivate. It is a potent narcotic analgesic 

belonging to the synthetic opioid family. 

Fentanyl is predominantly used as an 

analgesic and anaesthetic, as it is a full μ-

opioid receptor agonist and can also bind to -

δ and -κ receptor subtype. Its potency is 

approximately 50-100 times higher than morphine, with a rapid onset and short duration of action; 

it also possesses high lipophilicity, which make it able to easily penetrate the blood-brain barrier 

and reach the CNS. Following the synthesis of fentanyl, several analogues of this drugs, varying in 

potency and pharmacokinetic properties, were synthetised. Some of these analogues were approved 

for use in humans (alfentanyl, remifentanyl, sufentanyl and lofentanyl) and in veterinary medicine 

for wild animals (carfentanyl and thiofentanyl). Other, such as acetylfentanyl, acryloylfentanyl, 

butyrlfentanyl, cyclopentylfentanyl, furanylfentanyl and ocfentanyl, the so-called non-

pharmaceutical fentanyl (NPFs) were developed into medicinal products17; this approach is 

mimicked in clandestine laboratories, where different substituents are added to the basic molecule 

in order to modify potency, producing illicit NPF derivates.  

Serious interactions can occur when this class of drugs is mixed with heroin, cocaine, alcohol and 

other depressants of the CNS (i.e. BZDs). The illegal products are generally sold in powder, liquid 

or tablets; common cutting agents are mannitol, lactose, paracetamol, but also heroin, cocaine, NPFs 

and other opioids. 

  

Figure 6 Fentanyl analogues obtained through the modification to 

the native structure of Fentanyl. 
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 The estimated lethal dose of fentanyl in humans is 2 mg, it is extensively metabolized and only 7% 

is excreted unchanged in urine; usually overdose results in respiratory deficiency, which is 

reversible with naloxone, by the way some analogues are so powerful that the antagonist agent is 

unable to take effect.  

 

1.1.4 Phenethylamines 

 

Phenethylamines (PEAs) are the third synthetic drugs in the world, which have the dual effects of 

excitement and hallucination. The structure of this type of substances is unpredictable, and a series 

of compound have been derived through structural modification. They are alkaloid-like stimulants, 

they act as indirect dopamine agonists in CNS synapses, leading to stimulant effects. These 

stimulants mimic the endogenous catecholamine neurotransmitter, such as dopamine, 

noradrenaline, and adrenaline. Amphetamine-derived PEAs including amphetamine, 

methamphetamine, 3,4-methylenedioxyamphetamine (MDA), and 3,4-

methylenedioxymethamphetamine (MDMA) are widely abused and are under the control of the 

Convention on Psychotropic Substances of the United Nations (1971). PEAs can be classified in 

different groups:  

- Conventional PEAs, including MDEA, MDMA, MBDB that present different chemical 

structures, but they can be associated for their pharmacological effects, in fact they are 

classified as entactogens because cause mild hallucinations characterised by euphoria 

and empathy18. 

- Mescaline-derived compounds, e.g., 3,4,5-trimethoxyamphetamine and isomers 

- 2C series, they are produced introducing different substituents to the aromatic ring of 

the phenethylamine; they can be halogen atoms, chain with different length, 

heteroatoms. To this class belong molecules like 2C-B, 2C-I, 2C-T-4 and 2C-T-7.  

- NBOMe, which includes numerous substances derived from the 2C series, they are 

usually passed off as LSD or synthetic mescaline. NBOMes also have psychedelic, 

stimulant, empathogenic and entactogenic effects.  
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1.1.5 Synthetic cathinones 

 

Cathinone, (S)-2-amino-1-phenyl-1-propanone, is a natural beta-ketone amphetamine analogue 

found in the leaves of the Catha edulis (Khat) plant. Generally, it is found only in fresh leaves, and for 

this reason they are chewed for only a few days after harvesting. Its chemistry causes amphetamine-

like sympathomimetic effects, in fact they are structurally similar to classical amphetamines except 

for a β-keto substituent on the amino alkyl side chain. For the same reason, the clinical similarities 

to amphetamine and MDMA are predictable based on the chemical structure of this class of agents.  

Synthesis of cathinone derivatives dates back to the second decade of the 20th century when 

methcathinone and mephedrone were produced. Nowadays synthetic cathinones are considered 

“legal high” and sold on the illegal market like “bath salts” or 

“plant food”; they are usually labelled “not for human 

consume” in order to cheat the actual drugs of abuse 

legislation.  Modifications of the classical cathinone are 

possible in four different positions of its backbone, 

respectively: aromatic ring, alkyl side chain and the 

aminogroup19. In relation to the site of the structural 

modification, they can be divided in 4 categories20:  

  

Figure 8 Possible attack sites to produce 

cathinone derivates. 

Figure 7 Structure of the principal component of each class. (A) MDMA (B) 3,4,5trimethoxyamphetamine 

(C) 2C-B (D) 25C-NBOMe. 
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- N-alkylates, have amine nitrogen substitution and in some cases also on the aromatic 

ring, they include buphedrone, mephedrone and 4-FMC. 

- 3,4-methylenedioxy-N-alkylates, characterised by a 1,3-benzodioxol-5-yl ring and side-

chain substitutions. Compounds in this class, like methylone and butylone, exhibit 

structural and pharmacological properties similar to MDMA. 

- N-Pyrrolidine derivatives, they have a pyrrolidine ring linked to amine nitrogen, and 

represent the category of synthetic cathinones most frequently found in designer drug 

markets, α-PVP being one example. 

- 3,4-methylenedioxy-N-pyrrolidino derivatives, they have, both, a nitrogen-bonded 

pyrrolidine ring and a methylenedioxy ring (MDPV). 

The synthetic derivatives of cathinone are generally less lipophilic, compared to the related 

amphetamines, suggesting lower potency and reduced ability to cross the blood-brain barrier.  

The prevalence of synthetic cathinones on the illegal market is in continue increase and recent 

United Nations Office on Drugs and Crime (UNODC) reports indicated that 44 different synthetic 

cathinones have been encountered so far21. 

 

1.1.6 Arylcyclohexylamines 

 

The arylcyclohexylamines (ACH) are a class of drugs of abuse, of which ketamine is representative, 

the central core is characterized by an aryl group, a cyclohexyl ring and an amino group and each 

of them can be linked to different substituents. In view of this, it is possible to find two different 

structural classes22: 

- 1,2-diarylethylamines, in which the aryl residue consists of a phenylic group, like in 

PCP. 

- β-keto-arylcyclohexylamines, that contain a ketone group in the second position of the 

cyclohexyl ring, common in ketamine and other analogues. 
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ACH, especially ketamine, have an antagonist activity against the N-methyl-D-aspartate receptor 

which lead to dissociative effects, whereas PCP and its derivates act at serotonin receptors which 

may explain some of their additional toxicity23. If over the years ketamine use was just for 

recreational purposes, nowadays new arylcyclohexylamines derivatives (NADs) have a forensic 

concern, in fact thanks to the chemical modifications of the ketamine scaffold24 it is possible to obtain 

more potent effects.  

  

Figure 9 Chemical structures of the progenitors of the main structural class of 

arylcyclohexylamines. 
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2. Biological Matrices 

 

Drug test in forensic field is traditionally performed in biological matrices like whole blood, plasma, 

serum, and urine which are generally considered like conventional or traditional biological fluids. 

On the other hand, if the traditional ones have some advantages, the possibility to collect the sample 

in a less invasive way shifted the focus to alternative matrices. For the determination of psychoactive 

substances, the choice of the matrix depends on two different aspects: detection time window and 

aim of the analysis, in terms of evaluation of chronic or acute intake.  

 

The decision to choose between conventional or not conventional matrix is influenced by several 

factors. Generally, a big advantage of unconventional specimens is that they can easily be collected 

in a non-invasive manner and given that the collection can be directly observed, the possibility of 

adulteration or substitution is reduced. At the end, it is important to underline that analysis of every 

biological matrix has its own advantages and shortcomings, and that the choice of which one to use 

is the fundamental parameter in order to obtain the answer to the analytical question posed. 

 

2.1 Conventional biological matrices 

 

The most common conventional biological matrix in the forensic field are urine and blood.  

Blood is the transporter of nutrients for the entire body, it contains many endogenous and exogenous 

compounds in a wide range of concentrations. Whole blood (WB) consists mostly of water but also 

contains dissolved proteins, mineral ions, glucose, hormones and several other metabolites. 

  

Figure 10 Drugs of abuse detention time window in the principal biological matrices. 
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The physiological pH is maintained at 7.4 by a complex buffer system, and even minimal changes 

can result in serious health consequences. The narrow variation of physiological parameters makes 

blood an advantageous testing matrix. The determination of illicit drugs in WB is of great 

importance because the substances can be detected just after the exposure and prior to metabolism, 

and also the haematics concentration is directly correlated to the window of intake of the 

psychoactive substances (the detection window varies from hours to days). However, the detection 

time is influenced by many factors like the dose, the preparation and the route of administration, 

acute versus chronic use and the nature of the molecule. The most common problematics with this 

matrix regard the collection process that require specialised staff, suitable equipment and moreover 

it is invasive25.  

 

Urine is the most common biological matrix for testing drugs of abuse. It is surely easier and less 

invasive to collect. Compared to blood, urine is relatively free of protein, thus making it possible for 

direct extraction; simple dilution and even direct injection after centrifugation26 are possible 

avoiding long sample preparation procedures. In urine it is possible to detect not only the substance 

but also its metabolites even several days later but, it principal limit concerns the lack of clinical 

relevance of the quantitative analysis, in fact it is influenced by pharmacological factors: the 

concentration of the analytes is function of the intake route, of the window time between the intake 

and the collection of the sample, of the physical condition of the consumers, so it does not provide 

an exact indication of the amount of the abused substance or of the time of intake27. Other limitations 

of urine drug testing are well known adulterations tactics, the pH variability that can affect the 

excretion patter of certain drugs (i.e. amphetamine), the low concentration or even lack of the parent 

drug which results in the presence of conjugates metabolites with glucuronic acid or sulphate.  

Most drug conjugates are hydrophilic and not touchy to normally performed extraction methods.  

Thus, pretreatment procedures typically involve gentle enzymatic hydrolysis or rapid acid 

hydrolysis of these metabolites; alkaline hydrolysis is suitable only for the cleavage of conjugates 

with an ester bond. Compared to enzymatic cleavage, acid and basic hydrolysis are less time-

consuming and more cost-effective. However, not all analytes remain stable under the harsh 

conditions required. 

  



 

 

 

 

25 

 

2.2 Unconventional biological matrices 

 

Unconventional biological matrices have recently gained much attention, they include hair, oral 

fluid and sweat. In general, these matrices have some important advantages respect to the 

conventional ones; their collection is easier, less invasive and in some cases, they have a larger 

detection window28 (especially keratin matrix). 

Hair is composed of protein (65-95%, essentially keratin), water, lipids and minerals. The hair shaft 

consists of an outer cuticle surrounding a cortex and originates from a follicle, which is nourished 

by a rich capillary system supplying necessary metabolic materials. Hair growth occurs in cycles, 

alternating between periods of growth (anagen phase) and rest (catagen and telogen phases). Head 

hair grows at a rate of approximately 0.6–1.42 cm per month29. When scalp hair is unavailable, pubic, 

arm and axillary hair can be used as alternative sources for drug detection; however, interpreting 

data from these sources is more complex.  

The precise mechanism by which chemicals are incorporated in hair is still unclear, the most 

probable are passive diffusion from the bloodstream, following the excretion of sweat and sebum 

by the skin, and from indirect exposure of the hair to passive exposure. The incorporation of the 

drugs is affected by the melanin content and by the lipophilicity of the substance; if the hair is not 

treated with aggressive agent the abused substance can be detectable for at least one year after 

intake30. According to the passive diffusion model, excretion of drugs in hair should be delayed a 

few days because new hair takes some time to emerge from the skin surface and be available for 

shaving31. Hair differs from other materials used for toxicological analysis due to its unique ability 

to serve as a long-term storage medium for foreign substances, with a detection window ranging 

from weeks to months, depending on the length of the hair shaft analysed. Additional advantages 

include its ease of collection, storage, and transport. Moreover, segmental analysis of hair strands 

can reveal the historical pattern of drug use. Consequently, hair analysis for illicit drugs and 

medications is currently employed to address a wide range of challenges, such as assessing drug 

abuse history, workplace testing, and post-mortem toxicology. The most crucial issue facing hair 

analysis is the avoidance of false-positive results caused by passive exposure to the drug; for this 

reason, a wash step to remove external contamination is recommended before analysis32. 
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Oral fluid (OF) is a composite of a number of fluids (including saliva) secreted into the oral cavity 

by three glands: the parotid, submaxillary and sublingual glands. Water is the major component 

with traces of proteins and mineral salts. OF testing has limitations due to its variable viscosity, pH, 

and flow, which can be influenced by various physiological factors. Additionally, external 

contamination can be an issue, as positive results may arise from passive exposure rather than active 

drug consumption. In such cases, detecting metabolites can be fundamental. OF contains mostly the 

parent drug because of its higher liposolubility that favour the passive diffusion from the blood; for 

the same reason, drugs with high lipophilicity tend to have higher concentrations. The concentration 

of a drug in OF also depends on the pH of the matrix and the drug's pKa. Basic drugs, which are 

typically unionized at salivary pH (6.2-7.4), tend to have relatively high concentrations compared to 

drugs with a low pKa.  The collection of OF is really simple, rapid, painless and can be carried out 

by non-medical personnel; for most drugs there is a good correlation with haematic concentration. 

In addition, the matrix presents less interference compared to blood or urine33; detection window of 

drugs in OF (5-48 h) is similar to blood. 

Usually OF is collected by the insertion in the mouth of a sorbent material on and around the tongue 

similar to a cotton bud; subsequently an aqueous buffered solution is added to dilute the sample 

making it more suitable for the analysis. One of the drawbacks related to the use of adsorbent swabs 

is that there may be some loss of drug on the swab itself; in this context passive drool may be 

preferred because it better reflect real drug concentration in excreted saliva34.  

 

Sweat is a fluid produced by eccrine and apocrine glands, and is through them, because of the 

presence of capillary in proximity, that the substances are detectable in it. It is composed principally 

of water and some traces of carbohydrates and electrolytes. This matrix has both advantages and 

disadvantages, the firsts one associated to the easy collection and because it represents a cumulative 

association of substances excreted in a given timescale, in addiction occasionally provides a better 

window of detection in comparison to blood. On the other hand, is not so clear the effects of the 

environmental contamination, the volume of sample can be so different in relation to individual 

characteristics. In sweat it is expected to better detect the parent drugs compared to its metabolites33. 
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3. Analytical Strategies in NPS discovery 

 

In general, since the continuous emergence of NPS, the development of new investigation strategies 

is fundamental to overcome the difficulty with the traditional methods (commercial reference 

standard not available, lack of structural information); in recent years several authors have reported 

the development of analytical methods for the detection and identification of known and unknown 

NPS derivatives35–45. In situations where reference standards or data are unavailable, nuclear 

magnetic resonance spectroscopy (NMR) has been employed to determine the chemical connectivity 

of NPS such as cathinones46. HPLC, coupled with various detectors, has been used to separate 

compounds both across different NPS classes and within specific classes such as cathinones and 

cannabinoids47. 

Generally, the aforementioned techniques require the transport of samples to a forensic laboratory, 

followed by solvent dissolution and filtration before analysis. In contrast, vibrational techniques like 

Fourier transform infrared (FT-IR), near infrared (NIR), and Raman spectroscopy allow for rapid 

solid-state analysis. These methods are available in handheld and portable formats, making them 

advantageous for in-field testing by law enforcement and healthcare professionals48. 

FT-IR has traditionally been a preferred forensic technique due to its selectivity and specificity49. For 

instance, FT-IR has been used to distinguish between three different trifluoromethylmethcathinone 

analogues50and two methylenedioxypyrovalerone (MDPV) isomers51. However, despite its ability to 

perform solid-state analysis, FT-IR often struggles with through-package analysis and may face 

interferences from excipients or cutting agents. 

NIR spectroscopy also shows potential for NPS identification52,53, but it is more sensitive to factors 

such as moisture, physical properties, and cutting agents, often necessitating careful data treatment. 

Raman spectroscopy54–56, on the other hand, may address these challenges. It offers several 

advantages for in-field testing, including high discrimination power57, noncontact, non-destructive 

measurements, that prevents or reduces sample preparation or cross-contamination, through-

package analysis, and low sensitivity to moisture, physical properties, and cutting agents and can 

give a fast identification of an unknown compound if it has been already included in available 

libraries. A recent study compared handheld FT-IR, NIR, and Raman spectrometers for NPS 

analysis, with Raman spectroscopy demonstrating superior performance in identifying components 

in model mixtures58. 
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Traditionally, the analysis of novel psychoactive substances (NPS) has been carried out using 

conventional techniques such as gas chromatography-mass spectrometry (GC-MS) or LC-MS/MS, 

typically employing triple quadrupole (QqQ) mass analysers for the screening and quantification of 

NPS. In recent years, high-resolution mass spectrometry (HRMS) has gained popularity due to its 

ability to measure accurate masses and operate in data-independent acquisition (DIA)59 modes. This 

technique provides comprehensive full-scan MS and MS/MS data, allowing for retrospective 

analysis of new analytes of interest without the need for re-extraction or re-analysis, making it 

particularly useful in non-targeted or untargeted screening application. Mass spectrometry is 

considered as a “gold analytical tool” in forensic science, its relative analytical strategies encompass 

a variety of procedures; MS is a versatile analytical technique that can be configured in various ways, 

utilizing interchangeable ionization sources and advanced data acquisition capabilities. Its 

applications range from generating molecular formulas based on accurate mass measurements to 

developing targeted screening and quantitative methods, as well as non-targeted screening 

approaches, it could be used analysis for a wide variety of drugs and screening procedures for well-

defined drug classes to the specific confirmation of individuals compounds. As a result, HRMS has 

become a crucial tool in drug testing across therapeutic, medico-legal, and law enforcement contexts. 

Recent developments in this field regards the introduction of more sensitive target analysis, 

evaluation of changes in metabolome in response to drugs of abuse consumption and also the 

improvement of chemometric approaches especially to investigate unknown NPS. With the aim of 

exploiting most of the analytical resources available today, MS is often used to perform tandem MS 

experiments to evaluate the putative structural elucidation of a substance followed by confirmation 

using NMR spectroscopy. The range of applications of MS is also widening towards -omics studies, 

largely due to the availability of advanced software tools60. Recent developments in LC-MS61 for NPS 

metabolism studies and highlighted that the main advantage of HRMS is its ability to eliminate 

interferences from compounds with the same nominal mass but different accurate masses. MS is 

poised to become the gold standard for analyzing samples suspected of containing NPS due to its 

ability to acquire full-scan MS and MS/MS data, which can be retrospectively interrogated. While no 

single data processing technique currently offers reliable detection of novel analogues in non-

targeted screening, combining various reported techniques can be effective for discovering new 

analogues. 
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3.1 Target MS/MS methods  

 

This first approach that can be use in MS analysis is based on a priori knowledge of the analytes that 

will be analysed and their identification thank to a comparison with a reference standard. The 

parameters considered to identify a substance are its retention time, the mass of the precursor ion, 

the specific fragments, and the ratio between them. The use of LC -MS/MS exploiting QqQ in 

targeted methods enables the detection of a wide range of NPS, primarily due to the high selectivity 

and sensitivity of this approach; such instrumentation offers numerous advantages for targeted NPS 

analysis along with growing availability in forensic toxicology laboratories. The most common 

acquisition method for targeted analysis is Multi Reaction Monitoring (MRM). A targeted approach 

allows to create and integrate internal libraries, against the high cost of purchasing the certified 

reference standards required for this type of analysis.  The possibility to gain in sensitivity using a 

target approach with QqQ analyzers was highlighted in several studies 62,63; with this approach 

hundreds of compounds, for which a precursor-product ion transition was monitored for 

quantitation and an additional was used for the qualification, may be simultaneously detected and 

quantified. Another advance in NPS target method was gained for the simultaneous quantitative 

determination of synthetic cannabinoids and amphetamine-like substances biomarkers in raw 

sewage64. 

In view of the great application possibilities and versatility of these methods, recent research has 

explored the potential of LC-MS/MS target method for comprehensive screening, confirmation, and 

quantification of NPS. Some studies have developed methods capable of detecting over 30 NPS in a 

single run, marking one of the earliest efforts to create a comprehensive screening method for 

NPS65,66. Since then, other research groups have pursued similar work, aiming to establish broad 

screening and confirmatory methods for these substances. Many of these approaches have focused 

on specific structural classes of NPS (e.g., synthetic cannabinoids or cathinones) and were able to 

quantify only a relatively small number of compounds67–69. A recent review of screening methods 

for NPS detection in biological matrices highlighted that some methods can now detect over 100 

NPS in a single run, although the majority are still limited to fewer than 50 compounds70. These 

methods represent significant progress toward the goal of detecting multiple NPS in case samples.  
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However, research has shown that while single MRM methods for over 800 analytes are possible, 

they may not be able to include transitions for every compound, as reliable data collection heavily 

depends on cycle time and dwell time71. 

 

3.2 Untarget methods 

 

The terms “untargeted” is referred to determination and identification of substances without a priori 

information. High resolution instruments are generally required for this type of analysis as it 

becomes essential to obtain the accurate mass of the researched compound. To characterize 

unknown NPSs, it is common to use two types of MS/MS workflow, the first one is the Data 

Dependent Acquisition (DDA)72,73 that consists in triggering a MS/MS for selected precursor ions 

present in MS1 (according to an inclusion list to its intensity); the other one is the Data Independent 

Acquisition (DIA)72–75 where the MS/MS scan is independent of precursor ions. Untargeted screening 

aims to bridge the inevitable delay between the appearance of a new substance on the market, and 

its inclusion in spectral libraries. With this method of analysis, it is possible to use two different 

approaches: bottom-up or top-down.  

A bottom-up approach is an alternative technique that involves analysing acquired data using class-

specific mass spectral information, such as common product ions and neutral losses. By leveraging 

this class-specific information, the technique reduces the likelihood of interrogating 'false-positive' 

components. The concept of precursor ion searching was therefore introduced76, highlighting that 

structurally related compounds often produce the same product ions, allowing novel analogues to 

be detected by searching for the precursor ions of these shared product ions. After the detection and 

the assignment of the molecular formula it is possible to research the chemical structure against a 

database77. 

This approach was demonstrated in the characterization of hallucinogenic phenethylamines using 

HRMS for non-targeted screening, where common product ions and neutral losses were monitored 

through basic data processing techniques like product ion searching and neutral loss filtering 

(NLF)78. As mentioned earlier, the success of bottom-up approaches largely depends on the 

acquisition of MS/MS data, and it has been suggested that data-independent acquisition (DIA) 

techniques are preferable over data-dependent acquisition (DDA) methods78. 
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However, a key limitation of this approach is the need for data processing software capable of 

generating numerous extracted ion chromatograms (EICs) for characteristic product ions, especially 

when monitoring all potential NPS classes. 

On the other hand,  top-down approach is the most commonly used non-targeted method, involving 

the interrogation of mass spectral data by selecting abundant peaks from the visualization of a total 

ion current (TIC) chromatogram. After a peak is selected, the molecular formula can be generated 

from the accurate mass of the precursor ion, along with other structural information. 

However, a clear limitation of top-down screening through visual inspection of TICs is that it is only 

suitable for samples with simple TICs and few abundant peaks that can be easily identified. 

Additionally, the primary drawback of this approach is determining the relevance of candidate 

peaks to the compound class of interest, after the elucidation of the relative mass to charge ratio (m/z) 

one proceeds with the association of the molecular formula starting from the accurate mass and 

structural information79. As a result, this method can be time-consuming and labour-intensive, 

especially when multiple candidate peaks require further interrogation. 

To evaluate the usefulness for addressing regulatory, biological, and forensic questions in 

literature there are a lot of applications of this workflow, especially in recent year the application 

of untargeted approach in the NPS field is related to its potential for identifying new drugs of 

abuse for which no reference standards are available80; in fact high accuracy and high-resolution 

data increase the likelihood of assigning a unique molecular formula to detected masses. The 

development of the untargeted analysis and the spreading on the market of NPS outstanding the 

increasing application in this field81–91. Likewise important are the applications of this approach 

developed in order to evaluate the presence of NPS in biological matrices, including blood serum92, 

urine93, hair94  highlighting the flexibility and versatility of this investigation approach since that in 

biological sample NPS findings are limited, because these are restricted to their metabolites, which 

may be absent from databases as they may never have been previously analysed. 
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3.3 Suspect Screening 

 
 

An alternative to the common target screening regards the development of suspect screening. In this 

method a “suspect list” of the possible analytes is created, containing information about the mass, 

fragments and possibly retention times. A characteristic of these methods regards the absence of 

certified reference standards95; the suspect screening approach offers some advantages like the 

possibility to find a lot of different substances because the information about their chemical structure 

can be find in literature (using also online libraries, like NIST/EPA/NIH Mass Spectral Library (NIST 

08)79, it is possible to find also data about the fragmentation of the selected precursor ion. For what 

concerns the retention time, being a parameter closely related to the chromatographic system, there 

are some approaches based on statistical models which allow to predict the retention parameters96–

99. The suspect screening method is usually made starting from a validated target method that can 

be used like a starting point; this type of approach requires significant time during method 

development to setup and test the entire workflow. Suspect screening can be considered in the 

middle between targeted and untargeted method. In literature it is possibly to find different 

applications of suspect screening methods, for example it was applicated to discover NPS in urban 

wastewater, selecting 52 NPS potentially used in Italy based on seizure data and consumption 

alert100. 

To keep pace with the rapid turnover in NPS market, another suspect screening method was 

developed and applied to different herbal blends, pills, powders, and drinkable solutions101. A 

database and the information available in literature were used to obtain the necessary information 

to create the method.  

 

 

3.4 Informatic tools 

 

The ex-novo identification of NPS is extremely complex, mainly due to the lack of reference standards 

and the absence of information in database or international regulation. In the last years different 

strategies were introduced to circumvent these issues exploiting suitable analytical tools. The 

possibility of using information on known substances, acquired through the application of 

established method (i.e. targeted and untargeted workflow in MS), can offer a solution to the 

continuous emergence of NPS on the market.  
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Bioinformatics, chemometrics and machine learning tools enable the exploration and organization 

of MS/MS data without prior knowledge of the sample’s chemical composition, in fact the 

organization of spectral data is based on spectral similarity. The choice of analytical method and 

data analysis approach depends on the specific forensic questions. In chemometrics the approach 

can be classification or comparison, specifically classification involves determining whether a 

sample belongs to one of several predefined classes, while comparison focuses on examining 

whether samples originate from the same source, another key term in this context is 'profiling,' 

which refers to the detailed characterization of samples for such analyses. Chemometrics can, in 

fact, provide additional information enhancing the process of data handling and its relative 

interpretation. Early approaches of chemometrics in forensics chemistry were developed and 

applied for the chemical profiling of illicit drugs such as amphetamine, methamphetamine, 

MDMA, cocaine, and heroin102–104.  Molecular Networking (MN) is a computational strategy that 

helps with the visualization and interpretation of complex data obtained in mass spectrometry 

acquisition105. This tool is able to identify possible similarities between MS/MS spectra and to 

extend the gained information to unknown molecules. The strategy assumes that similar molecules 

give similar fragmentation patterns and consequently clustered into a common network.  

Molecular Networking has already been applied for the identification of some fentanyl analogues 

and synthetic cannabinoids in two seized sample, using the Global Natural Product Search (GNPS) 

library106. Other approaches involving the use of principal component analysis and hierarchical 

clustering shown the possibility to classify fentanyl analogues with high accuracy identifying the 

structural class of unknown fentanyl derivates based on their MS fragmentation spectra107. In this 

context also mass spectral similarity mapping was develop that returns a hit list of database entries 

with spectra similar to that of the analyte. It then generates a map of spectral similarity between 

the hit list spectra themselves, which can be analysed using numerical technique; provide 

additional information to enhance confidence in analyte identification, potentially paving the way 

for automated classification with quantifiable uncertainty108.  

It is essential to highlight that there is no ideal method for NPS identification, but combining 

different analytical and informatic tools could be necessary when evaluating these substances. 
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EXPERIMENTAL PART 

 

Part I – Low Resolution Mass Spectrometry: “Suspect screening of novel psychoactive substances using LC-

MS/MS with Information Dependent Acquisition-Enhanced Product Ion -”. 

 

The main challenge in detecting NPS in seizures and biological samples lies in their dynamic nature, 

driven by the continuous synthesis and market introduction of new compounds, often with 

structures similar to existing drugs. This part of the PhD project aimed at developing a robust and 

versatile method for the analysis of both traditional drugs and NPS across various matrices. 

The study employed both targeted analysis and suspect screening methodologies, specifically the 

suspect screening strategy collected data using a scheduled multi-reaction monitoring (sMRM) 

survey, which triggered the acquisition of enhanced product ion (EPI) spectra when compounds met 

information-dependent acquisition (IDA) criteria. In this approach the retention times was crucial 

for defining sMRM survey scan parameters, so they were predicted using a Quantitative Structure-

Retention Relationship (QSRR) model based on Multiple Linear Regression. The model was 

validated through training set predictions, an external validation set, and a leave-one-out strategy, 

demonstrating that the method fit for its purpose. At the same time the targeted method was 

validated using oral fluid as a test matrix, yielding excellent results in terms of recovery, accuracy, 

precision, and matrix effect. 

To assess the performance of the suspect screening method, a mixture of reference standards not 

included in the initial dataset, as well as seized drugs and real oral fluid samples, were analysed 

allowing the putative identification of four NPS in the samples. 

The main advantage of this approach is its ability to quantify 65 traditional drugs of abuse and NPS 

while simultaneously detecting and putatively identifying additional 146 compounds in a single LC-

MS/MS run. This innovative multi-analyte detection strategy allows for the detection of low drug 

concentrations in complex biological matrices such as oral fluid. Nowadays, given the rapidly 

evolving drug market, a key strength of this method is its flexibility to keep up with the dynamic 

market of NPS by incorporating new compounds based on the latest drug monitoring alerts, without 

the need for authentic standards. 
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EXPERIMENTAL 

1. Chemical and reagents 
 

1.1 Target method 

 

Analytical standards of 65 classical drugs and NPS were used in the target method for the 

development of the suspect screening and QSRR model and other 8 additional standards were used 

as external set for the validation of the QSRR model; in total 16 stable isotopically labelled drugs 

were used as internal standards (ISs). All the drug standards were purchased from commercial 

suppliers, including Cayman Chemical (Ann Arbor, Michigan, USA) and LGC Standards (Sesto San 

Giovanni (MI), Italy). Ultra-pure water LC-MS grade was obtained by a MilliQ LC-Pak Polisher; 

acetonitrile (AcN), methanol (MeOH), formic acid (HCOOH) and ammonium formate were 

acquired from Sigma Aldrich (Milan, Italy). A complete list of standards and ISs, with the acquisition 

parameters, may be found in Table 1; to ensure the stability, all analytical standards were stored at 

-20 °C. A working solution (WS) containing all the 65 target analytes of interest was prepared at 500 

ng mL-1 in methanol; diluted solutions for both calibration standards (CSs) and quality controls 

(QCs) were freshly prepared in MeOH:AcN (50:50, v:v) containing 0.1% HCOOH by serial dilutions 

of the WS. A working solution for internal standard (IS-WS) was freshly prepared before use at 10 

ng mL-1 in MeOH 0.1% HCOOH; all WSs were stored at -20 °C. 

 

1.2 Suspect screening method 

 

For the suspect screening method 146 compounds for whom standards were not available were 

selected. The choice of these substances was made on the basis of alert from several agencies such 

as the European Monitoring Centre for Drugs and Drug Addiction (EMCDDA), Europol, the 

European Medicines Agency (EMA) and nation Emergency Warning System (EWS) including the 

Italian “Sistema Nazione di Allerta Precoce” (SNAP). In this context the introduction of these 

analytes in the method is based on prediction and/or intrinsic characteristics such as pseudo-MRM 

transition, accurate mass, isotope pattern and product ion spectrum.  
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The development of this multi-class suspect method has been made possible thanks to the 

prediction of the retention time employing a model that evaluate the relationship with molecular 

descriptors, using the information available in literature (common fragments and characteristic 

instrumental parameters) and by using similarity criteria respect to chemical classes of 

psychoactive substances included in the target method to choose fragmentation parameters as 

accurately as possible. 
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ID Effect group Drug class Drug name Formula Prec. 

Ion 

Prod. 

Ion 

DP 

(V) 

CE 

(V) 

Rt (min) 

1 Synthetic opioid  Others Brorphine* C20H22BrN3O 400 218 113 59 10.50* 

2 Synthetic opioid  Others Bromadoline* C15H21BrN2O 326 183 116 46 7.06* 

3 Synthetic opioid Fentanyl analogue Norfentanyl C14H20N2O 233 84 30 29 6.26 
4 Synthetic opioid Fentanyl analogue Remifentanyl C20H28N2O5 377 113 43 35 7.17 

5 Synthetic opioid Fentanyl analogue Ocfentanyl C22H27FN2O2 371 105 84 55 7.71 

6 Synthetic opioid Fentanyl analogue Acetylfentanyl C21H26N2O 323 188 37 29 7.72 
7 Synthetic opioid Fentanyl analogue 4-ANPP C19H24N2 281 105 111 40 7.88 

8 Synthetic opioid Fentanyl analogue β-hydroxy Fentanyl C22H28N2O2 353 186 75 31 7.99 

9 Synthetic opioid Fentanyl analogue Acrylfentanyl C22H26N2O 335 188 124 29 8.59 
10 Synthetic opioid Fentanyl analogue α-Methyl-thiofentanyl C21H28N2OS 357 125 96 30 8.72 

11 Synthetic opioid Fentanyl analogue (±)-cis-3-methyl-thiofentanyl C21H28N2OS 357 208 86 31 8.72 

12 Synthetic opioid Fentanyl analogue Alfentanyl C21H32N6O3 417 197 54 36 8.82 
13 Synthetic opioid Fentanyl analogue Fentanyl C22H28N2O 337 188 85 33 8.82 

14 Synthetic opioid Fentanyl analogue Orthofluorofentanyl C22H27FN2O 355 188 25 34 9.17 

15 Synthetic opioid Fentanyl analogue Furanylfentanyl C24H26N2O2 375 105 113 59 9.21 
16 Synthetic opioid Fentanyl analogue α-Methylfentanyl C23H30N2O 351 91 140 65 9.27 

17 Synthetic opioid Fentanyl analogue Carfentanyl C24H30N2O3 395 105 119 62 9.57 

18 Synthetic opioid Fentanyl analogue (±)-cis-3-methyl Fentanyl C23H30N2O 351 202 123 32 9.59 
19 Synthetic opioid Fentanyl analogue Butyrfentanyl C23H30N2O 351 188 85 33 9.81 

20 Synthetic opioid Fentanyl analogue Sufentanyl C22H30N2O2S 387 238 54 26 10.15 

21 Synthetic opioid Fentanyl analogue Benzoylfentanyl* C26H28N2O 385 188 113 59 10.56* 
22 Synthetic opioid Fentanyl analogue Benzodioxolefentanyl* C27H28N2O3 429 149 113 59 10.69* 

23 Synthetic opioid Fentanyl analogue Despropionyl 4-

fluorobenzylfentanyl* 

C18H21FN2 299 105 25 34 7.36* 

24 Synthetic opioid Fentanyl analogue Benzylfentanyl* C21H26N2O 323 91 113 59 8.36* 

25 Synthetic opioid Fentanyl analogue Methoxyacetylfentanyl* C22H28N2O2 353 188 37 29 8.38* 
26 Synthetic opioid Fentanyl analogue Tetrahydrofuranylfentanyl* C24H30N2O2 379 188 37 29 8.91* 

27 Synthetic opioid Fentanyl analogue Crotonylfentanyl* C23H28N2O 349 188 85 33 9.39* 

28 Synthetic opioid Fentanyl analogue Parafluorobutyrylfentanyl* C23H29FN2O 369 105 85 33 9.46* 
29 Synthetic opioid Fentanyl analogue 4-Hydroxybutyrfentanyl* C24H32N2O2 367 121 85 33 9.58* 

30 Synthetic opioid Fentanyl analogue Cyclopentylfentanyl* C25H32N2O 377 188 85 33 9.80* 

31 Synthetic opioid Fentanyl analogue 4-Methoxybutyrfentanyl* C24H32N2O2 381 188 85 33 9.82* 
32 Synthetic opioid Fentanyl analogue Valerylfentanyl* C24H32N2O 365 105 85 33 9.95* 

33 Synthetic opioid Nitazenes Metonitazene* C21H26N4O3 383 100 80 28 10.33* 

34 Synthetic opioid Nitazenes Isotonitazene* C23H30N4O3 411 100 80 28 11.46* 
35 Synthetic opioid Others Norbuprenorphine C25H35NO4 414 83 141 90 8 

36 Synthetic opioid Others Methadone C21H27NO 310 265 46 19 10.62 

37 Synthetic opioid Others U-47700* C16H22Cl2N2O 239 81 116 46 7.84** 
38 Synthetic opioid Others AH-7921* C16H22Cl2N2O 329 284 116 46 8.01* 

39 Synthetic opioid Others U-48800* C17H24Cl2N2O 343 218 116 46 8.06* 

40 Synthetic opioid Others U-51754* C17H24Cl2N2O 343 218 116 46 8.06* 
41 Synthetic opioid Others AP-238* C18H26N2O 287 117 116 46 8.20* 

42 Synthetic opioid Others Isopropyl-U-47700* C18H26Cl2N2O 357 173 116 46 8.98* 

43 Synthetic opioid Piperazine 2-methyl-AP-237* C17H24N2O 287 11 116 46 8.46* 
1_IS Synthetic opioid Others Buprenorphine-D4 C29H37D4NO4 472 59 85 100 9.36 

2_IS Synthetic opioid Fentanyl analogue Fentanyl-D5 C22H23D5N2O 342 105 52 51 8.82 

3_IS Synthetic opioid Others Methadone-D5 C21H22D5NO 313 268 80 50 10.62 
4_IS Synthetic opioid Fentanyl analogue Norfentanyl-D5 C14H15D5N2O 238 84 31 30 6.26 

44 Stimulant Aminoindane 2-Aminoindane* C9H11N 134 115 6 11 3.82* 

45 Stimulant Aminoindane N-Methyl-2-Aminoindane* C10H13N 148 117 6 11 4.14* 
46 Stimulant Aminoindane MMAI* C11H15NO 178 161 6 11 5.00* 

47 Stimulant Cathinone Methylone C11H13NO3 208 190 36 17 4.54 

48 Stimulant Cathinone Mephedrone C11H15NO 178 160 36 17 5.18 
49 Stimulant Cathinone 2-MeOMet-Cathinone C11H15NO2 194 176 50 17 5.33 

50 Stimulant Cathinone Buphedrone C11H15NO 178 160 36 17 5.67 

51 Stimulant Cathinone Butylone C12H15NO3 222 174 18 24 5.69 
52 Stimulant Cathinone α-PVP C15H21NO 232 91 71 71 6.79 

53 Stimulant Cathinone MDPV C16H21NO3 276 126 11 25 7.03 

54 Stimulant Cathinone Ethylone* C12H15NO3 222 174 18 24 5.62* 
55 Stimulant Cathinone Eutylone* C13H17NO3 236 188 18 24 5.62* 

56 Stimulant Cathinone 4-CMC* C10H12ClNO 198 145 36 17 5.71* 

57 Stimulant Cathinone bk-MPA* C8H11NOS 170 152 36 17 5.76* 
58 Stimulant Cathinone 4-Bromomethcathinone* C10H12BrNO 242 145 36 17 5.99* 

59 Stimulant Cathinone 3-Bromomethcathinone* C10H12BrNO 244 145 36 17 6.01* 

60 Stimulant Cathinone 4-Methylethcathinone C12H17NO 192 174 36 17 6.14* 
61 Stimulant Cathinone Pentedrone* C12H17NO 236 188 36 17 6.14* 

62 Stimulant Cathinone 3,4-Dimethylmethcathinone* C12H17NO 192 159 36 17 6.30* 

63 Stimulant Cathinone bk-MDDMA* C12H15NO3 236 130 36 17 6.34* 
64 Stimulant Cathinone α-Pyrrolidinobutiothiophenone* C12H17NOS 224 122 71 71 6.56* 

65 Stimulant Cathinone bk-DMBDB* C13H17NO3 221 91 18 24 6.81* 

66 Stimulant Cathinone N-Ethylnorpentylone* C14H19NO3 250 202 60 19 6.82* 
67 Stimulant Cathinone α-PVT* C13H19NOS 238 126 71 71 7.05* 

68 Stimulant Cathinone 4-Methyl-α-

pyrrolidinobutiophenone* 

C15H21NO 232 105 71 71 7.25* 

69 Stimulant Cathinone N-ethylhexedrone* C14H21NO 220 130 36 17 7.28* 

70 Stimulant Cathinone α-PHP* C16H23NO 246 91 71 71 7.71* 
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71 Stimulant Others 1,4-dimethylamylamine* C7H17N 166 99.7 6 11 4.18* 
72 Stimulant Others Methiopropamine* C8H13NS 156 97 11 25 4.60* 

73 Stimulant Others Octodrine* C8H19N 130 71 6 11 5.79* 

74 Stimulant Others p-fluoro-4-methylaminorex* C10H11FN2O 195 152 6 11 5.83* 
75 Stimulant Others Diphenylprolinol* C17H19NO 254 236 46 19 7.00* 

76 Stimulant Others Dimethocaine* C16H26N2O2 279 120 50 20 7.71* 

77 Stimulant Others Nitracaine* C16H24N2O4 310 92 50 20 8.59* 
78 Stimulant Phenethylamine Amphetamine C9H13N 136 119 6 11 4.2 

79 Stimulant Phenethylamine Methamphetamine C10H15N 150 91 11 25 4.73 

80 Stimulant Phenethylamine MDA C10H13NO2 180 163 11 13 4.86 
81 Stimulant Phenethylamine 2C-B C10H14BrNO2 260 228 36 27 5.51 

82 Stimulant Phenethylamine MDEA C12H17NO2 208 163 26 17 5.82 

83 Stimulant Phenethylamine 2C-T-4 C13H21NO2S 256 197 21 27 8.41 
84 Stimulant Phenethylamine 2C-T-7 C13H21NO2S 256 167 21 27 8.85 

85 Stimulant Phenethylamine 25C-NBOMe C18H22ClNO3 336 121 61 23 10.31 

86 Stimulant Phenethylamine 25I-NBOMe C18H22INO3 428 121 81 25 10.83 
87 Stimulant Phenethylamine 3-fluorophenmetrazine* C11H14FNO 196 115 6 11 4.76* 

88 Stimulant Phenethylamine 4-Fluoromethamphetamine* C10H14FN 168 109 11 25 4.96* 

89 Stimulant Phenethylamine 2-MAPB* C12H15NO 190 58 26 17 5.25* 
90 Stimulant Phenethylamine p-methoxymethylamphetamine* C11H17NO 180 120 6 11 5.32* 

91 Stimulant Phenethylamine 5-MAPB* C12H15NO 190 131 26 17 5.48* 

92 Stimulant Phenethylamine 5-MAPDB* C12H17NO 192 161 26 17 5.48* 
93 Stimulant Phenethylamine 2,4-Dimethoxyamphetamine* C11H17NO2 196 151 6 11 5.49* 

94 Stimulant Phenethylamine 4-Bromoamphetamine* C9H12BrN 214 169 6 11 5.56* 

95 Stimulant Phenethylamine 2C-B-FLY* C12H14BrNO2 284 287 36 27 5.66* 
96 Stimulant Phenethylamine 2C-C* C10H14ClNO2 216 184 36 27 5.66* 

97 Stimulant Phenethylamine 4-Methylthioamfetamine* C10H15NS 182 165 6 11 5.75* 

98 Stimulant Phenethylamine 3,4-Dimethoxymethamphetamine* C12H19NO2 210 179 11 25 5.81* 
99 Stimulant Phenethylamine 2,4,5-Trimethoxyamphetamine* C11H17NO3 226 194 6 11 5.97* 

100 Stimulant Phenethylamine 2C-E* C12H19NO2 210 178 21 27 6.22* 

101 Stimulant Phenethylamine 2C-I* C10H14INO2 308 276 36 27 6.41* 
102 Stimulant Phenethylamine 2C-T-2* C12H19NO2S 241 210 21 27 6.62* 

103 Stimulant Phenethylamine 25D-NBOMe* C19H25NO3 330 208 81 25 9.25* 

104 Stimulant Phenethylamine 25B-NBOH* C17H20BrNO3 368 260 61 23 9.30* 
105 Stimulant Phenethylamine 25N-NBOMe* C18H22N2O5 347 91 81 25 9.48* 

106 Stimulant Phenethylamine 25B-NBOMe* C18H22BrNO3 380 121 81 25 9.61* 

107 Stimulant Phenethylamine 25G-NBOMe* C20H27NO3 347 91 81 25 9.94* 
108 Stimulant Phenidate 4F-MPH* C14H18FNO2 252 84 116 46 5.72* 

109 Stimulant Phenidate Ethylphenidate* C15H21NO2 248 56 46 19 6.15* 
110 Stimulant Phenidate 3,4-Dichloromethylphenidate* C14H17Cl2NO2 303 84 116 46 7.10* 

111 Stimulant Piperazine 1-(4-Fluorophenyl)piperazine* C10H13FN2 181 138 141 37 4.17* 

112 Stimulant Piperazine 1-(4-Methoxyphenyl)piperazine* C11H16N2O 193 150 141 37 4.53* 
113 Stimulant Piperazine 1-(2-methoxyphenyl)piperazine* C11H16N2O 193 120 141 37 4.54* 

114 Stimulant Piperazine 1-Benzyl-4-methylpiperazine C12H18N2 191 91 141 37 4.77* 

115 Stimulant Piperazine 1-(3-chloro-4-

fluorophenyl)piperazine* 

C10H12ClFN2 215 198 141 37 4.92* 

116 Stimulant Piperazine 1,4-Dibenzylpiperazine* C18H22N2 267 91 141 37 7.63* 

117 Stimulant Tropane alkaloid Benzoylecgonine C16H19NO4 290 105 52 25 6.38 
118 Stimulant Tropane alkaloid Cocaine C17H21NO4 304 182 50 70 6.99 

119 Stimulant Tropane alkaloid Norcocaine C16H19NO4 290 168 61 21 7.13 

120 Stimulant Cathinone Diethylcathinone C13H19NO 206 105 51 29 5.49 
5_IS Stimulant Phenethylamine 25C-NBOME-D3 C18H19D3ClNO3 339 124 31 27 10.31 

6_IS Stimulant Phenethylamine Amphetamine-D6 C9H7D6N 142 93 11 22 4.20 

7_IS Stimulant Tropane alkaloid Cocaine-D3 C17H18D3NO 307 184 26 26 6.99 
8_IS Stimulant Phenethylamine MDMA-D5 C11H10D5NO2 199 165 10 17 5.17 

9_IS Stimulant Cathinone MDPV-D8 C16H13D8NO3 284 134 26 37 7.00 

10_IS Stimulant Cathinone Mephedrone-D3 C11H12D3NO 181 148 46 26 5.18 

121 Sedative/hypnotic Benzodiazepine Bromazepam C14H10BrN3O 316 182 116 46 8.74 
122 Sedative/hypnotic Benzodiazepine Clonazepam C15H10ClN3O3 316 240 53 46 10.31 

123 Sedative/hypnotic Benzodiazepine Flunitrazepam C16H12FN3O3 314 239 66 39 10.58 

124 Sedative/hypnotic Benzodiazepine Delorazepam C15H10Cl2N2O 305 140 166 39 11.19 
125 Sedative/hypnotic Benzodiazepine Lormetazepam C16H12Cl2N2O2 335 289 116 46 11.29 

126 Sedative/hypnotic Benzodiazepine Meclonazepam* C16H12ClN3O3 330 316 53 46 11.56* 
127 Sedative/hypnotic Benzodiazepine Desmethylflunitrazepam* C15H10FN3O3 300 254 66 39 10.24* 

128 Sedative/hypnotic Benzodiazepine Nifoxipam* C15H10FN3O4 316 298 66 29 10.44* 

129 Sedative/hypnotic Benzodiazepine Adinazolam* C19H18ClN5 352 56 116 46 10.53* 
130 Sedative/hypnotic Benzodiazepine Pyrazolam* C16H12BrN5 354 167 116 46 10.61* 

131 Sedative/hypnotic Benzodiazepine Diclazepam* C16H12Cl2N2O 319 227 116 46 10.66* 

132 Sedative/hypnotic Benzodiazepine Nitrazolam* C17H13N5O2 320 292 66 39 10.96* 
133 Sedative/hypnotic Benzodiazepine Phenazepam* C15H10BrClN2O 349 26 166 39 11.01* 

134 Sedative/hypnotic Benzodiazepine Bromazolam C17H13BrN4 353 325 116 46 11.06* 

135 Sedative/hypnotic Benzodiazepine Flualprazolam* C17H12ClFN4 372 292 73 36 11.08* 
136 Sedative/hypnotic Benzodiazepine Flubromazolam* C17H12BrFN4 371 223 116 46 11.37* 

137 Sedative/hypnotic Benzodiazepine Metizolam* C16H13ClN4S 393 275 166 39 11.69* 

138 Sedative/hypnotic Benzodiazepine Clonazolam* C17H12ClN5O2 354 308 66 39 11.84* 
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139 Sedative/hypnotic Benzodiazepine Etizolam* C17H15ClN4S 343 315 166 39 12.03* 
140 Sedative/hypnotic Others Etaqualone* C17H16N2O 265 146 36 17 10.44* 

11_IS Sedative/hypnotic Benzodiazepine Alprazolam-D5 C17H8D5ClN4 314 286 43 42 10.40 

12_IS Sedative/hypnotic Benzodiazepine Diazepam-D3 C16H10D3ClN2O 288 157 46 33 10.86 

141 SC receptor agonist Semi-synthetic cann. Hexahydrocannabinol (HHC)* C21H32O2 319 139 80 31 12.43* 
142 SC receptor agonist Synthetic cannabinoid JWH-200 C25H24N2O2 385 114 116 31 10.22 

143 SC receptor agonist Synthetic cannabinoid AM-1220 C26H26N2O 383 98 146 61 10.56 

144 SC receptor agonist Synthetic cannabinoid AB005 C23H32N2O 253 112 96 30 11.07 
145 SC receptor agonist Synthetic cannabinoid 5-Cl-AB PINACA C18H25ClN4O2 365 249 35 34 12.22 

146 SC receptor agonist Synthetic cannabinoid WIN 55,212 C27H26N2O3 427 155 121 33 12.32 

147 SC receptor agonist Synthetic cannabinoid JWH-250 C22H25NO2 336 121 151 25 13.48 
148 SC receptor agonist Synthetic cannabinoid XLR-11 C21H28FNO 330 144 120 46 13.5 

149 SC receptor agonist Synthetic cannabinoid JWH-081 C25H25NO2 372 185 161 33 13.68 
150 SC receptor agonist Synthetic cannabinoid JWH-122 C25H25NO 356 169 191 33 13.72 

151 SC receptor agonist Synthetic cannabinoid UR-144 C21H29NO 312 125 121 29 13.72 

152 SC receptor agonist Synthetic cannabinoid 5F-AB-PINACA* C18H25FN4O2 349 233 49 21 11.36* 
153 SC receptor agonist Synthetic cannabinoid 5F-APINACA* C23H30FN3O 384 135 49 21 11.43* 

154 SC receptor agonist Synthetic cannabinoid AB-PINACA* C18H26N4O2 331 215 35 34 11.77* 

155 SC receptor agonist Synthetic cannabinoid AKB-48* C23H31N3O 366 135 49 21 11.84* 
156 SC receptor agonist Synthetic cannabinoid AB-CHMINACA* C20H28N4O2 357 241 35 34 11.87* 

157 SC receptor agonist Synthetic cannabinoid 4F-MDMB-BINACA* C19H26FN3O3 364 219 49 21 11.94* 

158 SC receptor agonist Synthetic cannabinoid 5F-AMB-PINACA* C19H26FN3O3 349 233 49 21 12.01* 
159 SC receptor agonist Synthetic cannabinoid AB-FUBINACA* C20H21FN4O2 369 253 40 21 12.22* 

160 SC receptor agonist Synthetic cannabinoid 5F-MDMB-PICA* C21H29FN2O3 377 232 49 21 12.30* 

161 SC receptor agonist Synthetic cannabinoid ADB-CHMINACA* C21H30N4O2 371 254 35 34 12.41* 
162 SC receptor agonist Synthetic cannabinoid 5F-MDMB-PINACA* C20H28FN3O3 378 233 49 21 12.55* 

163 SC receptor agonist Synthetic cannabinoid MDMB-4en-PINACA* C20H27N3O3 358 213 49 21 12.73* 

164 SC receptor agonist Synthetic cannabinoid ADB-FUBINACA* C21H23FN4O2 383 338 35 34 12.77* 
165 SC receptor agonist Synthetic cannabinoid MDMB-CHMICA* C23H32N2O3 385 240 49 21 12.80* 

166 SC receptor agonist Synthetic cannabinoid FUB-AMB* C21H22FN3O3 381 253 35 34 12.86* 

167 SC receptor agonist Synthetic cannabinoid 5F-PB-22* C23H21FN2O2 377 232 49 21 13.22* 
168 SC receptor agonist Synthetic cannabinoid JWH-251* C22H25NO 320 105 151 25 13.25* 

169 SC receptor agonist Synthetic cannabinoid CUMYL-5F-PINACA* C22H26FN3O 368 233 49 21 13.36* 

170 SC receptor agonist Synthetic cannabinoid 5F-THJ-018* C22H21FN4O 377 233 178 32 13.38* 
171 SC receptor agonist Synthetic cannabinoid EDMB-PINACA* C21H31N3O3 374 215 35 34 13.51* 

172 SC receptor agonist Synthetic cannabinoid AM-2201* C24H22FNO 360 155 36 37 13.67* 

173 SC receptor agonist Synthetic cannabinoid NM-2201* C24H22FNO2 377 232 36 37 13.90* 
174 SC receptor agonist Synthetic cannabinoid JWH-018* C24H23NO 342 155 178 32 14.08* 

175 SC receptor agonist Synthetic cannabinoid CUMYL-PEGACLONE* C25H28N2O 373 255 178 32 14.18* 

176 SC receptor agonist Synthetic cannabinoid EAM-2201* C26H26FNO 388 183 36 37 14.97* 
13_IS SC receptor agonist Synthetic cannabinoid JWH-018-D9 C24H14D9NO 351 155 38 34 13.63 

14_IS SC receptor agonist Synthetic cannabinoid JWH-073-D7 C23H14D7NO 335 155 44 35 13.50 

15_IS SC receptor agonist Synthetic cannabinoid MAM-2201-D5 C25H19D5FNO 379 169 52 38 13.48 
16_IS SC receptor agonist Synthetic cannabinoid XLR-11-D5 C21H23D5FNO 335 125 44 34 13.50 

177 Natural opioid Phenantrene alkaloid Codeine C18H21NO3 300 166 81 52 4.81 

178 Natural opioid Phenantrene alkaloid 6-MAM C19H21NO4 328 165 134 48 5.51 

179 Dissociative Others Diphenidine* C19H23N 266 181 11 25 8.11* 
180 Dissociative Phencyclidine type Ketamine C13H16ClNO 238 124 34 35 6.26 

181 Dissociative Phencyclidine type Methoxetamine C15H21NO2 248 121 16 39 6.72 

182 Dissociative Phencyclidine type Deschloro-N-ethyl-ketamine* C14H19NO 218 91 34 35 6.47* 
183 Dissociative Phencyclidine type 3-hydroxyeticyclidine* C17H25NO 220 81 34 35 6.53* 

184 Dissociative Phencyclidine type 2-Fluorodeschloroketamine* C13H16FNO 222 109 36 18 6.54* 

185 Dissociative Phencyclidine type 4-Methoxyphencyclidine* C18H27NO 274 121 34 35 6.68* 

186 Classic hallucinogen Lysergamide 1B-LSD* C24H31N3O2 394 203 25 20 9.04* 

187 Classic Hallucinogen Lysergamide 1-acetyl-LSD* C22H27N3O2 366 207 25 20 7.62* 

188 Classic hallucinogen Lysergamide 1P-LSD* C23H29N3O2 380 249 25 20 8.43* 
189 Classic Hallucinogen Lysergamide AL-LAD* C22H27N3O 350 208 25 20 8.49* 

190 Classic hallucinogen Lysergamide 1cP-LSD* C24H29N3O2 392 207 25 20 8.65* 

191 Classic hallucinogen Lysergamide 1V-LSD* C25H33N3O2 407 364 25 20 9.66* 
192 Classic Hallucinogen Others RH-34* C18H19N3O3 326 121 81 25 8.96* 

193 Classic Hallucinogen Phenethylamine DOC* C11H16ClNO2 230 218 36 27 9.28* 

194 Classic Hallucinogen Phenetylamine Allylescaline* C13H19NO3 238 165 36 27 6.50* 
195 Classic Hallucinogen Tryptamine 4-OH-DET C14H20N2O 233 86 66 19 5.37 

196 Classic Hallucinogen Tryptamine 5-MeO-MIPT C15H22N2O 247 86 46 19 6.46 

197 Classic Hallucinogen Tryptamine 5-MeO-DALT C17H22N2O 271 110 23 20 7.18 
198 Classic Hallucinogen Tryptamine 5-MeO-DPT C17H26N2O 275 114 36 19 7.56 

199 Classic Hallucinogen Tryptamine α-Methyltryptamine* C11H14N2 175 158 66 19 5.38* 

200 Classic Hallucinogen Tryptamine DMT* C12H16N2 189 58 66 19 5.52* 
201 Classic Hallucinogen Tryptamine 5-MeO-AMT* C12H16N2O 205 188 46 19 5.86* 

202 Classic Hallucinogen Tryptamine 4-HO-MET* C13H18N2O 219 160 46 19 6.20* 

203 Classic Hallucinogen Tryptamine 4-HO-MIPT* C14H20N2O 233 115 46 19 6.77* 

204 Classic Hallucinogen Tryptamine 4-AcO-DET* C16H22N2O2 275 86 66 19 7.08* 

205 Classic Hallucinogen Tryptamine DIPT* C16H24N2 245 114 36 19 7.66* 

206 Classic Hallucinogen Tryptamine N,N-dipropyltryptamine* C16H24N2 245 114 36 19 7.83* 
207 Classic Hallucinogen Tryptamine 4-HO-DIPT* C16H24N2O 261 117 66 19 7.90* 
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*Predicted value; DP: declustering potential; EP: entrance potential. 

Table 1 MRM acquisition parameter, and retention time for all the analytes 

 

2. UHPLC-MS/MS analysis 
 

Chromatographic analyses were conducted on an Exion LC™ AD system (Sciex, Framingham, MA, 

USA), equipped with a vacuum degasser, temperature control device and a temperature-controlled 

auto sampler. The column was a Kinetex® Polar-C18 (100mmx2, 1 mm ID) from Phenomenex 

(Bologna, Italy) packed with 2.6 μm core shell particles. Mobile phases were water with 0.1% of 

HCOOH (A) and acetonitrile:methanol (50:50, v/v) acidified with 0.1% HCOOH (B); flow rate was 

0.4 mL min-1 and the column temperature was set at 40°. The chromatographic separation was 

performed by injecting 2 μL, with the following gradient: the elution started with 0% of phase B for 

1 min, then phase B was increased to 5% in 2 min, from 5% to 30% in 6 min, held at 30% for 2 min, 

increased to 32.5% in 1 min, to 33.5% in 1 min, to 50% in 2 min, to 65% in 2 min and finally to 100% 

in 1 min. These conditions were held for 1.5 min and the column was rapidly switched to the initial 

conditions which were maintained for 2 min to enable the re-equilibration. 

Analyte detection was obtained coupling the chromatographic system with a low-resolution mass 

spectrometer, specifically a Sciex 6500+ QTRAP Series, equipped with an IonDrive™ Turbo V ESI 

source which operates in positive ionization. The ion source conditions were as follows: spray 

voltage, 4.5 kV; temperature, 450 °C; curtain gas, 30psi; collision gas, Medium; gas 1, 55 psi; gas 2, 

60 psi. All the source and instrument parameters for the available standards were optimized by 

infusion of each standard at 10 ng mL-1, by a syringe pump with a flow rate of 10 μL min-1 and 

refined in chromatographic conditions of flow rate. For the target method, MS/MS experiments were 

carried out in Advanced s-MRM; the Target Scan Time was set at 0.7 s, while the Dwell Weight, 

Trigger Threshold, Dynamic Window Extension, MRM Window and Resolution were defined for 

each transition, as reported in Table 2. 

For the suspect screening method, an MRM suspect list was used as a survey scan and the IDA scan 

intensity threshold was set to 500 counts per second (cps).  

  

208 Classic Hallucinogen Tryptamine 4-HO-DPT* C16H24N2O 262 161 36 19 8.08* 
209 Classic Hallucinogen Tryptamine 4-AcO-DIPT* C18H26N2O2 303 114 36 19 8.23* 

210 Cann. receptor agonist Phytocannabinoid CBD C21H30O2 311 223 80 31 12.03 

211 Cann. receptor agonist Phytocannabinoid THC C21H30O2 315 193 80 31 13.76 
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The EPI dependent scan was carried out in a mass range from 50 to 500 Da at CE 10 and the 

maximum cycle time was 0.98 s; the LIT scan rate was set at 20000 amu/s with dynamic fill time and 

Q0 trapping. Dynamic exclusion, which defined the time for which a transition is excluded after 

acquiring an EPI scan, was set to 2 s to allow the detection of coeluting and isomeric substances. The 

resulting EPI spectra were then manually searched against web available mass spectral libraries (m/z 

Cloud, MassBank, RESPONSE) and finally the MRM suspect list was inferred as explained above, 

specially from literature and mainly from HighResNPS database109. 

ID Drug Name 
MRM 

Window 
(sec) 

Trigger 
Treshold 

Extension 
Treashold 

Dwell 
Weight 

Q1 
Resolution 

Q3 
Resolution 

3 Norfentanyl 30 1613 5379 2 High Unit 
4 Remifentanyl 30 1419 4731 3 Unit Low 
5 Ocfentanyl 30 13860 46200 1 Unit Unit 
6 Acetilfentanyl 30 22800 76000 1 Unit Unit 
7 4-ANPP 30 1740 5800 2 Unit Unit 

8 β-hydroxy Fentanyl 30 8040 26800 2 High Unit 

9 Acrylfentanyl 30 6735 22450 2 Unit Unit 
10 α-Methyl-thiofentanyl 30 11256 37520 1 High High 
11 (±)-cis-3-methyl thiofentanyl 30 21897 72990 1 High High 
12 Alfentanyl 30 16692 55640 1 High High 
13 Fentanyl 30 95220 317400 1 High Unit 
14 Orthofluorofentanyl 30 34770 115900 1 Unit Unit 
15 Furanylfentanyl 30 16620 55400 1 Unit Unit 
16 α-Methylfentanyl 30 19101 63670 1 High High 
17 Carfentanyl 30 1364 4547 2 Unit Unit 
18 (±)-cis-3-methyl Fentanyl 30 22194 73980 1 High High 
19 Butyrfentanyl 30 10311 34370 1 High Unit 
20 Sufentanyl 30 16149 53830 1 Unit Unit 
35 Norbuprenorphine 30 455 1519 5 High High 
36 Methadone 30 126450 421500 1 Unit Unit 
47 Methylone 30 5439 18130 2 High High 
48 Mephedrone 30 4932 16440 2 High High 
49 2-MeOMet-Cathinone 30 25611 85370 2 High Unit 
50 Buphedrone 30 4590 15300 2 High High 
51 Butylone 30 3060 10200 3 Unit High 
52 α-PVP 30 4461 14870 2 High High 
53 MDPV 30 9549 31830 1 High Unit 
78 Amphetamine 30 6669 22230 3 Unit Low 
79 Methamphetamine 30 17448 58160 3 High Unit 
80 MDA 30 8790 29300 3 High Low 
81 2C-B 30 614100 2047000 1 Unit High 
82 MDEA 30 4548 15160 3 High Low 
83 2C-T-4 30 64740 215800 1 High Unit 
84 2C-T-7 30 3048 10160 2 High Unit 
85 25C-NBOMe 30 19950 66500 1 Unit Unit 
86 25I-NBOMe 30 4341 14470 1 Unit Unit 

117 Benzoylecgonine 30 29448 98160 1 Unit Unit 
118 Cocaine 30 35040 116800 1 Unit Unit 
119 Norcocaine 30 3843 12810 1 Unit Unit 
120 Diethylcathinone 30 4455 14850 2 High High 
121 Bromazepam 30 7029 23430 2 High High 
122 Clonazepam 30 4590 15300 2 High Unit 
123 Flunitrazepam 30 3060 10200 2 Unit Unit 
124 Delorazepam 30 472 1576 4 Unit Unit 
125 Lormetazepam 30 16527 55090 2 High High 
142 JWH-200 30 75120 250400 1 High Low 
143 AM-1220 30 1531 5106 3 Unit Unit 
144 AB005 30 9612 32040 1 Unit Unit 
145 5-Cl-AB PINACA 30 1653 5511 5 Unit Unit 
146 WIN 55,212 30 37350 124500 2 Unit Unit 
147 JWH-250 30 73560 245200 1 Unit Unit 
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148 XLR-11 30 3273 10910 2 High Unit 
149 JWH-081 30 101910 339700 1 Unit Low 
150 JWH-122 30 46440 154800 1 High High 
151 UR-144 30 25851 86170 2 Unit High 
177 Codeine 30 35040 116800 4 Unit Low 
178 6-MAM 30 5778 19260 5 High High 
180 Ketamine 30 131010 436700 1 High Low 
181 Methoxetamine 30 88050 293500 1 Unit Low 
195 4-OH-DET 30 5013 16710 2 Unit Unit 
196 5-MeO-MIPT 30 1653.3 5511 3 Unit Unit 
197 5-MeO-DALT 30 1171.2 3904 4 Unit Unit 

198 5-MeO-DPT 30 843.3 2811 5 Unit Unit 

210 CBD 30 40710 135700 4 High Unit 
211 THC 30 5136 17120 5 High Unit 

Table 2 Parameters of the Advanced s-MRM method 

 

3. Quantitative Structure (Chromatographic) Retention Relationship 
 

3.1  Development and validation of QSRR method 

 

The Rt prediction model was based on a QSRR approach, in more detail a multiple linear regression 

(MLR) was used to define the model. 

The training set included 65 standards while the validation set was composed by 8 standards that 

were introduced later and were not used for the development of the QSSR model. The molecular 

descriptors of all the compounds involved in the analytical method were calculated by using the 

Excel extension JChem (that uses Simplified Molecular Input Line Entry System (SMILES) strings 

for calculation). The first step consisted in the normalization of the data, in this context each 

numerical value was normalized by subtracting the lower value and dividing for the difference 

between the maximal and minimal value for each descriptor class. The second step included the 

assessment of the intercorrelation between each descriptor, to this aim XLMiner Analysis ToolPak 

was used and a correlation coefficient equal to or greater than 0.7 leaded to exclusion of the specific 

descriptor. The third step involved the evaluation of the molecular descriptors based on the 

correlation between them and the retention time; a list made in descending order of correlation 

determined the selection of the best descriptors for the model. The intercorrelation value was 

estimated starting from the first descriptor (considering the exclusion criteria) and the process 

proceeded until the end of the parameters. Once the list of best descriptors was obtained, different 

models were created adding a parameter at time and the best model was chosen relying on the R2 

regression value and residual sum of squares. 
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 For each analyte the retention time was calculated using a linear regression such as y = aA + bB + 

cC + dD + eE + fF; the error (%) was obtained by subtracting the experimental value to the predicted 

Rt, for the training set, and then divided for the experimental value. 

4. Oral fluid sample preparation 
 

OF was used as testing matrix; each sample was collected through passive drooling and centrifuged 

at 12000 g for 10 min. Afterwards, a rapid protein precipitation procedure was carried out using 25 

μL of oral fluid and mixed with 25 μL of MeOH:AcN (50:50, v:v) containing 0.1% HCOOH and 75 

μL of internal standard working solution (ISWS). The obtained sample was centrifuged at 12000 g 

for 10 min and 50 μL of supernatant were then collected and diluted, directly in HPLC vials with 

micro-volume inserts, with 50 μL of water. 

5. Validation of the target method in OF 
 

The validation protocol has been carried out in accordance with SWGTOX international 

guidelines110. LODs and LOQs, linearity, accuracy and precision, selectivity, carryover, recovery and 

matrix effect were investigated to ensure the validity of the method. Both calibration standards and 

quality control samples (QC) were prepared in a pool of drug-free oral fluid, using samples obtained 

from five different subjects (blank OF); QCs were prepared daily, by spiking blank OF with a 

mixture containing all the analytes at four different concentrations and the investigated 

concentrations were 0.5, 5, 25 and 200 ng mL-1. 

 

5.1 Linearity, selectivity and carryover 

 

To evaluate linearity of the measuring interval a calibration curve was prepared by spiking blank 

oral fluid with a mixture of the analytes at 10 different concentration levels (n = 3): 0.1, 0.25, 0.5, 1, 5, 

10, 25, 50, 100 and 200 ng mL-1; IS ratio was used to evaluate the calibration samples analysed in 

three different chromatographic runs and in three different working days. The software Sciex OS 

was used for data regression weighting by 1/x and lack-of-fit test was executed, to evaluate the 

linearity. 
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Selectivity was investigated by fortifying a pool of samples with a mixture containing possible 

interfering compounds, for this purpose, a mixture containing pharmaceuticals (sildenafil, tadalafil, 

vardenafil, diclofenac), amino acids and alkaloids (ephedrine, thebaine, caffeine and nicotine) was 

added to blank OF samples at a final concentration of 25 ng mL-1. The evaluation of carryover was 

done performing the injection of three different blanks after the analysis of the highest point of the 

calibration curve and verifying the absence of any signal above LOD. 

 

5.2 LODs and LOQs 

 

For LODs and LOQs determination, 18 different blanks OF samples were fortified with different 

concentrations of the mixture containing the analytes, from 0.05 ng mL-1 to 10 ng mL-1 (n = 3). LODs 

were calculated as those concentration that provided a signal-to-noise (S/N) ≥3. The same procedure 

was applied to LOQs determination, these values were defined as the lower concentration, which 

provided a S/N ≥ 10. 

 

5.3 Accuracy, precision, recovery and matrix effect.  

 

Intraday, interday precision and accuracy were investigated in three different days, from the 

analysis of the QCs (n=6), in details precision was considered acceptable when the RSD% was ± 20%, 

while accuracy was calculated by means if bias and was required to be within 15%. 

For what concern recoveries and matrix effect three sets of samples were prepared in triplicate at 

0.1, 25 and 200 ng mL-1; the first set consisted of standard solutions in MeOH:H2O (50:50, v:v) named 

S(0.1), S(25) and S(200); the second set of samples was obtained by fortifying a pool of blank OF from 

five subjects after extraction (V(0.1), V(25) and V(200)) and the last set consisted of fortified before 

the extraction and these samples were identified as M(0.1), M(25) and M(200). Recoveries (R%) were 

calculated as R%=(M(X)/V(X))x100 and the matrix effect (ME%) was evaluated as follows: 

ME%=(V(X)/S(X))x100. 
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6. Seizures analysis 

 

Seized drug samples were obtained from the Italian Scientific Police Service, the available samples 

were in different forms including liquids and powders. For solid samples 1 mg was weighted and 

diluted in 1 mL of MeOH, then the solution was then sonicated, centrifuged and further diluted 

1:10000 with H2O:MeOH (50:50, v:v). Instead, liquid samples were directly diluted 1:1000 with 

H2O:MeOH (50:50, v:v) and filtered. The obtained samples were analysed by the UHPLC-MS/MS 

method previously described and by UHPLC-HRMS/MS for confirmation. 

 

7. Real OF sample analysis 
 

A total of 41 real OF samples were obtained from roadside drug enforcement services. Randomly 

selected drivers were initially tested through rapid immunoassay testing for cannabis, opiates, 

cocaine, amphetamine, methamphetamine, MDMA, benzodiazepines and ketamine and only the 

positive samples were transferred to our laboratory for UHPLC-MS/MS analysis. For each sample 

25 μL were collected and processed according to the procedure described in §4.  

 

8. UHPLC-HRMS/MS method for qualitative confirmation 

 

Chromatographic analyses were conducted on an Acquity UPLC I-Class system (Waters, Milford, 

MA, USA), equipped with a Acquity Pump UPLC I-Class Binary Solvent Manager, temperature 

control device in two different area and a temperature-controlled auto sampler. The column was a 

Kinetex® PFP (100mmx2,1 mm ID) from Phenomenex (Bologna, Italy) packed with 2.6 μm core shell 

particles. Mobile phases were water with 5 mM of ammonium formiate (A) and acetonitrile acidified 

with 0.1% formic acid; flow rate was 0.4 mL min-1 for the entire run and the column temperature 

was set at 50°. The chromatographic separation was performed with the following gradient: the 

elution started with 13% of phase B for 0.5 min, then phase B was increased to 50% in 9.50 min, from 

50% to 95% in 0.75 min, held at 95% for 1.50 min, decreased to 13% in 0.50 min, and these conditions 

were held for 4 min to enable the re-equilibration.  
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Analyte detection was obtained coupling the chromatographic system with a Waters Synapt G2Si 

HDMS, equipped with an electrospray source with a Z-spray geometry and orthogonal spray 

capable of operating in both, positive and negative ionization. The ion source conditions were as 

follows: capillary voltage, 3 kV; temperature, 120 °C; cone gas, 40 L/h; desolvation gas, 800 L/h. The 

source is also equipped with an introduction system called Lockspray for the injection of the lock 

mass (Leucine-Enkephaline) used as reference stability solution. The fragmentation spectra were 

obtained in MSe Continuum, this scan was carried out in Resolution mode (FWHM 20,000) with a 

mass range from 50 to 700 Da at two different CE to obtain low and high energy fragmentation 

spectra. The resulting fragmentations spectra were then searched again Waters Forensic Toxicology 

Library. 

 

 

RESULTS AND DISCUSSION 

 

1. Chromatographic set-up for UHPLC-MS/MS analysis 
 

The role of the chromatographic separation was particularly relevant to avoid an excessive number 

of concurrent MRM transitions at any time of the chromatographic separation. This aspect is crucial, 

considering the high number of transitions (n = 227) monitored in the method and the concomitant 

IDA-EPI scan. The possibility of including such a high number of transitions was made possible by 

the use of a state-of-the-art instrument and the use of s-MRM as acquisition mode; however, even 

by establishing an MRM detection window of 30 s, the number of concurrent transitions has an 

upper bound, to ensure an adequate dwell time for each one (≥5 ms). The target scan time is, in fact, 

defined a priori in the method, based on the width of the chromatographic peaks; considering that 

in the optimized chromatographic conditions the peaks of the target analytes had a width between 

8 and 12 s, the adopted maximum cycle time was 0.98 s to ensure at least 8 points per peak. As a 

guidance for chromatographic method development, the dwell time for the MRM transitions was 

estimated over time, exploiting the sMRM concurrency calculator tool 

(https://community.sciex.com/ 2021/08/20/smrm-concurrency-calculator/). MS parameters such as 

target scan time, MRM detection window and pause time between mass ranges had a great influence 

on dwell time and so does the chromatographic separation.  
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Once defined the MS parameters, the maximum concurrent MRM transitions at any time of the run 

cannot exceed 35, to obtain a dwell time of at least 5 ms (Fig. 12). In other words, it is possible to add 

as many analytes as desired in the method as long as the chromatographic separation ensures an 

adequate distribution of the peaks in the whole run. The selected column was a phenomenex 

Kinetex® Polar-C18 packed with 2.6 μm core shell-particles, among different tested columns, i.e. 

Phenomenex Kinetex® F5 (2.6 μm), Phenomenex Kinetex® XB-C18 (2.6 μm), Avantor® ACE® C18-PFP 

(3 μm) and Evosphere C18/PFP (1.7 μm). The selected column, Kinetex® Polar-C18, provided 

enhanced retention for amphetamines, tryptamines and morphine, leading to a better separation of 

the drugs belonging to these structural classes. For what concerns the mobile phases, different 

modifiers, such as formic acid, ammonium formate and ammonium acetate, were tested and the 

former was preferred as it provided more intense signals for most analytes and also higher 

chromatographic resolution. The choice of the organic solvent used as mobile phase B and the 

gradient were other important features to improve the selectivity in the chromatographic separation. 

The resolution was significantly improved by using a composite gradient involving several steps, as 

described above. The whole chromatographic run lasted 16.50 min and guaranteed the complete 

separation of all isomers, while only a minority of target analytes co-eluted. Once the 

chromatographic conditions were defined, retention time values were listed and exploited to 

develop the s-MRM method. To check the LC-MS/ MS system in terms of Rt and mass-spectral 

performance, a system suitability test mixture containing ten compounds covering the 

chromatographic run time was used each day before starting the analysis of a batch of samples. 

Figure 11 Estimate of the MRM concurrency and approximate dwell time for the developed method. The dwell time for MRM 

across time (green line) was estimated considering the elution time of every transition, the target scan time and the MRM 

detection window; the number of concurrency transition is showed in blue. The profile of the chromatographic gradient is shown 

in pink.  
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2. Mass spectrometric strategies 
 

2.1 Target method 

 

Despite the increasing number of NPS, there are few comprehensive screening methods for their 

detection in biological specimens. The present method involves two levels of analysis, target 

quantification and suspect screening, which were achieved with different strategies. 

Target quantification was limited to 65 drugs, whose analytical standards were available in the 

laboratory. These analytes included classic drugs and several NPS belonging to all the main 

structural groups that have been reported to date (Fig. 12B).  

 

In fact, while NPS represent a recent alert, classic drugs of abuse consumption still are a major public 

health issue, being cannabis, the most abused drug worldwide followed by cocaine, and heroin the 

first cause of overdose-related deaths [https://www.unodc.org/LSS/Page/NPS/DataVisualisations]. 

Moreover, several intoxications due to combinations of NPS from different classes and common 

drug of abuse have been reported in the literature. While general unknown screening procedures 

can be performed with HRMS and especially with full-scan techniques, this approach is a multi-

target screening (MTS) with a sensitive and selective multiple reaction monitoring (MRM) for 

detection. For identification, the MS/MS spectra obtained by the IDA controlled EPI scans are 

compared with available spectra, that is because in EPI mode, the precursor ion is first selected in 

Q1 and then fragmented by CAD in the Q2 collision cell.  

Figure 12 Graphical representation of the analytes included in the suspect screening (A) and in the target (B) methods sorted 

according to their effect group. 
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The fragment ions are captured in the ion trap, then scanned out. This provides extremely high 

sensitivity and high-quality MS/MS data because the fragment ions are trapped and analysed in the 

LIT. Also, configurations such as triple quadrupoles may be used for IDA (also known as DDA) 

experiments: in this case peculiar collision cell design may allow rapid switching between MS and 

MS/MS modes. Such configuration was exploited in literature for NPS screening111 where a full scan 

survey scan was used to trigger MS/MS fragmentation spectra, when a peak exceeded a defined 

intensity threshold. The advantage of using MRM as survey scan, as proposed in this method, results 

from the specificity of the MRM transitions, which provide very little chemical background. This 

permits low levels of detection, as well as the ability to quantify over a wide dynamic range. It is 

also significant to note that fewer false positives are expected when working with targeted MRM-

IDA. On the other hand, the need of including the Q1 and Q3 masses limits the application to target 

or suspect analysis. For the target method development, source and MS parameters were defined 

through direct infusion of every single standard, as usual for the development of a target MRM 

method. On the other hand, by exploiting the linear ion trap of the mass spectrometer it was possible 

to broaden the applicability of the method, allowing the screening of 165 additional NPS (Fig. 12B), 

whose standards were not available. These drugs were selected based on the latest UNODC reports, 

and all the most frequently reported NPS were included in the list. In order to develop an exhaustive 

suspect screening method was implemented a s-MRM-IDA-EPI acquisition method; MS parameters 

such as Q1 and Q3 masses were inferred from existing databases and research papers, while DP, EP, 

CE and CXP were selected based on the value found for target analytes belonging to the same 

chemical group. For what concern retention time, the values predicted through QSRR model were 

inserted in the method with a detection window of ±1.5 min. 

This strategy allowed to selectively detect the suspect analytes also providing their fragmentation 

spectra, in fact, the selected acquisition mode made possible the simultaneous detection of a NPS 

included in the suspect list through s-MRM as the survey scan and gives additional information 

about the chemical structure of the analyte by IDA and EPI mode as the dependent scan. This last 

feature allowed to increase the confidence level for compound identification, especially for MRM 

transitions inferred from available databases and published papers; the possibility of matching the 

spectra with MS/MS libraries can be of utmost importance for compound identity confirmation 

without standards.  
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The availability of the complete fragmentation spectrum for the detected analytes allowed to use 

only one SRM transition thus optimizing the sensitivity of the detection112. The list of suspect 

analytes can be increased without observing a significant loss in sensitivity thanks to use of s-MRM 

mode. Specifically in this method, the survey scan contains 227 MRM transitions for 211 selected 

substances and 16 deuterated compounds, which were used as internal standards. Each transition 

was acquired with a 5 ms dwell time and a pause time of 2 ms; these conditions were selected 

because ensured an adequate number of data-points to define the proper shape of a 

chromatographic peak and lowering the probability of a collision cell crosstalk.  

A further improvement of the method was obtained by using the Advanced s-MRM (As-MRM) 

feature, which provided for a dramatic improvement of the sensitivity through the addition of 

several parameters, namely the dwell weight, the trigger threshold and the dynamic window 

extension. Also, in As-MRM the Q1 and Q3 resolution could be specified for each transition 

consenting to maximise S/N for each target analyte. For As-MRM through the repeated injection of 

a mixture containing all the target analytes at 5 ng mL-1. Dwell weight was adjusted based on the 

absolute area of each transition: peak areas were arranged in descending order and five groups 

containing analytes with comparable intensity were identified, a dwell weight of 5 was assigned to 

the less intense peaks while the dwell weight was set to 1 for the highest peaks. Trigger threshold is 

related to the detection of the second transition for qualitative recognition of target analytes, this 

parameter was set to 3 times the noise value of each MRM transition; similarly dynamic window 

extension was set to 10 times the noise value in order to extend the time window for s-MRM 

transitions in case the chromatographic peaks accidently exceeded the predefined time window. 

Finally, to set the resolution for each transition, several experiments with different combinations of 

Q1 and Q3 resolution (unit, low, high) were carried out and the conditions that provided the highest 

S/N were selected. All the defined parameters are shown in Table 2. 

3. Retention time prediction model 
 

A retention time prediction model was especially developed to extrapolate Rt for analytes of interest 

whose standard were not available, in order to add this information in the s-MRM method. Several 

in silico prediction models have been proposed in the literature to find possible relationships 

between chromatographic Rt and specific analytes chemical-physical properties113.  
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The Quantitative Structure Retention Relationship statistical approach is among the most used, in 

fact, it includes a wide variety of techniques in which analytes are characterized by molecular 

descriptors derived from their chemical structure, and statistical methods are then used to construct 

a mathematical relationship correlating a response variable (Y, in this case the Rt) to the variation of 

more than one descriptor (X, molecular descriptor). The resultant statistical retention model can then 

be used to predict the Rt of new analytes, provided that the numerical descriptors of these analytes 

are known. 

Following the optimization of the chromatographic conditions, Rt values were experimentally 

collected for 65 analytes that constituted the training set. The most represented structure groups in 

the dataset were synthetic cannabinoids (SCs) (n = 10), cathinones (n = 7), phenethylamines (n = 9) 

and fentanyl analogues (n = 18). The total Rt window of the dataset was 9.62 min with the minimum 

and maximum Rt of 4.12 and 13.74 min corresponding to amphetamine and THC. Repeatability 

studies of Rt within and inter-batch, to ensure reproducibility, were conducted by injecting a set of 

seven samples for seven days. For each analyte, Rt were collected and populated within a 

spreadsheet in Microsoft Excel. The average, standard deviation (SD) and relative standard 

deviation (% RSD) was calculated within each set of seven samples and between the seven sets of 

samples analysed (n = 49). By analysing the data obtained, it resulted that the standard deviation 

value was lower than 0.02 for each analyte among the seven days of analysis, likewise, the %RSD 

was for all analytes <0.1%. The second step of the workflow involved the calculation of several 

molecular descriptors that were selected based on their relative importance for retention time 

modelling114,115 The molecular descriptors selected were: LogD, refractivity, 6 terms aliphatic ring, 5 

terms aliphatic rings, hydrogen bond donor site, hydrogen bond acceptor sites. The calculated 

descriptors were normalized, and removal of collinear descriptors was considered, using R ≥ 0.7 as 

a threshold value to establish collinearity; only the one with the best correlation to the dependent 

variable was kept. 
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 Finally, in order to derive a mathematical relationship between the selected molecular descriptors 

and the Rt, multiple linear regression 

(MLR)) was used. Evaluation of training 

set predictions (n = 65) yielded coefficient 

of determination (R2) and mean absolute 

error (MAE) values of 0.91 and 0.66 min, 

respectively, Figure 13. 

 

 

 

4. Validation of the target method in oral fluid 

 

4.1 Linearity, LODs and LOQs 

 

The target method, developed for 65 analytes, was validated using oral fluid as the testing matrix. 

Sample preparation was kept as simple as possible, involving only protein precipitation with a high 

dilution factor (10) to minimize the matrix effects, which were found to be insignificant throughout 

the chromatographic run. The obtained recoveries were greater than 90% for all analytes and, as 

shown in Table 3, the limits of detection (LODs) and limits of quantification (LOQs) for most drugs 

were in the pg mL-1 range, with the highest values obtained for Amphetamines, Codeine, and 5-Cl-

AB-PINACA116; however, these values were significantly lower than the cut-off levels identified for 

these analytes in oral fluid. Chromatographic peaks and resulting enhanced product ion (EPI) 

spectra obtained from the analysis of the lowest quality control (QC) samples are shown for 

Lormetazepam and α-PVP in Figure 14. It should be noted that for several analytes, precision and 

accuracy were not evaluated at the lowest concentration level because the LOQ was higher than 0.1 

ng mL-1; therefore, QCs were prepared at four concentrations. 

  

Figure 13 Experimental Rt vs predicted Rt for the analytes included in the 

training set. 
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The method demonstrated accuracy at the tested concentration levels, ranging from 77% to 121%. 

Precision was evaluated by calculating the coefficient of variation (CV%) of five replicate samples 

for each concentration, which was less than 20% for almost all analytes at the tested concentration 

levels. Initially, carryover was significant for Cocaine, Benzoylecgonine, and Fentanyl so an 

optimization of the washing step, in terms of solvents, after each injection was necessary to 

overcome this issue. Regarding the selectivity there were not detected signals at the retention times 

of the analytes when a blank sample was injected; even when the mixture of interferents was injected 

there were not detected interfering signals. 

  

Figure 14 Chromatographic peak and fragmentation spectra of Lormetazepam and alpha-PVP obtained from 

the lowest QC samples using an Enhanced Product Ion (EPI) acquisition. 
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Table 3 Accuracy, precision, LODs and LOQs for the analytes included in the target method. 
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5. Seizure analysis results 

 

The suspect screening method was applied to the analysis of 5 seized drug samples, obtained from 

the Italian Police Scientific Service, with the aim of detect possible NPS present in these seizures.  

Four samples resulted positive to different analytes which were included in the suspect list, in 

particular: EDMB-PINACA, N,N-Diisopropyltryptamine (DiPT), N,N-Dimethyltryptamine (DMT) 

and 4-Acetoxt-N,N-diisopropyltriptamine (4-AcO-DIPT). The identification of these drugs was 

based on the experimental retention time compared to the predicted one, the presence of a peak for 

the selected MRM transition and the comparison of the EPI spectrum with the MS/MS spectra found 

in available database or research papers. For what concern the retention time, the difference between 

the predicted and the experimental Rt was <0.71 min for the 4 detected analytes; the findings were 

confirmed through HRMS analysis.  

An example of positive identification, together with the HRMS spectra acquired for confirmation, is 

shown in Figure 15. The compound detected in this seizure was putatively identified as 4-AcO-

DIPT; this synthetic tryptamine has an exact mass of 302.1994 Da, the MRM transition included in 

the screening method was 303 > 114 m/z. In seizure n.4, this transition was detected through the 

survey scan and the ensued EPI spectra showed 3 fragments that were compatible with the structure 

of 4-AcO-DIPT. For confirmation purposes the same sample was analysed in UPLC-HRMS and the 

obtained spectrum corroborated the screening findings: a mass error of 5 ppm was found for the 

precursor mass while the same fragments of the EPI spectrum were observed. 

  

Table 3 (continued) 
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 The data obtained by HRMS analysis support the suspect screening findings; however, it must be 

highlighted that the definitive identification of NPS, when reference standards are not available, 

requires the use of other complementary techniques such infrared (IR) and Nuclear Magnetic 

Resonance (NMR) spectroscopy. 

 

6. Real samples analysis 

 

A total of 41 oral fluid samples collected during roadside drug testing campaigns were analysed.  

According to the article 187 of The New Italian Highway Code, confirmatory analysis (second level) 

was performed on drivers testing positive to screening. Except for a few samples (n = 2) that were 

negative to all the drugs, the large majority was positive for some drugs, with several cases of 

polydrug use. The most frequently detected substances were Cocaine and metabolites (n = 35), 

followed by Cannabinoids (n = 16) and Methamphetamine (n = 4), while Fentanyl and synthetic 

cannabinoids were identified only in a few samples (see Figure 16). 

  

Figure 15 Example of a positive identification in an analysed seizure. The figure shows the detected chromatographic peak in the MRM survey 

scan (A), the EPI spectrum corresponding to the peak at 7.49 min (B) and the HRMS spectra acquired for confirmation (C). The compound 

detected in this seizure was putatively identified as 4-AcO-DIPT, the structure and the main observed fragments are depicted in panel D. 
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 No suspect drugs were identified in these samples; in a few cases ion signals corresponding to IDA 

criteria were detected, but the MS/MS spectra did not match with the expected ones, so they were 

classified as false positive. The obtained results allowed to confirm the applicability of the method 

to real OF samples; the limited number of identified drugs indicate a low prevalence of NPS use in 

Italy, however it must be pointed out that only samples positive to the screening test were analysed, 

excluding potentially interesting samples.  

  

Figure 16 Some examples of positive findings in real samples. 
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Part II – Metabolomics: “Tackling new psychoactive substances through metabolomics: UHPLC-HRMS study 

on natural and synthetic opioids in male and female murine models” 

 

The difficulty in annotating unexpected NPS is a significant bottleneck for the research community 

and police forces; illegal drug procedures exploit this to be one step ahead of the detection methods. 

It is then essential to develop new tools for the identification of unexpected drugs; specific mass 

spectrometry approaches, have been recently identified as valuable strategies for some NPS class 

detection106,117, but they rely on structure similarity to known molecules. In this context, 

metabolomics-driven approaches that do not directly focus on the chemical structure of the drugs 

but rather on the identification of NPS endogenous consumption biomarkers118,119 may be successful. 

A few studies have already demonstrated the applicability of this strategy for illicit drugs 

investigations, including, for example, GHB120, MDMA121 and synthetic cannabinoids122. However, 

changes observed on the endogenous level appear relatively small and unspecific, suggesting that 

more well-designed studies in animals and multivariate statistical models are strongly needed. 

Metabolomics can be undertaken through targeted and untargeted methods, specifically: 

- Untargeted analysis, where detection, identification and relative quantification of a large 

set of metabolites is done without having a priori knowledge about their nature. 

Especially in this approach is fundamental that the sample preparation is less invasive as 

possible, in order to preserve the integrity of the matrix. 

- Metabolic profiling, is a quantitative analysis of a set of related metabolites, referred to 

a same class of compounds or metabolic pathway. 

- Targeted analysis regards the detection and quantification of one or several targeted 

metabolites related to a specific metabolic reaction.  

 

In this context the present study aims to develop an indirect screening strategy for monitoring NPS, 

specifically new synthetic opioids (NSOs), by assessing changes in endogenous urinary metabolite 

levels as a systemic response to their intake. 

The experimental design utilized in vivo mouse models, where 16 animals of both sexes received a 

single administration of morphine or fentanyl. Urine samples were collected before and after 

administration at various time points, and an untargeted metabolomics LC-HRMS workflow was 

employed for analysis. 
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 The results showed that there are some disrupted pathways associated with opioids and, also, these 

alterations were observed with both morphine and fentanyl, indicating that the effects were related 

to the drug class rather than the specific chemical structure. 

The proposed strategy could complement existing NPS screening methods by identifying indirect 

markers of drug consumption acquiring a deeper knowledge of one of the most concerning classes 

of NPS. 

 

EXPERIMENTAL 

1. Chemical and reagents 

 

Standards of Morphine and Fentanyl were purchased from Sigma–Aldrich (Burlington, MA). 

Morphine-d3, fentanyl-d5, EME-d3, XLR-11-d5, alprazolam-d5, used as internal standards (IS) were 

purchased from LGC (Milan, Italy). 

All solvents and reagents used were LC-MS grade. Acetonitrile, methanol and formic acid 98–100% 

were from Merck (Darmstadt, DE). Ultrapure water for UPLC was produced by a Millipore Synergy 

UV water purification system (Millipore A/S, Copenhagen, DK). 

2. In vivo study 
 

This in-vivo study and evaluation of biological information about the animals included in this 

research was conducted by Professor Matteo Marti and his research group, from the Department of 

Translational Medicine and for Romagna, University of Ferrara. 

 

2.1 Animals’ behaviour and urine collection 

 

Sixty-four CD-1 mice (CD-1®), 32 male and 32 female, were grouped in metabolic cages; mice (48 

for behavioural studies, 16 for urine collection) weighing 30–35 g (Centralized Preclinical Research 

Laboratory, University of Ferrara, Italy) were group housed (4/cage; floor area: 80 cm2/mouse; 

minimum enclosure height: 12 cm), exposed to a 12:12 h light–dark cycle (light on at 6:30AM) at a 

temperature of 20–22 °C and humidity of 45–55% and provided ad libitum access to food (diet 4RF25 

GLP; Mucedola, Settimo Milanese, Milan, Italy) and water.  
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For what concern the comparison of the effects induced by morphine and fentanyl was studied in 

groups of male and female mice from the same litter (i.e., siblings). All experimental protocols were 

in accordance with the U.K. Animals (scientific procedures) Act of 1986 and associated guidelines 

and the new European Communities Council Directive of September 2010 (2010/63/EU) and 

approved by the Italian Ministry of Health (license n. 223/2021-PR, CBCC2.46.EXT.21) and the 

Animal Welfare Body of the University of Ferrara. According to the ARRIVE guidelines, all possible 

efforts were made to minimise the animals’ pain and discomfort and to reduce the number of 

experimental subjects. 

 

2.1.1 Behavioural studies 

 

Mechanical and thermal analgesic effects of morphine (30 mg/kg) and fentanyl (6 mg/kg) were 

investigated using a battery of behavioural tests widely used in pharmacology safety studies for 

the preclinical characterization of NPS in rodents123–127. All the experiments were performed 

between 8:30AM and 2:00PM, and for ensure the validity of them, they were conducted blindly by 

trained observers working in pairs128.  

 

2.1.2  Urine collection 

 

 

After the identification of the “equivalent” doses of morphine (30 mg/kg i.p.) and fentanyl (6 mg/kg 

i.p.) (see supplementary information), a different group of 16 animals (eight male and eight female 

mice) were used in the urine collection study. 

A note should be made, equivalent dose mean an administration of fentanyl and morphine capable 

of causing the same pharmaco-toxicological effects as analgesia and respiratory depression in male 

and female mice. The doses were chosen based on previous studies, through several tests the 

equivalence of these doses129,130; the systematic administration of these two opioids equally increased 

the threshold to acute mechanical pain stimulus in the tail pinch test, to acute thermal pain stimulus 

in the tail withdrawal test and to thermal analgesia. In addition, morphine and fentanyl equally 

reduce the respiratory rate in mice; the effect of morphine and fentanyl on this parameter is well-

established demonstrating a central role of the mu opioid receptors on this negative effect. 
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Initially, all mice were given a dose of saline solution (0.9% NaCl), constituting the vehicle, by 

intraperitoneal injection and after that, urine was cumulatively collected in the intervals 0–12 h 12–

24 h after the administration. Twenty-four hours after vehicle administration the two groups were 

respectively treated with 30 mg/kg of morphine and 6 mg/kg of fentanyl through one-shot 

intraperitoneal injection; urine collection was carried out according to the protocol described above. 

Urine specimens were collected from mice individually placed inside metabolic cages (Ugo Basile 

SRL, Gemonio [VA], Italy) with free access to water and food131–135 in a colony room under constant 

temperature (23 °C–24 °C) and humidity (45–55%). Urine samples were collected in 2 mL tubes 

before drug injections (control), and every hour for 6 consecutive hours from the administration of 

the treatments. After 6 h, urine was collected cumulatively in the 6–12, 12–24 and 24–36 h time 

interval and stored at − 20 ℃ until the analysis. 

3. Analytical workflow 

 

The proposed workflow for sample analysis and data quality assurance was based on an efficient 

metabolomics platform136, with some modifications. The detailed workflow description is reported 

below. 

 

3.1 ISs solution 

 

Internal standard working solutions (IS-WS), containing morphine-d3, fentanyl-d5, EME-d3, XLR-

11-d5, alprazolam-d5, were prepared by adding suitable volumes of the stock solutions to 20 mL of 

ultrapure water (ISWS-A) and acetonitrile (ISWS-B) respectively, in order to reach a final 

concentration of 20 ng mL−1 for all the standards. For ensure the stability of all the solutions, they 

were maintained at − 20 °C. 
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3.2 Urine sample preparation 

 

In order to minimise sample handling, the pre-treatment consisted of a sample dilution 1:10 (v:v) 

with a suitable solvent, chosen based on the chromatographic separation method, i.e. water for 

reverse phase (RP) and water:acetonitrile (50:50, v:v) for hydrophilic interaction liquid 

chromatography (HILIC). All samples were further diluted 2-folds with ISWS-A for RP analysis and 

ISWS-B for HILIC. Samples were vortexed and centrifuged (13,000 g, 10 min) and then the 

supernatant was transferred to a vial and randomised for LC-HRMS analyses. 

 

3.3 Quality control samples and blanks 

 

 

Two different types of QC samples were prepared and analysed along the batch, the first one is a 

pooled QCs prepared by mixing equal volumes (20 μL) from each sample, and the last one, dilution 

QCs prepared by diluting 2, 4 and 8 folds the pooled QC with water. 

Pooled QCs were used for area correction in the subsequent data processing step, while dilution 

QCs were used to verify the linear response of the MS signal. QCs samples were diluted similarly to 

all samples, firstly 1:10 with water or acetonitrile:water (50:50, v:v) for RP and HILIC samples 

respectively and further with ISWS (1:1, v:v). Pooled QC samples (made by combining 5 μL of each 

urine sample) were injected first (n = 10) to condition the LC–MS system and obtain stable retention 

times and MS response. Subsequently, pooled QCs were injected every six true samples to perform 

intra-batch signal drift corrections, while the dilution QCs were analysed three times and were 

incorporated regularly along the sample list. 

Blanks consisted of LC–MS grade water for RP analysis and acetonitrile:water, 80:20 (v/v) for HILIC 

analysis; blank injection (n = 3) was performed at the beginning of the batch to collect a background 

signal to be excluded and subtracted from the dataset. 
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3.4 UHPLC-HRMS conditions 

 

3.4.1 HILIC and RP chromatography 

 

Chromatographic analysis was performed using a UHPLC DionexTM UltiMateTM 3000 Rapid 

Separation Liquid Chromatography (RSLC) system (Thermo Fisher Scientific, San Jose, CA, USA). 

An HSS-T3 column, 100 × 2.1 mm, 1.8 μm (Waters, Milford, MA) held at a temperature of 35 °C was 

used for RP separation. The flow rate was set to 0.3 mL min-1 for the first 7.5 min and then increased 

at 0.4 mL min-1 for the rest of the chromatographic gradient. Mobile phases were 0.1% (v/v) formic 

acid in water (phase A) and 0.1% (v/v) formic acid in acetonitrile (phase B). The elution gradient had 

a duration of 20 min and was structured as follows: phase B was held at 0% in the first 3.5 min, then 

increased to 10% in 4 min and to 35% in 5 min, subsequently from 12.5 to 16 min phase B was held 

constant at 98%. Finally, the column was returned to the original conditions in 0.5 min and kept 

stable for 3.5 min to enable its equilibration. The injection volume was 2 μL. 

During LC–MS analysis samples were kept in the autosampler at 8°C. HILIC separation was 

achieved with a Acquity UPLC BEH HILIC 2.1 × 100 mm, 1.7 μm, held at a temperature of 35 °C and 

a constant flow rate of 0.3 mL/min. The mobile phases used were: 20 mM ammonium formate + 0.1% 

FA at pH 3.7 (phase A) and 0.1% (v/v) formic acid in acetonitrile (phase B). Gradient elution was as 

follows: linear increase of phase A from 5 to 25% in 8.5 min, followed by a further increase to 60% 

in 1 min. Phase A was then held constant for 1.5 min and finally returned to 5% in 0.5 min to enable 

column equilibration for 3.5 min. The total run time was 15 min. 

 

3.4.2 Mass Spectrometry 

 

Detection was performed on a Q-Exactive Orbitrap MS from Thermo Fisher Scientific (Bremen, 

Germany) equipped with a heated electrospray ionization (H-ESI). The ionisation was performed in 

both positive (HESI+) and negative (HESI−) mode, in separate runs. Source conditions were settled 

as follow: 3.20 kV (pos) / − 3.20 kV (neg) electrospray voltage, capillary temperature 350 °C, S-lens 

RF level set at 50 (pos) / − 50 (neg), sheath gas (N2) flow 40 au, aux gas (N2) flow 15 au, where the 

gas temperature was 350 °C. 

All samples, blanks and QCs were acquired in full scan, additionally, pooled QCs were also acquired 

in triplicate in data dependent MS/MS scan in both positive and negative ion modes.  
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Full scan was carried out with a resolution of 70,000 (FWHM) in a scan range of 50–650 m/z. MS/MS 

scans were carried out with a stepped normalized collision energy (NCE) of 20 and 50 (eV), and a 

resolution of 17,500 (FWHM), finally three different runs were acquired with different acquisition 

windows: 50–200 m/z, 200–400 m/z and 400–650 m/z respectively. 

All data were acquired in profile mode using Xcalibur™ 4.1. The Q Exactive™ mass spectrometer 

was calibrated for positive and negative mode before sample analysis using the calibration solution 

provided by the manufacturer (Pierce LTQ ESI positive calibration solution and Pierce LTQ ESI 

negative calibration solution). For mass-calibration of the instrument a custom list which included 

lower masses (homovanillic acid, for negative calibration, m/z 181.0500, and sodium fluoroacetate, 

in positive mode, 101.0015 m/z) as well as the default calibration masses were used to ensure that 

accurate masses were detected also for low molecular weights compounds137. 

 

3.5 Data analysis 

 

3.5.1 Raw data processing 

 

The raw files obtained in positive and negative ion mode were processed separately using 

Compound Discoverer™ 3.1 (Thermo Scientific™, USA) applying a non-targeted metabolomics 

workflow, for retention time alignment, component detection, elemental composition prediction, 

gap filling. In detail, for peak picking, an adaptive curve algorithm, a resolution of 5 ppm and a 

maximum retention time shift of 0.5 min were used. Unknown compounds were detected with a 

mass tolerance of 5 ppm, the S/N threshold was set at 10 and relative intensity tolerance for isotope 

detection was 30%; the minimum peak intensity was set at 10,000. Compounds grouping was 

achieved with a mass tolerance of 5 ppm and a retention time tolerance of 0.2 min. For what concerne 

the blank samples, they were injected for background subtraction and noise removal during the pre-

processing phase; features were filtered out if they appeared in the blank or if they were detected in 

less than 30% of the QCs and/or with a relative standard deviation (%RSD) greater than 30%. 

An output table including m/z versus retention time versus raw peak intensity for all the analysed 

samples was generated. In addition, normalized area was provided for each detected metabolic 

feature, by normalization to the pooled QC.  
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The data matrix generated by Compound Discoverer was downloaded as .xls file and two filtration 

strategies were serially applied to reduce the final number of hits undergoing statistical evaluation. 

A dilution/filtration strategy138 was firstly used by correlating the signal intensity obtained for the 

diluted QCs to the dilution factor. For each detected metabolic feature, the calculated CV% for the 

diluted samples was required to be < 30%, while the cut-off established for the correlation coefficient 

R2 was 0.8. A further filtration of the data allowed the clusterization of the ions generated from the 

same parent (adducts, dimers, fragments, isotopes, species typical of mass spectrometry 

fragmentation) based on Pearson’s correlation of their intensity. To achieve clusterization, features 

were sorted by intensity and increasing retention time (Rt); Pearson’s coefficient was calculated for 

each pair of features eluting at the same Rt (tolerance 0.1 min) and pair of features with Pearson’s 

coefficient > 0.8 were grouped together (the feature with the largest area was maintained while the 

other was filtered out). 

All four data sets (RP HESI+, RP HESI−, HILIC HESI+, HILIC HESI−) were normalised after the 

acquisition by probabilistic quotient normalization (PQN)139 in order to correct differences in urine 

dilution. 

 

3.5.2 Multivariate and univariate statistical analysis 

 

The output table containing filtered metabolic features was exported to Simca® 17 (Umetrics, Umea, 

Sweden); data were mean centered and Pareto scaled for multivariate analysis by principal 

component analysis (PCA) to identify outliers (samples which are extremely different from the rest 

of the data set). Afterwards, to identify differences between specific sample groups (i.e. vehicle vs 

treated mice) orthogonal partial least squares discriminant analysis (OPLS-DA) as a supervised 

multivariate approach was used to study the contribution of the variables to groups separation. 

Validity of the obtained OPLS-DA model and its ability to predict class membership was evaluated 

based on R2Y (> 0.5), Q2 (> 0.5), CV-Anova (p < 0.05) permutations testing (n = 100) and VIP values 

(> 1.0). The S-plots were used to highlight the metabolic features with the greatest influence on the 

separation between groups; the ions of interest to be at different levels between the sample groups 

were analysed using a paired T-test (GraphPad Prism).  
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In a following step, with the aim of reducing inter-individual variability and highlight sex 

differences in metabolome alterations, each mouse 

was used as its own control by subtracting for each compound the normalized peak area in the 

vehicle sample from the normalized peak areas in the same animal after drug administration. PCA 

was used to elucidate how differences like sex, or collection time, could alter the metabolomic 

fingerprint. 

 

3.5.3 Features identification 

 

Relevant features were searched on mzCloud, ChemSpider as well as in the online database Human 

Metabolome Database140. A putative identification was achieved upon physicochemical properties 

(monoisotopic exact mass, isotopic pattern) and by correspondence with mass spectra (MS/MS 

fragments) of available libraries. 

 

RESULTS AND DISCUSSION 

 

1. Metabolomic study design 

 

In this section we investigated the alteration of the urinary metabolic profile of 16 female and male 

mice (CD-1) treated with two opioids: morphine (a natural opioid) and fentanyl (a synthetic opioid) 

as outlined in Figure 17. These two substances were selected because their therapeutically use and 

their pharmacological effects have been extensively studied. Furthermore, the pharmacological 

effect that they exert on the central nervous system is known and is common to most opioids 

(synthetic and natural)16 allowing to focus on common metabolic changes induced by their 

administration. 

Reliable detection of drug influence on the metabolome, requires standardized conditions to exclude 

confounding factors and in this context, animal research provides a degree of experimental control 

and precision not usually feasible in studies using human subjects. 
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Different doses of the drugs were administered (30 mg/kg for morphine and 6 mg/kg for fentanyl) 

but they can be considered as “equivalent” regarding the main opioid effects on the threshold to 

thermal and mechanical pain and respiratory activity, as discussed in the previous paragraph, as 

well as having studied their effect between 0-12h and 12-24h after administration but without 

demonstrating having any change in metabolic terms related to the time window of collection. 

Moreover, these effects overlap in male and female mice. 

2. Analytical strategy and data quality 

 

Two different chromatographic systems, Reverse Phase (RP) and Hydrophilic Interaction Liquid 

Chromatography (HILIC), both in positive and negative ionisation mode, were featured to achieve 

a maximum coverage of the entire metabolome, in terms of metabolites’ polarity. In addition, all 

samples were analysed in random order to avoid systematic effects on the instrument performance 

during the batch run. 

Considering the high number of samples analysed within the study, robust quality assurance of the 

LC-HRMS data was crucial. Pooled QCs samples were injected every six samples to provide signal 

drift correction for each metabolic feature detected; signal correction was performed by Compound 

Discoverer software which provided normalized areas. 

Internal standard (ISWS-A and ISWS-B) were spiked into all samples and QCs at equal 

concentration, after that all samples were quantitatively processed before data analysis and IS peak 

area was calculated in order to verify the variability due to sample processing or any analytical 

platform operation. Internal standard peak areas and Rt were used to create Shewhart control charts 

in Excel, so the median area values were calculated, and it was verified that IS area and Rt were 

Figure 17 Schematic representation of the animal groups, outlining the number of samples collected. 
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within median ± 2σ for each analysed sample. No outliers were found in the analysed batch and all 

samples were then maintained for the following statistical evaluation. 
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2.1 Post-acquisition probabilistic quotient normalization (PQN) 

 

Urine normalization is a crucial step to account for variations in the overall concentration of 

metabolites caused by different matrix dilution. Dilution is a significant variation that affects the 

concentration of all metabolites by the same factor, it generally derives from water consumption and 

other physiological factors related to the animal. On the other hand, metabolomic responses mainly 

affect some metabolites in body fluids and, consequently, only some peaks of the corresponding 

spectrum. These specific changes are visible as relative changes in the concentrations of a few 

metabolites relative to the concentrations of all other metabolites, representing the overall 

concentration of the sample.  

Before the normalization, the difference associated with several hydration profile could hide the 

variation of metabolites concentrations between distinct samples. Different normalization 

techniques, which can be used either pre-acquisition (preventive) or post-acquisition (curative), are 

commonly applied in LC-HRMS studies. Among the existing normalization approaches, 

Probabilistic Quotient Normalization is a statistical method belonging to a data-based driven 

approach and is also demonstrated that PQN reduce the impact of concentration variability141. 

In general, all standardization strategies performed equally at level of signal variance142 but just two, 

including PQN, maintained the highest level of performance at recovering peak intensities. This 

normalisation method considers that changes in a single metabolite concentration does not affect 

the final data, while changes in sample concentration (which corresponds to different hydration) 

determines alteration in the entire chromatogram.  

This algorithm is based on five steps: (i) perform an internal normalisation (use of internal 

standards); (ii) create a reference spectrum by calculating the median of each variable across all 

samples; (iii) calculate the quotient of all variables of interest in the chromatogram by dividing the 

initial concentration (or intensity in the case of MS data) by the median of each variable; (iv) calculate 

the median of these quotients; (v) divide the initial concentrations of each spectrum by the quotient 

calculated in the previous step. The choice of this post-acquisition strategy allowed a simple 

manipulation of the samples which were all diluted by the same factor before LC-MS/MS analysis. 

Urine was extensively diluted (dilution factor = 20) to avoid dissimilar matrix effects in the analysed 

samples as also confirmed by the ISs which had similar response in all the analysed samples. 
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2.2 Datasets acquisition and filtering 

 

Following MS raw data acquisition, each batch was loaded into Compound Discoverer™ software 

separately for peak picking, alignment, data deconvolution and normalization to the pooled QC, 

resulting in four tables for each chromatographic separation and polarity. A higher number of 

features was detected in RP (both positive and negative ion mode) compared to HILIC conditions. 

The original HILIC and RP datasets included approximately 15,000 and 23,000 metabolic features, 

respectively (total 37,000 hits when the four datasets were combined). 

At that stage, PQN post-acquisition normalization of urine samples were carried out; before 

implementing the filtration strategies, to keep only the information about the endogenous 

metabolites, all the hits belonging to morphine, fentanyl and their metabolites such as morphine-3-

glucuronide, hydromorphone, norfentanyl, methoxyacetyl-norfentanil, β-hydroxyfentanyl and ω-

hydroxynorphentanyl were removed from the MS data matrix. These features were identified based 

on their exact mass, isotopic pattern and MS/MS spectra. 

Thus, two filtering processes were serially applied to reduce redundancy and noise. The first data 

reduction approach aimed at excluding from the dataset the noisy features; the rationale of this 

dilution/filtration strategy is that a linear relationship between MS signal intensity and metabolite 

concentration should exist for the features that are useful to characterise metabolic variations in the 

biological samples138. 

Diluted QCs were prepared to distinguish between informative and uninformative signals; for each 

metabolic feature the correlation factor between the peak area and the dilution factor was calculated. 

Only the features which showed a coefficient > 0.8 were maintained in the dataset while the others 

were filtered out; these signals are likely to occur in case of ionization competition, saturation effects, 

contamination from the solvents, column leak etc. Nearly 64% features were filtered out at this stage. 

Clustering of multiple ion types and fragments was then attempted by Pearson’s correlation of 

signal intensities143 by exploiting specific Excel functions. In this script HILIC and RP features were 

processed separately, all the features were listed based on their retention time (Rt) and a matrix 

correlating each couple of features that shared the same retention time was created. Accordingly, 

features with the same Rt and a R2 > 0.8 were grouped together. Inside each group only the metabolic 

features with the highest intensity were maintained for the following statistical analysis. 
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Actually, new datasets were built combining the non-correlated hits with the hits showing the 

highest intensity among the correlated ones. The new datasets consisted of 8119 (HILIC) and 11,211 

(RP) features (total 19,330 hits). The filtered dataset was imported to SIMCA® for statistical analysis. 

 

3. Multivariate analysis and identification of relevant features 
 

Statistical analyses were performed using SIMCA® (version 17.0, Sartorius, Göttingen, Germany). 

Pareto scaling was used since it augments the representation of the low concentration metabolites 

by dividing each variable by the square root of the standard deviation of the variable, without 

increasing the noise contribution to the model144. 

Normally PCA is the first approach allowing an identification of difference, or similarities, between 

samples without a prior knowledge of sample class. Instead, OPLS-DA is used to maximize the 

separation between sample classes, focusing on extracting the significant variable for group 

separation. According to multivariate analysis, the variables that mostly contribute to the 

classification can be recognized as the significantly changed metabolites. 

Initially, principal components analysis (PCA) was used as an unsupervised multivariate analysis 

method to visualize the data, eliminating possible outliers and controlling instrumental drift during 

the analysis. The PCA obtained for controls and treated animal urine samples is shown in Figure 18. 

The score plot showed that drug-treated (in green) and vehicle-treated (in blue) mice formed two 

distinct clusters in accordance with the purpose of the study, and in addition it was possible to 

observe a difference between male and female animals. Contrarily, morphine and fentanyl treated 

samples were not separated in the PCA score plot, indicating that the metabolic signature upon 

administration of both opiates is similar. 
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In general, the analysis showed no outliers neither batch effect. 

 

3.1 Changes in urine metabolites of mice administered with morphine and fentanyl  

 

Morphine is a natural opioid while fentanyl is a synthetic molecule, they both bind to the opioid 

receptors in the brain, so that their intake is expected to induce changes at molecular, biochemical, 

and neural system levels. 

Orthogonal partial least square-discriminant analysis (OPLS-DA) was used to discriminate between 

vehicle and drug-treated animals. For this model, R2Y (cumulative), Q2 (cumulative) and CV-Anova 

(p-value) were 0.979, 0.797 and 1.58× 10−11 respectively, confirming the validity of the model. In 

addition, to rule out the non-randomness of separation between groups, a 100-iteration permutation 

test was performed and the result, showed in Fig. 19, further confirmed that the model was valid. 

Figure 20 also displays the OPLS-DA scores plot for vehicle vs. treated animals. It should be noticed 

that in the drug-treated group, except for a few outliers, fentanyl and morphine treated mice formed 

two distinct clusters, while collection time did not affect sample distribution. 

Possible biomarkers were identified by extrapolating the variables of importance in projection (VIP), 

i.e. those compounds that maximise group separation. OPLS-DA returned nearly 100 potentially 

interesting features with a VIP > 1.5, that were then tentatively elucidated in relation to their accurate 

mass, isotopic pattern, retention time and MS/MS spectra matching with accessible database (GNPS, 

Figure 18 PCA scores plot of the filtered data set (RP and HILIC pos and neg) displaying the partial separation between drug-treated 

(green) and vehicle-treated mice (blue). Male animals also showed separation from female as highlighted by the dotted lines. 
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 HMDB, mzCloud, ChemSpider). In total, 10 metabolites could be putatively identified with a 

confidence level of two according to the metabolomics standard initiative (MSI) and they are 

summarized in Table 4. Other significant features were failed to be annotated to known metabolites, 

because several candidates could match to the observed MS peak and MS/MS information was not 

sufficient (or not available) to provide additional identification power. It can be observed that the 

differential metabolites were mainly involved in TCA cycle, tyrosine, phenylalanine and lipid 

metabolism. 

While aconitic acid, 5-amino-pentanoic acid, 5-hydroxyhexanoic acid and 3-phenylacetic acid 

mainly decreased in concentration compared to vehicle, creatine and alanine increased. In addition, 

it was observed that fentanyl affected the metabolome more severely than morphine, normalized 

areas for the most altered metabolites are exemplarily depicted in Fig. 20. These observations were 

generally in agreement with previous studies that explored the alterations in the human or animal 

metabolome following opioid consumption (mainly morphine or heroin) to shed light on their 

mechanism and toxicity145. In most cases the metabolic signature of opioids has been studied on the 

brain and it has been observed that morphine and heroin lead to profound alterations in the 

neurotransmitters level as well as energy and amino acids metabolism146; in addiction significant 

disturbances in the glutamine-glutamate-GABA (Gln-Glu-GABA) axis were common finding147,148. 

Fewer studies investigated the biomolecular perturbations elicited by opioids in peripheral biofluids 

with translational value (e.g., blood, urine), which may allow for the identification of biomarkers of 

opioid assumption. Zaitsu et al. investigated the metabolic profiling of urine and blood plasma in 

rat models of drug addiction and found that TCA cycle intermediates significantly changed in the 

urine of morphine addicted rats, while 3-hydroxybutyric acid, l-tryptophan, cystine levels 

significantly decreased in plasma149. Similarly, Zheng et al. examined the metabolic phenotype of 

rats exposed to heroin and observed that the drug induced an acceleration of the TCA cycle and the 

metabolism of free fatty acids with decreased tryptophan and 5-hydroxytryptamine levels in 

peripheral serum but increased urinary tryptophan and 5-hydroxyindoleacetate150. 
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Table 4 Altered metabolites in drug-treated versus vehicle-treated mice. Putative metabolites were identified by matching the 

accurate mass, isotope pattern or MS/MS data with spectral and compound libraries. 

Figure 19 (A) OPLS-DA scores plot displaying the separation for drug-trated (green) and vehicle treated (blue) mice. (B) Permutation 

test showing the goodness of the model built. 
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In a more recent study, involving heroin and morphine, it was observed that both drugs interfered 

with lipid metabolism, tricarboxylic acid (TCA) cycle and amino acid metabolism; in this case the 

effects of morphine on metabolites in urine were somewhat dissimilar to those of heroin except for 

aconitic acid, cysteine, glycine, and oxalic acid, which significantly decreased with both drugs. It 

should be highlighted that in all these studies, metabolomics was exploited to investigate metabolite 

alterations in addicted subjects or after repeated administration so that the results of this study, 

which involved a single administration, may be somewhat different. The metabolic pathways, which 

were shown to be altered in this study, are similar to those observed by other authors, indicating 

that the metabolic signature upon opioid administration is generally independent from the dosage 

or the addiction status. Increased energy metabolism is common to drug abuse and was observed 

also following the intake of non-opioid drugs145 since neuronal activity is extremely energy 

demanding; numerous papers have revealed a disturbance in energy metabolism by drug abuse 

indicating an upregulation of the TCA cycle for increased energy metabolism and supply151. 

  

Figure 20 Boxplots normalized area intensities of five among the most altered metabolites. 

 p-value<0.05*; <0.001***;<0.0001****. 
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Other TCA cycle intermediates such as citric and ketoglutaric acid were putatively identified among 

the detected features, decrease of these metabolites following treatment was observed but the 

observed differences were not statistically relevant. 

In parallel, creatine is thought to accelerate the recycling of adenosine triphosphate (ATP), the 

energy currency of the cell, to exert direct antioxidant effects through normalizing mitochondrial 

mutagenesis. Therefore, the increase of creatine levels may reflect a protective mechanism against 

energy exhaustion and oxidative stress146 

On the other hand, alanine is involved in the glucose-l-alanine cycle, which plays a role in glycolysis 

and gluconeogenesis, another energy supplying pathway that can convert pyruvate into lactate and 

alanine. Up-regulation of glycolysis would lead to enhanced transamination of pyruvate to alanine, 

justifying the high levels of this amino acid in treated animals. A recent study by Alasmari et al.152 

 

3.2 Sexual diergism in the metabolic signature upon administration of opioids 

 

The experimental design of this study involved mice of both sexes, because it is well known that the 

susceptibility to illicit drugs may vary considerably among males and females. Studies involving 

female mice are rather limited since researchers usually avoid using females because of their 

reproductive cycles and hormone fluctuations that may confound the study results. However, given 

that sex and gender deeply affect the subjective effects and pharmaco-toxicological responses to 

drugs153 

To this aim, to account for the expected and observed sex differences in the basal urine metabolome, 

each mouse was used as its own control: for each animal, the normalized peak area of each 

compound in the vehicle sample was subtracted from the normalized peak area after drug 

administration for both time points (i.e., 0–12 h and 12–24 h). The new dataset, obtained as 

previously described, was named delta matrix and, in order to identify interesting features, the delta 

matrix was analysed by OPLS-DA. 
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The resulting OPLS-DA scores plot of male vs female animals is shown in Fig. 21.  

 

For this model, R2Y (cumulative), Q2 (cumulative) and CV-Anova (p-value) were 0.975, 0.889 and 

1.97×10−9, respectively, confirming the validity of the model. Interesting features with a VIP > 1 were 

tentatively annotated with the same criteria previously described. Interestingly, it was observed that 

several significant features belonged to the compound classes of acyl-carnitines, amino acids and 

acetylated metabolites (Table 5). For what concerns the former class, it was observed that short and 

medium chain acylcarnitines significantly increased for male mice after opioid intake (Fig. 22), 

especially when fentanyl was administered (data not shown). 

  

Figure 21 (A) OPLS-DA score plot obtained with the delta matrix displaying the separation between female (green) and male (blue) mice. 

(B) Permutation test showing the goodness of the model built. 
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On the contrary, female mice exhibited stable levels of these metabolites or generally a slight 

decrease. Acylcarnitines play an essential role in regulating the balance of intracellular sugar and 

lipid metabolism. They serve as carriers to transport activated long-chain fatty acids into 

mitochondria for β-oxidation as a major source of energy for cell activities and they are also involved 

in maintaining the homeostasis of the mitochondrial acyl-CoA/CoA ratio. Moreover, acylcarnitines 

are involved in other physiological processes such as peroxidation of fatty acids, and production of 

ketone bodies. Therefore, their metabolism is not only related to the transport of fatty acids, but also 

plays a key role in regulating the balance of intracellular sugar and lipid metabolism154. 

 

 

Table 5 Altered metabolites in treated male versus treated female mice. Putative metabolites were 

identified by matching the accurate mass, isotope pattern or MS/MS data with mass spectral and 

compound libraries. 
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Sexual diergism in acylcarnitine levels indicates a higher energy demand, associated with a higher 

oxidation of fatty acids, in male mice in response to opioid intake. An increase in medium and long 

chain acylcarnitines was also observed after consumption of stimulant drugs such as amphetamine 

and MDMA155. 

Interestingly, differences in energy metabolism related to sex were also reported by Leskanicova et 

al., who observed augmented acylcarnitine levels in male mice. Overall, the obtained data support 

evidence that opioids disruption in energy metabolism is exacerbated in male compared to female 

mice156. 

Another interesting metabolite that was differentially altered between male and female mice is the 

neurotransmitter acetylcholine (ACh): it was significantly altered by opioid intake, especially for 

females, who exhibited a notable decrease of ACh urinary concentration after the treatment. 

Abnormalities in neurotransmitter metabolism following psychoactive drugs assumption is 

expected and has been reported also following cocaine assumption145, on the other hand anti-

cholinergic properties of opioids are well known157. Interestingly, it was also observed that the 

cholinergic system appears to be more responsive to stress and other stimuli in female than in male 

mammals158 supporting the observed differences.  

  

Figure 22 Boxplots of delta areas (obtained by subtracting for every animal the normalized 

peak area of each compound in the vehicle from the normalized peak area after drug 

administration) for acylcarnitines. 
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It is noteworthy that ACh is the primary contractile neurotransmitter in mammal bladder 

detrusor159, so that the urinary retention phenomenon that was observed in treated female mice can 

be related to the low urinary ACh concentration detected in these animals. 

Another remarkable altered metabolite is 7,8-dihydro-8-oxoguanine (8-oxoG) a recognized 

biomarker of cellular oxidative stress. 8-oxoG level increased only in male animals and may arise 

from the augmented rate of fatty acids β-oxidation, which is a well-known source of reactive oxygen 

species (ROS). Several studies have pointed to the relationship between opioid administration and 

increased production of ROS and it was also observed that oxidative stress status shows sexual 

diergism, with female rats generally exhibiting lower oxidative damage than males160. 

Several authors suggested that sex hormones and especially 17β-estradiol (E2) could be a major 

driver for these differences since they have been reported to directly regulate several mediators of 

the mitochondrial biogenesis program in several tissues161.  

Notably, a feature that resulted to be significantly altered in our dataset, can be putatively identified 

as E2, a significant decrease of this metabolite was observed in male drug-treated mice compared to 

vehicle-treated (see Table 5), supporting higher oxidative damage in these animals. Opioids are 

known to severely affect the endocrine system and to depress the secretion of hormones at different 

levels of the hypothalamic–pituitary–gonadal axis162, sex differences are then expected for steroid 

levels following drug administration. Other significant features were putatively identified as 

belonging to the steroid class (based on exact masses, retention time and MS/MS fragments), 

however they could not be identified with suitable confidence due to the several isomeric forms of 

compounds in this class. 
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Part III – Pilot study: “Innovative analytical strategies for the identification of New Psychoactive Substances” 

 

The ex-novo identification of NPS is extremely complex, spectral libraries are limited for the research 

of new compounds; the principal issue in this field is related to the delay between the identification 

of new drugs of abuse and their insertion into the relative database. To try to keep up with the rapid 

spread on the market of the NPS is necessary to develop innovative workflow based on bottom-up 

approach that allow retrospective analysis of MS spectra.  

The possibility of reinterrogating mass spectra already acquired makes it possible to highlight 

additional information beyond that initially investigated; in this context data about common class 

fragments and neutral loss can be collected. Thanks to multivariate statistical techniques, like 

principal component analysis (PCA), classification models, i.e. partial least square discriminant 

analysis (PLS-DA) and soft independent models of class analogy (SIMCA), it may be possible to use 

this information and predict the chemical class of an unknown substance, allowing the researcher to 

conduct untarget analysis on seized samples and potentially discover new drugs of abuse.  

 

EXPERIMENTAL 

1. Chemical and reagents 

 

Fifty-seven (Table 6) certified drugs of abuse reference standards were purchased from Cayman and 

LGC Standard.  

All solvents and reagents used were LC-MS grade. Acetonitrile, methanol, formic acid 98–100%, and 

ammonium formate were from Merck (Darmstadt, DE), phosphoric acid 85% were purchased from 

VWR Chemicals (France) and Lucine-Enkephaline were from Waters (Milford, MA). Ultrapure 

water for UPLC was produced by a Millipore Synergy UV water purification system (Millipore A/S, 

Copenhagen, DK).  

 

1.1 Working solutions 

 

Two working solutions (WS) containing all the target analytes of interest were prepared at 10 μg 

mL-1 and at 1 μg mL-1 in methanol; diluted solutions were then prepared down to 150 ng mL-1. To 

ensure their preservation, all WSs were stored at -20 °C. 
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ID Effect group Drug class Drug name 
Prec. Ion 

(m/z) 
Retention time (min) 

1 Synthetic opioid Fentanyl analogue Remifentanyl 377.2076 3.75 

2   Ocfentanyl 371. 2134 4.39 

3   β-hydroxy Fentanyl 353.2229 4.54 

4   Acrylfentanyl 335.2123 5.36 

5   α-Methyl-thiofentanyl 357.2006 5.24 

6   Alfentanyl 417.2612 5.14 

7   Fentanyl 337.2279 4.28 

8   Orthofluorofentanyl 355.2185 5.61 

9   Cis-3-Methylfentanyl 351.2436 5.92 

10     Furanyl Fentanyl 375.2072 5.63 

11 SC receptor agonist Synthetic cannabinoid JWH-200 385.1916 8.56 

12   JWH-081 372.1962 12.06 

13   MAM 2201 374.192 11.79 

14   AB-005 353.2592 7.89 

15   XLR-11 330.2233 11.86 

16   UR-144 312.2327 12.27 

17   JWH-122 356.2012 12.16 

18   JWH081-N5-Hydroxypentyl metabolite 388.1912 11.27 

19   UR144-N4-Hydroxylpentyl metabolite 328.2276 11.48 

20     XLR11-N4-Hydroxylpentyl metabolite 346.2182 11.26 

21 Stimulant Cathinone MDPV 276.1599 3.6 

22   2F-MethCathinone (2-FMC) 182.0981 1.28 

23   4 Mehylethylcathinone (4-MEC) 192.1388 2.61 

24   2 MeOMet Cathinone 194.1181 1.83 

25   Butylone 222.113 2.14 

26   Metylone 208.0973 1.51 

27   Diethylcathinone 206.1544 1.98 

28   Buphedrone 178.1231 1.91 

29     α-PVP 232.171 3.32 

30 Classic Hallucinogen Phenethylamine MDMA 194.1181 2 

31   2-CT7 256.1371 5.38 

32   MAMP 150.1282 1.88 

33   MDEA 208.1337 2.4 

34   2-CB 260.0286 3.69 

35   Amphetamine 136.1126 1.63 

36   25-I-NBOMe 428.0722 7.46 

37     2-CT4 256.1371 4.96 

38 Opioids Alkaloid Morphine 286.1443 0.9 

39   6-MAM 328.1548 1.72 

40   Morphine 3-β-D-glucoronide 462.1764 0.73 

41 Opioids Synthetic EDDP 278.1908 6.13 

42   Methadone 310.22 7.03 

43   Buprenorphine 468.3113 5.91 

44     Norbuprenorphine 414.2644 3.89 

45 Stimulants Arylcyclohexylamine Phencyclidine (PCP) 244.2065 7.53 
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46   Methoxyetamine 248.165 2.99 

47   Ketamine 238.0998 2.5 

48     1,4-methoxyphenylpiperzine 193.134 13.3 

49 Classic Hallucinogen Tryptamine α-Ethyltryptamine 189.1391 2.05 

50   N,N-DMT 189.1291 2.05 

51     Psilocybin 285.1004 8.49 

52 Stimulant Tropane alkaloid Benzoylecgonine 290.1392 2.55 

53   Cocaine 304.1548 3.66 

54     Norcocaine 290.1392 3.86 

55 Sedative/hypnotic Benzodiazepines Bromazepam 316.0085 7.89 

56   Clonazepam 316.0488 7.9 

57   Prazepam 325.1107 11.4 

Table 6 List of the fifty-seven reference standards used for developing the method. 

 

2. HPLC-MS/MS analysis 
 

Chromatographic analyses were conducted on an Acquity UPLC I-Class Binary Solvent Manager 

(Waters, Milford, MA), equipped with a vacuum degasser, temperature control device and a 

temperature-controlled auto sampler. The column was an HSS-C18 (150mm x 2,1 mm ID) from 

Waters (Milford, MA) packed with 1.8 μm core shell particles.  

Mobile phases were water with 5 mM of NH4COOH (A) and acetonitrile acidified with 0.1% 

HCOOH (B); flow rate was 0.4 mL min-1 and maintained constant throughout the chromatographic 

run. Column temperature was set at 40°C. The chromatographic separation was performed with the 

following gradient: the elution started with 13% of phase B for 0.5 min, then phase B was increased 

to 50% in 10 min, from 50% to 95% in 10.75 min, held at 95% in 12.25 min, decreased to 13% in 12.50 

min. The column was rapidly switched to the initial conditions which were maintained for 4 min to 

enable the re-equilibration. Injection volume was 10 μL and after each chromatographic run the 

injection system was washed with a water:methanol (90:10, v/v) solution.  Analytes detection was 

achieved by coupling the chromatographic system with a Waters Synapt G2Si HDMS, equipped 

with an electrospray source featuring Z-spray geometry and orthogonal spray capable of operating 

in positive mode. The ion source conditions were as follows: capillary voltage at 3.5 kV, temperature 

at 120 °C, cone gas at 40 L/h, desolvation gas at 800 L/h, and nebuliser gas at 6.5 bar.  
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The source is also equipped with a Lockspray introduction system for the injection of the lock mass 

(Leucine-Enkephalin), used as a reference stability solution. 

Full scan was performed in order to obtain the retention time of each standard. A MS/MS Continuum 

scan, in Resolution mode (FWHM 20,000) were then carried out with a mass range from 50 to 700 

Da at two different collision energy to obtain low and high energy fragmentation spectra (an extract 

of the fragments is reported in Table 7). 

 

ID Drug name First three most intense fragments 

1 Remifentanyl 146.0958 113.0592 202.1217 

2 Ocfentanyl 188.1420 105.0692 182.1529 

3 β-hydroxy Fentanyl 132.0801 182.1529 105.0694 

4 Acrylfentanyl 188.1418 105.0687 132.0799 

5 α-Methyl-thiofentanyl 97.0096 125.0410 182.1529 

6 Alfentanyl 165.1038 197.1305 314.1897 

7 Fentanyl 210.1497 276.7282 182.1543 

8 Orthofluorofentanyl 188.1421 105.0689 150.0706 

9 Cis-3-Methylfentanyl 105.0706 202.1610 146.0981 

10 Furanyl Fentanyl 188.1418 105.0688 189.1456 

11 JWH-200 127.0557 155.0510 114.0918 

12 JWH-081 185.0615 157.0663 144.0457 

13 MAM 2201 141.0709 169.0662 144.0456 

14 AB005 98.0979 112.1136 182.1566 

15 XLR-11 144.0439 232.1124 282.1644 

16 UR-144 144.0433 214.1213 264.1728 

17 JWH-122 141.0693 169.0642 144.0439 

18 JWH081-N5-Hydroxypentyl metabolite 185.0588 149.0225 157.0640 

19 UR144-N4-Hydroxylpentyl metabolite 144.0440 230.1171 208.1051 

20 XLR11-N4-Hydroxylpentyl metabolite 144.0438 248.1073 249.1108 

21 MDPV 201.0490 149.0253 126.1295 

22 2F-MethCathinone (2-FMC) 164.0910 149.0670 148.0594 

23 4 Mehylethylcathinone (4-MEC) 174.1322 144.0845 145.0919 

24 2 MeOMet Cathinone 176.1073 161.0837 146.0604 

25 Butylone 174.0959 204.1072 146.1003 

26 Metylone 160.0799 163.0800 132.0845 

27 Diethylcathinone 105.0696 130.0650 135.0439 

28 Buphedrone 160.1161 131.0762 132.0837 

29 α-PVP 126.1264 105.0334 91.0540 

             Continue 
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ID Drug name First three most intense fragments 

30 MDMA 163.0794 135.0476 133.0685 

31 2-CT7 216.2013 239.1160 255.2577 

32 MAMP 91.0565 149.0273 150.1315 

33 MDEA 135.0444 105.0704 103.0551 

34 2-CB 243.0082 245.0063 227.9844 

35 Amphetamine 91.0556 136.0234 119.0878 

36 25-I-NBOMe 91.0526 121.0644 93.0699 

37 2-CT4 167.0159 182.0396 134.0726 

38 Morphine 165.0718 153.0713 181.0669 

39 6-MAM 165.0723 181.0677 153.0722 

40 Morphine 3-β-D-glucoronide 461.3530 286.1446 210.1501 

41 EDDP 234.1267 219.1031 186.1271 

42 Methadone 204.0954 105.0349 203.0879 

43 Buprenorphine 160.1161 131.0762 132.0837 

44 Norbuprenorphine 182.1538 210.1499 100.1127 

45 Phenciclidine (PCP) 100.0750 226.2162  

46 Methoxyetamine 121.0641 91.0539 159.0799 

47 Ketamine 238.1026 220.0917 179.0646 

48 1,4-methoxyphenylpiperzine 151.1098 107.9642 109.9632 

49 α-Ethyltriptamine 100.0770 143.0732 144.0802 

50 N,N-DMT 149.0245 144.0819 104.0718 

51 Psilocybin 170.1583 198.1540 244.2334 

52 Benzoylecgonine 168.1045 105.0355 182.1569 

53 Cocaine 182.1201 105.0354 150.0939 

54 Norcocaine 136.0752 108.0807 105.0334 

55 Bromazepam 214.0407 241.0512 270.0535 

56 Clonazepam 100.0756 214.0406 241.0513 

57 Prazepam 271.0627 208.0995 140.0260 

 

                  Table 7 Extract of the fragments of the fifty-seven reference standard used. 

 

3. Multivariate analysis  
 

A principal component analysis (PCA) on mass spectral data was performed in MATLAB (Natick, 

Massachusetts). After the acquisition of all the fragmentation spectra, mass spectral data was 

manually exported from UNIFI (Waters, Milford, MA) a raw data file containing the fragments, and 

its corresponding intensity, for each standard was created. All the intensities were normalized to the 

most intense signal in the spectra. Once the number of variables was reduced a PLS-DA was 

performed to develop a classification model for the prediction of unknown drugs of abuse. 
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RESULTS AND DISCUSSION 

1. Chromatographic and mass spectrometric optimization 

 

To find the better chromatographic efficiency different columns were tested, specifically the 

columns that have been tried out were an Acquity® UPLC BEH C18 with 1.7 μm core shell-particles, 

Evosphere C18/PFP (1.7 μm), Kinetex® Polar-C18 (2.6 μm) and an HSS-C18  packed with 1.8 μm core 

shell-particles, the last one was the selected because it shown the better peak separation and 

resolution.  

Once the chromatographic conditions were defined, also the mobile phases were tested; the choice 

of the organic solvent used as mobile phase B, the composition of the mobile phase A, and the 

gradient were crucial factors in enhancing the selectivity of the chromatographic separation. For the 

mobile phase B different combination of 0.1% HCOOH in acetonitrile:methanol (100:00, 75:25 and 

50:50 v/v) were tested; also for the aqueous mobile phase different concentrations of the modifier, 1 

mM or 5 mM of ammonium acetate were tested; for each of these combinations were evaluated 

running after running which was the best that ensure an optimum in terms of sensitivity, selectivity 

and resolution of the analytes’ chromatography peaks. 

Finally, the best condition was reached with an organic phase composed by 0.1% HCOOH in AcN 

and 5 mM ammonium acetate as aqueous phase.  

Different chromatographic gradients were tested, in terms of composition of mobile phases and 

duration, until the best chromatographic separation was reached; the resolution was significantly 

improved by using a composite gradient involving different steps, as described above. 

The entire chromatographic run lasted 16.50 minutes, ensuring the resolution for all the peaks of the 

analytes contained in the working solutions. The optimization of all the chromatographic 

parameters allowed to have an accurate identification of all the analytes, more intense peaks, and 

also to obtain an accurate mass with an error in the third decimal plate, and example of 

chromatogram is shown in figure 23. 
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The starting point was to obtain all the retention times for the selected standards to acquire, then, 

the corresponding fragmentation spectra. After the optimization of two parameters, injection 

volume and StepWave voltage, a full scan analysis was performed, and the accurate masses and 

retention time collected.  

 

 

 

Figure 23 Example of Prazepam chromatogram obtained with the optimized chromatographic method. 
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The acquisition of the fragmentation spectra was done with a MS/MS method in which, for each 

standard, the retention time was used for setting different acquisition windows during the entire 

chromatographic run.   

 

Raw data was then processed with the software UNIFI (Waters, Milford, MA); each fragmentation 

spectra was checked and a list, with the m/z value and the corresponding intensities, containing all 

fragments for each precursor ion was obtained. 

  

Figure 24 Example of fragmentation spectra obtained for β-hydroxy Fentanyl (A) and Prazepam (B)  

C13H18NO+ 

C7H7
+ 

C14H11ClN2
+ 

C5H10NO+ 
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2. Multivariate statistical analysis 

 

A matrix containing the data about all the analysed standards was processed with MATLAB (Natick, 

Massachusetts); for some substances, in the fragmentation spectra, the intensity of the precursor ion 

did not correspond to 100%, so all the intensities in the spectra were normalised to have the peak 

corresponding to the precursor ion with an intensity of 100%. Following the pre-processing step, a 

principal component analysis (PCA) was conducted as exploratory analysis, with the aim of having 

a graphical visualization of available data and potentially observing groupings based on possible 

similarities. The matrix obtained as follows, composed by 57 rows and n-column representing the 

intensities of each fragment for each analyte, contains in total 19,614 accurate mass approximated to 

the third decimal place. 

In general, we considered the number of directions that, in total, explained at least 80% of the 

variability of the data. A second PCA was made considering just the no-null variable in at least 12 

of the 57 substances. The threshold at twelve was chosen as a compromise between the number of 

the selected variable and the PCA performance. 

 Performing exploratory PCA it is possible to reduce the dimensionality of the dataset by 

transforming the original data matrix in order to explain the largest variance between samples by 

discrete orthogonal principal components (PCs)163. This concept is useful, especially in MS data, 

because the number of variables or data points is largely reduced: maximum information is 

extracted, and influence of noise is reduced. Exploratory PCA is an unsupervised method, which 

can be used, like in this study, to visualize and find patterns, similarities and differences in 

multivariate data.  

Initially, we developed a starter principal component analysis (PCA) to find the directions (so-called 

components) able to explain the dataset and to elucidate the similarities.  

The creation of the model started with pre-processing data, in particular by centering the data, which 

is calculated when a PCA is performed by subtracting the mean from the values of the variable; this 

method calculates deviations from the mean, thus, reducing the number of PCs in the data set aiming 

to observe the similarities between samples in a non-supervised manner. PCA was conducted on 

the entire matrix data and the score plot is reported in Fig. 25. 
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The PC-1 vs PC-2 scores plot describes the patterns of the analysed samples, showing their 

differences and similarities. Each sample has a score on each PC, there are also the coordinates of 

the sample on the plot. The score describes the main features of the sample related to the data point 

(variables) with high loadings on the same PC; they represent the coordinates of the samples in the 

new space and are used to visualize and interpret the data distribution in the reduced space. Sample 

with a close score on the PC are similar, while samples with different scores are dissimilar. As a 

consequence, by observing the score plot it is possible to identify a quite clear distinction between 

fentanyl and fentanyl analogues to the other classes. Taking as reference the second principal 

component (PC-2) the benzodiazepines are distributed to negative scores, while opioids are mostly 

located in positive scores.   

The loadings plot (Fig. 26) cannot be interpreted without the scores plot and vice versa. The loading 

plot looks at the data in terms of variable contributions and correlations. Each sample analysed has 

a loading on each PC, which explain how much the sample contributes to the PC, and how well the 

PC considers the variance contained in that sample.  

  

Figure 25 PCA model calculated on the entire data matrix. Score plot based on the first two components. 
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In other words, variables that are highly ‘loaded’ either in a positive or negative direction on the x-

axis for a given PC are responsible for the greatest difference between the samples present in the 

dataset. The loading can be plotted as PC-1 vs PC-2. Looking at the loadings on PC-1 it is possible 

to check which fragments mostly contribute to the differentiation in the score plot, or that 

characterise fentanyl and fentanyl analogues, benzodiazepines, and some of the opioids.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Because fentanyl and analogues show principally positive scores on the first PC, fragments that 

show a higher intensity in the positive area of the loadings plot correspond to those ions that have 

greater intensity in fentanyl than in other classes. 

Observing the fragmentation spectra of acrylfentanyl it is possible to observe (Fig. 27) the fragments 

with m/z value of 105.068, 188.141 and 132.079 as shown in the model. They can be considered like 

significant fragments because they are present only in the fragmentation patterns of the analysed 

substances belonging to the fentanyl and fentanyl analogues class.  

  

Figure 26 Loading plot on PC-1. 
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Similarly, observing the loading plot on PC-2 (Fig. 28) it is possible to identify the fragments which 

stand out in the positive area; these are the fragments that characterize the opioids class, while the 

fragments in the negative dial are most intense in the benzodiazepines class.  

  

Figure 27 Fragmentation spectra of Acrylfentanyl 
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Similarly to the fentanyl class, also for opioids and benzodiazepines characteristic fragments were 

found. Looking to the fragmentation spectra of clonazepam it is possible to find 4 fragments 

(100.075, 214.040, 241.051 and 270.053 m/z, Fig.30) commons to all the BZDs which makes them 

extremely characteristic of this group. For what concern the opioids, fragment 182.154 m/z is 

common to all the opioids while 277.176 m/z is found for 5 analytes and, the last one, 210.150 m/z is 

observed only in 2 of the 7 opioids analysed.  

  

Figure 28 Loadings plot on PC-2. 
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Subsequently another PCA was performed, considering only the variables present with no-null 

intensity in at least 12 of the 57 substances in this study. The threshold set at 12 is a compromise 

between the number of the selected variables and the principal component analysis’ performance.  

 

Figure 30 Clonazepam common fragments. 

 

Referring to the score plot built on PC-1 and PC-2 (Fig. 29), the differentiation between the fentanyl 

analogues and the other class is confirmed, despite the separation between them is less clear respect 

to the original dataset.  

  

Figure 29 PCA performed on a reduced number of variables. Score plot on the first two components. 
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By looking at the third principal component (PC-3) (Fig. 31), differentiation between the BZDs, a 

subpart of the opioids and the rest of the substances as well as a partial separation of cocaine 

derivatives may be noticed.  

A more extensive classification model with more pronounced characterisations would in fact have 

been possible by increasing analyte classes, in which it would have been easier to find fragments 

common to several substances.  

The present method is simple, of low-cost and fast, spending only the time of the analysis, and a 

plain processing work after the construction of the method, which makes it a potential candidate for 

the development of rapid screening routines in research forensic laboratories based on a 

classification model (such as SIMCA) that could predict the class of unknown samples, being 

focused on a target class chosen within the component space. This promising approach can be made 

more robust by increasing the number of analytes and can be expanded by incorporating new class 

of NPS, this model is therefore to be considered preliminary, a basis for future research that will be 

able to extend and improve it; this last consideration is related to the forensic analysis due to the 

dynamic nature of the NPS illegal spread on the market.  

Figure 31 Scores plot, relative to the reduced PCA, on PC-1 and PC-3 
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Conclusions 

 

In the course of the PhD project, different analytical approaches based on innovative LC-MS methos 

were developed for the analysis of illicit drugs in biological matrices.  

 

In the first part a multi-class method was developed for illicit drug testing in oral fluid, the 

advantage of the proposed approach lies in its ability to quantify 65 classical drugs of abuse and 

NPS while simultaneously detecting and putatively identifying an additional 146 compounds in a 

single LC-MS/MS run. To enhance the potency of this approach the number of MRM transitions 

monitored per time were minimized, in order to ensure accurate chromatographic peaks. To this 

aim, retention time prediction for suspect analytes was fundamental; a Quantitative Structure 

Retention-Relationship prediction model was developed. A strength of the developed strategy is its 

adaptability, allowing the analytical method to be easily updated by incorporating new compounds 

based on the latest alerts from drug monitoring bodies, without requiring authentic standards. 

By the way there are some limitations of this study, in fact the likelihood of false positive or negative 

results for target analytes is minimal but there remains a possibility that some analytes in the suspect 

list may go undetected, as MRM transitions and retention times for these drugs were obtained in 

silico. This limitation is acknowledged, but it's important to note that the strategy was validated 

using eight analytes, the validation set, that were not previously observed by the model and the 

analysis of real samples confirmed the method's potential. 

Despite using LRMS for suspect screening provides only nominal masses, which limits the 

confidence in compound identification, the use of a Q-Trap mass spectrometer offered the possibility 

to maximize the accuracy in compound identification enabling also the detention of low 

concentrations of drugs in complex biological matrices such as oral fluid.  

 

An important part of the PhD, and therefore of the thesis, was focused on the development of a 

metabolomics-driven approaches that shown how the intake of specific drugs, results in changes in 

the urinary endogenous metabolites characteristics not of the chemical structure of the drug, but 

rather on the drug class, highlighting the potential of metabolomics in forensic toxicology. The class 

of opioids was considered in this study, 
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This research also demonstrates that opioids modulate metabolic pathways differently in male and 

female subjects, despite causing similar acute analgesic effects (positive therapeutic outcomes) and 

respiratory depression (negative side effects). This points out the importance of carefully 

investigating gender differences in NPS effects using advanced technologies. While the observed 

metabolic signature is not exclusive to opioid use, as shown in previous metabolomics studies on 

other drugs of abuse, these findings provide a foundation for future research across various classes 

of psychoactive substances, potentially aiding in the identification of distinctive biomarkers for each 

drug class. As it is common with metabolomic studies using HRMS, these results are limited by the 

incomplete annotation of significantly altered features and the lack of authentic standards to confirm 

metabolite identities and it will also be interesting explore how the urinary metabolic profile changes 

during abstinence to verify whether biomarkers return to their baseline levels prior to treatment. 

 

It is evident how the use of LC-MS in forensic drug chemistry and analytical toxicology offers a 

highly versatile platform for target, suspect and non-target screening of substances as such or 

metabolic changes induced by them due to its due to its capability to acquire full scan MS and 

MS/MS data that can be retrospectively interrogated. Despite this, the possibility of creating a 

multidisciplinary platform, that meets the gold standard for the analysis of samples suspected of 

containing NPS and chemometrics approaches that can reduce the complexity of mass spectra and 

highlight trends in spectral data, allows the possibility to reliably classify the chemical class of new 

substances appearing on the market. 

 

In this context during the course of the PhD the use of chemometrics to simplifies the recognition of 

NPS through mass spectrometry was explored. The idea behind the study was to create of a 

classification model that could predict the class of unknown substances, not yet present in any 

library, based only on their fragmentation pattern.  

 

This projection model, however, although preliminary, lays the foundation for future research on 

the analysis of NPS, opening new opportunities for the identification of unknown substances with 

structural similarities to those already known. 
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