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Fentanyl is known as a synthetic narcotic analgesic, which can act as an agonist of opioid receptors, being about

100 times more potent than heroin or morphine.

fentanyl fentanyl analogs amperometry voltammetry metabolite oxidation

| 1. Fentanyl

Fentanyl and its analogs with piperidine-based structures have significantly different structures than morphine and
other semi-synthetic opioids (e.g., codeine, hydrocodone, oxycodone, buprenorphine, methadone, etc.). Moreover,
it has fewer adverse effects than morphine or pethidine . Thanks to these advantages and relatively small
dosages needed, they are often used for anesthesia (namely in surgical settings), treatment of (chronic) pains, and
supplemental medications for breakthrough pain in cancer patients. In the average person, anesthesia is achieved
after 25-125 mg of fentanyl 2. Moreover, fentanyls stabilize cardiovascular activity (even in patients under critical
conditions (), increasing their medical use. Fentanyl belongs to the most potent opioids available for human

medical use 1],

Fentanyl is commercially available as a water-soluble drug in hydrochloride or citrate form 1. According to various
literature sources, fentanyl dissociation constant pK, amounts to between 8.4 and 9.0 (Table 1), thus making it
partially unionized in blood and bound to specific compounds, such as erythrocytes, albumins, and other
endogenous compounds. These values are relatively close to those of morphine (pKa = 8.08) or fentanyl analog
sufentanil (pK, = 8.51) [l Fentanyl is highly lipophilic (logP 2.3 octanol/buffer pH 7.4 &) and can enter the central
nervous system (CNS) 100 times more easily than morphine . Unfortunately, it has also been used since the 70’s

as an illicit street drug individually or in a mixture with other illicit drugs, such as heroin or synthetic cannabinoids.

Table 1. Physicochemical parameters of the most important fentanyl analogs.

Compound hlxl:sls Dissociation PARTITION Coefficient SOI\lI‘Vl:tlgry n
g mol‘l] Constant pKu Log P [g L‘1]
Fentanyl 336.471 8.99 (DB, €) 4.05 (DB, e) 0.74 (DB, e)
8.4 18 4.12 (DB, p-AG) 0.15 (p-SF)
8.92 + 0.20 (p-SF) 3.82 (DB, p-CA)
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Mol. . L . . Solubility in
Dissociation PARTITION Coefficient Y
Compound Mass1 Constant pK Log P Watelr
[g mol™7] A [gL™]
8.99 4 3.683 (p-SF)
8.44+0.05 M 2.3 (pH 7.4 )
8.43 8
232.321 9.81 + 0.10 (p-SF) 1.59 (CS, p-ACD/LogP) 7.4 (p-SF)
Norfentanyl
1.667 (p-SF)
386.552 8.86 (DB, p-SF) 3.95 (DB, €) 0.076 &
8.51 1 3.4 (DB, p-AG) 0.012 (DB, p)
Sufentanil 8.01 & 3.61 (DB, p-CA) 0.15 (p-SF)
8.0 8 3.950 (p-SF)
7.89 + 0.20 (p-SF)
394.515 8.05 (DB, p-CA) 3.7 (DB, p-AG) o.ozsAgé?B, ”
Carfentanyl
7.76 + 0.20 (p-SF) 3.67 (DB, p-CA) 0.19 (p-SF)
3.684 (p-SF)
Acetylfentanyl 322.44 8.92 + 0.10 (p-SF) 3.173 (p-SF) 0.30 (p-SF)
350.50 9.37 £ 0.20 (p-SF) 4.49 (DB, p-AG) 0'01188’ .
alfa-methylfentanyl
4.23 (DB, p-CA)
Acrylfentanyl 334.45 8.72 £ 0.10 (p-SF) 3.201 (p-SF) 0.037 (p-SF)
350.50 8.92 + 0.20 (p-SF) 4.44 (DB, p-AG) 0'013;é|)38’ .
Butyrfentanyl
4.26 (DB, p-CA)
Cyclopropylfentanyl 348.48 8.75 £ 0.10 (p-SF) 3.564 (p-SF) 0.045 (p-SF)
Furanylfentanyl 374.48 8.71 £ 0.10 (p-SF) 5.277 (p-SF) 0.012 (p-SF)
Methoxyacetylfentanyl 352.47 8.88 + 0.20 (p-SF) 2.574 (p-SF) 0.85 (p-SF)
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el Dissociation PARTITION Coefficient AL
Compound Mass1 Constant pK Log P Watelr
[g mol™] A [gL™]

Ocfentanyl 370.46 8.81 £ 0.20 (p-SF) 2.816 (p-SF) 0.26 (p-SF)
tetrahydrofuranylfentanyl ~ 378.51 8.71 £ 0.10 (p-SF) 2.815 (p-SF) 0.016 (p-SF)
p-fluroisobutyrylfentanyl 368.49 8.91 £ 0.20 (p-SF) 4.150 (p-SF) 0.027 (p-SF)

416.52 7.82 +0.20 (p-SF) 2.16 (DB, €) 0'252A(GD)B’ P-

Alfentanil
2 (B [9E) and fewer
2.81 (DB, p-CA) or human
S ‘ravenous
376.45 6.65 + 0.20 (p-SF) 1.75 (DB, p-AG) 0'591Ag'3’ P metabolic
Remifentanil .

Jtion than
12452 (DB, p-CA) n fentanyl

and has been widely used in medicine 22, Sufentanil was reported as 5-10 times more potent than fentanyl, and

its interactions are more rapid 2. Another one, carfentanyl, has been approved for veterinary use in the case of

RRyE BiHAEe LR bP SO0 RRER R b o U H SRR GO4R Sy f Chemisiny, UK), PC =

PubChem (National Center for Biotechnology Information, USA), SF = SciFinder (pKa—the most basic; 25 °C)

PrysideendahieRi¢Rlraralys \Waseamm dAd itd Sbsenexpramardalusdenphubiadidre Vaieinafridtheivie@t
(rbeseP@siRidaRes) dtergaimafizedM-RibRS1(Helmholtz Zentrum Minchen, Munich, Germany), ACD/LogP—

Advanced Chemistry Development software/LogP (Advanced Chemistry Development, Toronto, Canada). p-SF:
Maloylatbdr feirignplddearncativeshkavisthededekginedtsiA@Dhalo Boftwhitbey 11a0e et 1e9a-L1ze2DinADiaabe)
Vatrranad Cedicitry TheyelepnTeon; Nememey @Nfebtamdagnalogs have been later described as NPSs or NSOs,
seriously affecting the neurological system 9. New fentanyl analogs are reported from year to year; for example,
three of them appeared on the European market in 2018: 3-methylcrotonylfentanyl, furanylbenzylfentanyl, and 4-

fluorocyclopropylbenzylfentanyl (231,

There are many non-therapeutic fentanyl analogs reported to the United Nations Office on Drugs and Crime Early
Warning Advisory (UNODC EWA), which are common in Europe, Asia, and America WISl The United States
Drug Enforcement Agency (DEA) listed fentanyl and its derivatives (isomers, thioethers, and salts) in the Schedule
I list 14, The most popular fentanyl analogs in 2012—2018 used either for medical treatment or appeared as illicit
street drugs. Metabolism and toxicological aspects of fentanyl and other NSOs derived from fentanyl are discussed

below.

| 2. Metabolism of Fentanyl and Fentanyl Analogs

The knowledge of the metabolism of fentanyl and its analogs is essential for the identification of administered
substance(s) in various body fluids ante- and post-mortem (namely blood, plasma, serum, urine, cerebrospinal

fluid, vitreous humor, and organs) after acute or chronic intoxication or death. The study of these processes is
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critical due to their short biological half-life (units of hours in case of oral or intravenous applications) and
consequently the short detection window of the parent fentanyl(s) in the blood. Identification of characteristic

metabolites, first of all in urine, may contribute to the exact identification of parent substance(s).

While metabolites of morphine are pharmacologically active, metabolites of fentanyl and medically-approved
fentanyl derivatives are mostly inactive 15, Fentanyl has several sites, which can take part in its metabolic
transformation. Fentanyl is metabolized mainly in the human liver to the main metabolite norfentanyl (26-55% of
fentanyl dose is excreted as norfentanyl). This principal metabolic pathway is caused by cytochrome CYP3A4 151,
together with CYP3A5 and CYP3A7 isoenzymes, through the oxidative N-dealkylation of the fentanyl’s piperidine
ring 18, The same N-dealkylation takes place in duodenal microsomes 71 Other possible metabolic reactions
transform fentanyl into hydroxyfentanyl, hydroxynorfentanyl, and despropionylfentanyl. These metabolites can take
part in the subsequent biotransformation at enzyme catechol-O-methyltransferase to the secondary metabolic
products (2], Other metabolic pathways change fentanyl into hydroxypropionylfentanyl,
hydroxypropionylnorfentanyl, or despropionylfentanyl. Metabolites are mainly present in saliva, urine, stool, and
human plasma 1. About 70% of the administered dose is excreted in the urine in 72 h (mostly in the form of
metabolites), and about 10 to 20% of the administered dose is excreted unchanged in 48 h. Only 8-10% of
unchanged fentanyl is released from the body through the renal or fecal pathway 4. Fentanyl crosses the

placenta, and small amounts may be found in breast milk, too.

As mentioned above, three fentanyl analogs (alfentanil, sufentanil, and remifentanil) are widely used in anesthesia
and pain treatment. Alfentanil and sufentanil are metabolized similarly to fentanyl via the hepatic pathway to
identical N-dealkylated products (norsufentanil, noralfentanil). From this point of view, the administered alfentanil or
sufentanil cannot be distinguished using the methods which detect products of metabolic transformation only 27!
(L1 Norsufentanil exhibits some bioactivity, the other product of sufentanil metabolism demonstrates about 10% of

the original sufentanil activity only, which is too small to be clinically significant 211,

Remifentanil is mostly metabolized directly in the blood by non-specific esterases located in erythrocytes (95%)
and has a very short time of activity 18129 |ts main metabolite, remifentanil acid, is practically non-active and is
removed from the body via the renal pathway with an elimination half-life of approximately 90 min RZLLMASILI |t jg

the only analog that is metabolized by non-CYP enzymes 7],

Carfentanyl is one of the well-known fentanyl analogs used in veterinary medicine, which shows potency 30-100
times higher than fentanyl itself. According to our literary research, there has not been a published study about
metabolic pathways of this drug in vivo in humans. Identification of twelve metabolites of carfentanyl was done
using human liver microsomes and human hepatocytes (2011211 N.demethylation as the main biotransformation
was predicted in silico and confirmed by high-resolution mass spectrometry. Carfentanyl and its metabolite,

norfentanyl, may accumulate in the human body, which can cause resistance to the antidote 29,

Figure 1 presents the proposed mechanism of metabolism of fentanyl and its four medicinally-used analogs

(alfentanil, sufentanil, and remifentanil) and veterinary medicine (carfentanyl).
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Figure 1. Proposed main metabolic mechanisms for fentanyl and its four analogs used in human and veterinary
medicine, on the base of ref. [2Ql[L1][19][21][22]

Furanylfentanyl, an illegal drug, is another analog with seven times higher potency than fentanyl. Its four
metabolites have been found in urine samples taken from intoxicated patients. In almost all cases, hydrolysis
product 4-anilino-N-phenethylpiperidine (4-ANPP) and its sulfate conjugate were found. A unique metabolite,
formed by dihydrodiol formation of the heterocyclic furanyl moiety, was observed in 86% of cases [11[23] On the

other hand, N-dealkylated metabolite norfuranylfentanyl was detected only rarely [24],

The pharmacological properties of acetylfentanyl (street names: “China town” or “Synthetic heroin”) are similar to
heroin. Up to date, 32 metabolites of acetylfentanyl have been identified in vivo. The main metabolite is N-
dealkylated product noracetylfentanyl. The next metabolizations of noracetylfentanyl include hydroxylation followed
by glucuronidation or sulfation. Dihydroxylation was also confirmed, followed by glucuronidation or sulfation. The
other metabolite reactions include monohydroxylation and carbonylation, dihydrodiol formation, dihydroxylation with
methylation at the phenyl ring followed by glucuronidation or sulfation, and amide hydrolysis, followed by

hydroxylation 241,
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Ocfetanyl is a 200 times more potent derivative than morphine. Its biotransformation starts with O-demethylation
forming the main metabolite. The following reactions include hydroxylation and glucuronidation of O-demethylated

ocfentanyl.

Butyrfentanyl is 7 times more potent than morphine. The work of Staehali et al. describes two main metabolites

hydroxy-butyrfentanyl and carboxybutyrfentanyl in vivo after fatal intoxication by butyrfentanyl (23],

Acrylfentanyl is abused alone or mixed with other drugs. Nor-acrylfentanyl, formed by N-dealkylation at the
piperidine nitrogen, has been identified as the main metabolite of acrylfentanyl. Other metabolites have been
identified, such as monohydroxy- and dihydroxy-derivatives. Monohydroxylation and dihydroxylation occurred at
both the phenyl ring and the phenethyl moiety. Three glucuronides have been identified in urine samples without
hydrolysis [24],

Cyclopropylfentanyl undergoes extensive metabolism. Eleven metabolites of cyclopropylfentanyl have been
identified in the pooled hydrolyzed and non-hydrolyzed human urine of drug abusers. Cyclopropylfentanyl and
norcyclopropylfentanyl have been detected in non-hydrolyzed urine. Other metabolites, together with
norcyclopropylfentanyl, were conjugated and observed after urine hydrolysis. Cyclopropylfentanyl was detected in
both samples, and hydrolyzed, as well as non-hydrolyzed, respectively. Major metabolites in the hydrolyzed
samples were 4-hydroxyphenethyl cyclopropylfentanyl (mostly conjugated), 4-hydroxy-3-methoxyphenethyl
cyclopropylfentanyl (mostly conjugated), phenethyl dihydrodiol cyclopropylfentanyl, and norcyclopropylfentanyl.

Norcyclopropylfentanyl was the most abundant metabolite in the non-hydrolyzed samples [28],

The details about the metabolism of other fentanyl derivatives have been discussed in the review by Wilde et al. (1]

and the research article by Watanabe et al. (241,

| 3. Determination of Fentanyl and Analogs

As stated above, fentanyl and its analogs are commonly used as illicit drugs, especially in mixtures with heroin.
Unfortunately, there are some challenges in their proper identification and determination 22, These difficulties are
caused by complicated mixtures with many interferents (frequently of similar chemical structures 28) and a lack of
available analytical standards. Moreover, fast changes in available psychoactive substances on the illicit market
could be problematic 29, To face these challenges, it is important to develop new methods of detection and

determination of synthetic opioids.

Due to the high risk of fentanyl and its analogs usage in medical treatments and their abuse as illicit street drugs,
there is an urgent need to develop proper determination and validation procedures, both for toxicological and
medical purposes. Many different analytical methods have been introduced during the last few years to determine
fentanyl and its analogs, e.g., enzyme-linked immunosorbent assay (ELISA) B9 high-performance liquid
chromatography (HPLC) [29B132I33] or gas chromatography (GC) 22341, Other techniques, such as colorimetric
detection, Raman, IR, or NMR spectroscopy, are described in the literature, as well [Z21[36137],
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Especially, chromatographic techniques coupled with mass spectrometry (MS) have been broadly used for
fentanyls determination in real samples. This method is often chosen for complex real samples. Proper
determination of all sample components often requires separation, selective, and sensitive detection. HPLC-MS
methods meet mostly these requirements [22131I82I[331136] The other techniques used for the extraction of fentanyls
from biological samples are solid-phase extraction (SPE) and liquid-liquid extraction (LLE). LC-MS/MS has been

used as a fast and efficient technique with limits of detection (LODs) of 0.01 pg-L™! for many fentanyl analogs [28l.

Immunoassays have been used for selective determination of fentanyl and butyrfentanyl, as well, especially as a
first-step analysis. It can be used even by non-qualified staff, which is important in medical and toxicological
procedures 38 The affinity of various fentanyl metabolites to the fentanyl antibody varies significantly (2,
Immunoassay test ELISA was used, e.g., for batch analysis of real samples in Forensic Toxicology Laboratory
(FTL) at the Rhode Island State Health Laboratories. The samples were collected from dead humans after
overdosing on illicit drugs containing fentanyl analogs. This test is very sensitive and can be performed using
ELISA kits, which are readily commercially available. The drawbacks of this method are lower specificity and

possible false-positive results; therefore, another method is often necessary to confirm the result B9,

For the analysis of extremely complicated biological matrices, including blood or cerebrospinal fluid, the elaborate
multi-step separation methods are often irreplaceable. Unfortunately, many of the aforementioned methods are
expensive, time-consuming, or require complicated instrumentation or preparation procedure ¥4l Many other
matrices, such as pharmaceutical samples, drug preparation, tap water, saliva, or even blood plasma, can be
successfully analyzed using simpler methodology and instrumentation. Therefore, the aim to develop a fast,
inexpensive, and simple procedure, with high efficiency and low LOD, is quite clear. The electroanalytical methods
exhibit such advantages, which are attractive for medical and pharmaceutical analyses of synthetic opioids 26140
4142l The possibility to modify the electrode surfaces can further improve the selectivity and sensitivity.

Furthermore, electrochemical detectors can be coupled with flow systems, HPLC, or electrophoresis 28],
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