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BACKGROUND: Since 2013, an unprecedented surge in
fentanyl overdose deaths has been caused by heroin laced
with illicitly produced fentanyl and/or fentanyl analogs
(FAs) sold as heroin. The US Drug Enforcement Agen-
cy’s National Forensic Laboratory Information System
reported a �300% increase in fentanyl encounters
from 4697 in 2014 to 14440 in 2015. In 2015, the
CDC reported 9580 deaths caused by synthetic opi-
oids, primarily fentanyl, a 72% increase from 2014.
The European Monitoring Centre for Drugs and Drug
Addiction has also encountered several new FAs in the
heroin supply. Counterfeit pharmaceuticals contain-
ing mixtures of fentanyl and FAs continue to be a
poorly recognized worldwide problem despite the WHO
classifying several FAs as a serious threat to public
health.

CONTENT: This review covers the epidemiology of fenta-
nyl abuse and discusses the clinical practice implications
of widespread fentanyl abuse. It includes a historical per-
spective on the illicit FAs that have appeared in the US
and European Union and reviews the methods available
to identify FAs and emerging technologies useful for
identifying previously undescribed analogs. A compila-
tion of structural and mass spectral data on FAs reported
thus far is provided.

SUMMARY: Fentanyl and FAs have evolved into a global
public health threat. It is important to understand the ana-
lytical, clinical, and regulatory efforts underway to assist
communities affected by the current fentanyl epidemic.
© 2018 American Association for Clinical Chemistry

The use of opium can be dated back to the third millennium
BC. Morphine (after Morpheus, the god of dreams) was
isolated by 1806 (1). By the 1850s, morphine was being
used for general anesthesia and pain relief (1, 2). In search of
a more effective alternative, scientists at Janssen Pharmaceu-
tica developed highly potent opioids, including fentanyl,
phenoperidine, sufentanil, alfentanil, remifentanil, and car-
fentanil. Fentanyl has been used as an intraoperative anes-
thetic since the 1960s and for chronic pain management
in contemporary medicine. Sufentanil, alfentanil, and
remifentanil are also clinically used fentanyl analogs (FAs)7.

Fentanyl’s structural scaffold has been periodically
modified by illicit drug manufacturers to produce novel
and potent FAs. A recent surge in the supply of novel FAs
into the global heroin supply via complex distribution
networks has caused an unprecedented surge in opioid
overdose deaths (3, 4 ). Structures and mass spectral
properties of clinically relevant and illicit FAs and certain
synthetic opioids are shown in Table 1 and in the Data
Supplement that accompanies the online version of
this article at http://www.clinchem.org/content/vol65/
issue2. In this review, we trace the evolution timeline of
FAs, describe the epidemiology of fentanyl abuse in the
US and European Union (EU), and discuss analytical
and clinical practice implications of the current fentanyl
epidemic.

Clinical Practice Implications of Widespread
Fentanyl Abuse

The hallmark of opioid toxicity is respiratory depression.
The constellation of symptoms typically observed in opioid
toxicity include hypopnea, miosis, and stupor. However,
with suspected polysubstance abuse, a pupillary finding of
miosis alone may not be enough to warrant a diagnosis of
opioid overdose. In such cases, normal or even mydriatic
pupils may be observed. Such contradictory physiological
manifestations are commonly observed when meperidine,
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Table 1. Chemical structures, chemical formulae, accurate mass, and dates of first appearance of clinically relevant and illicit FAs
in the US and the EU.
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Table 1. Chemical structures, chemical formulae, accurate mass, and dates of first appearance of clinically relevant and illicit FAs
in the US and the EU. (Continued from page 243)

Reviews

244 Clinical Chemistry 65:2 (2019)

D
ow

nloaded from
 https://academ

ic.oup.com
/clinchem

/article/65/2/242/5607964 by guest on 24 M
ay 2023



propoxyphene, or tramadol is coingested with other opioids
or alone (5).

The cornerstone of opioid overdose management is
oxygenation restoration by airway protection and admin-
istering an initial naloxone dose (0.04–2 mg). Naloxone,
a fast-acting �-opioid antagonist (onset of action, 30 s to
5 min; half-life, 20–60 min), is effective in reversing
opioid overdose-associated respiratory depression and
can be administered via intravenous, intramuscular, in-
tranasal, subcutaneous, endotracheal, inhalational, and
sublingual routes (6 ). Naloxone is not typically adminis-
tered orally when used as a rescue medicine because it
undergoes substantial first-pass metabolism. Intranasal
administration is the preferred method of first responders
because of its ease and lower risk of provider needlestick
injury. However, a slower opioid reversal in chronic users
would circumvent a rapid onset of opioid withdrawal.
First responders continue to encounter opioid toxicity
cases in which the causative agent is a novel FA. Rapid
identification of the causative agent and its potency in the
current opioid crisis has been problematic because the
chemical identity and potency of novel FAs may be un-
known. Point-of-care screening devices cannot univer-
sally detect rapidly evolving FAs. Additionally, illicit FAs
are sold as a mixture. As a result, the dose of naloxone
required for a given episode is difficult to estimate. FAs
have also been identified in counterfeit opioid pills
(3, 7 ). As a result, even in opioid overdose cases when
opioid pills are discovered close to the patient, the dose of
naloxone to be administered must be carefully assessed.
In patients with FA toxicity, multiple naloxone doses are
frequently required. According to recent recommenda-
tions, patients with heroin overdoses responsive to nalox-
one treatment may not need to be transported to the
hospital (4 ). However, patients suspected of overdosing
on FAs should be transported to the emergency depart-
ment in case additional naloxone doses are required to
circumvent repeated onset of respiratory depression (4 ).

Administration of higher naloxone doses by emer-
gency medical service personnel has already been sanc-
tioned in 40 of the 50 states within the US. Several state-
funded community health programs and hospitals have
begun to offer naloxone kits without a prescription to
patients at a high risk for overdose, including those who
are coprescribed benzodiazepines and opiates and who
have a history of opioid overdose. Legislative bills with
clinical management implications have been passed in
some states (8 ). These legislative actions include manda-
tory provision of information to patients about opioid
use and abuse risks, mandatory stricter prescription mon-
itoring, and offering information on substance use disor-
der services to patients with a history of opioid overdose.

First responders, hospitals, and legislators continue
to respond to the current fentanyl epidemic by expanding
easy public access to naloxone and substance use disorder

services (9 ). Hospitals also continue to implement poli-
cies and take efforts to educate providers and patients
about the recent surge in illicit fentanyl abuse and its
practice implications.

Epidemiology of Fentanyl Abuse in the US
and EU

In the 1990s, a clandestine laboratory producing fentanyl
was discovered in Wichita, KS. Subsequently, fentanyl
was periodically found in heroin batches termed as
“Tango and Cash” (10 ). Between 2000 and 2005, US
law enforcement agencies raided and closed several illicit
fentanyl laboratories. In 2005 to 2006, the American
Midwest to Northeast corridor experienced an alarming
increase in fentanyl-related deaths that were traced to
fentanyl-laced heroin sold to unsuspecting heroin users
(11 ). In the current crisis, production and distribution
techniques are not limited to historical methods but have
expanded to counterfeit prescription drug production
and supply. The current fentanyl crisis is also unprece-
dented because of its global reach enabled by complex
international networks, including the dark web and the
Internet. The “dark web” is a cluster of websites that are
accessible on the Internet but are hidden under en-
crypted, user anonymization network tools in which the
end user’s identity is rebounded through layers of encryp-
tion. Anonymization network tools are used by services
like online banking when anonymization of user infor-
mation is desired. This allows the user and the website to
appear to be at a particular location on the network while
being present at an anonymous location.

In the US, 2 key programs that identify and monitor
emerging drug problems and trends are the National Fo-
rensic Laboratory Information System (NFLIS), and the
National Drug Early Warning System (NDEWS). The
NFLIS is a program of the US Drug Enforcement
Agency (USDEA) Diversion Control Division that sys-
tematically collects drug identification results and associ-
ated information from drug encounters analyzed by fed-
eral, state, and local forensic laboratories. The NDEWS
monitors emerging illicit drug trends by analyzing social
or news media and by site visits to local communities, as
well as collaboration with the American Association of
Poison Control Centers.

From 2002 to 2005, NFLIS-recorded fentanyl en-
counters in the US increased slowly from approximately
262/year to 404/year. In 2006, a noticeable increase
(3317 encounters) was seen, which decreased the follow-
ing year, after which it remained steady again (approxi-
mately 543–978 encounters/year). Then, dramatic in-
creases were seen again in both 2014 and 2015 (12, 13 ).
In 2015, the NFLIS reported that number of fentanyl-
related encounters climbed up to 14440 in the US with
the majority (approximately 75%) located in the North-
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east (5896 encounters) and Midwest regions (5253 en-
counters), followed by the South (3013 encounters) and
West (278 encounters) (12 ). By 2015, every state except
for South Dakota had reported fentanyl encounters.
Simultaneously, the number of fentanyl seizures during
2013 to 2014 had increased by 259% (14 ). Fentanyl-
related emergency department visits in the US also in-
creased 104% from 2004 until 2011 (15 ). Overall, in the
past decade fentanyl encounters showed a temporary in-
crease in 2006 with a dramatic increase seen in the years
2013 to 2015 (Fig. 1) (12 ). The NDEWS reported sim-
ilar findings between 2013 and 2014, with �700 deaths
related to fentanyl or FAs (16 ). According to the
USDEA, the surge in overdose deaths in the US is largely
because of illegally produced fentanyl, with a small frac-
tion from diversion of prescription fentanyl (16 ). Illicit
fentanyl is primarily manufactured in Mexico, whereas
FAs are produced in China and some former Soviet
Union countries (3, 13, 16 ). The US East Coast is more
severely affected by fentanyl overdoses because the fenta-
nyl is often mixed or sold disguised as white powder
heroin in contrast to black tar heroin, which is predom-
inant in other US regions. The USDEA and CDC issued
a nationwide alert against fentanyl and FAs in March
2015 and October 2015, respectively (13, 14 ).

The European Monitoring Center for Drugs and Drug
Addiction, established in 1993, provides comprehensive in-
formation about drug usage and addiction-associated health
complications and also monitors emerging drug use trends.
The first report of fentanyl-related overdose indicating the
appearance of illicitly manufactured fentanyl in the EU oc-
curred in Italy in 1992 (17). The first FA (p-fluorofentanyl)
in the EU appeared in the 1990s (18). Of note, the variety
of FAs reported in the US in 1988 was not seen in the EU.
Until the late 1990s, heroin was the primary cause of opioid-
related deaths in several Nordic countries (Norway, 90%;
Sweden and Denmark, 70%) (19). In the 1990s, the pre-
cursors used to produce fentanyl and FAs were seized by the
German authorities (19). 3-Methylfentanyl (TMF) was
seized in Finland in 2001. Afterward, reports on FAs in the
EU remained sporadic. In 2008, fatalities among heroin
users caused by fentanyl and FAs were reported in Estonia
(20, 21). A study on fentanyl in 2012 showed that heroin
users in Bulgaria and Slovakia were resorting to China white
heroin cut with fentanyl and FAs (18). The STRIDA proj-
ect monitors the trends of designer drugs (DDs) in Sweden
and has identified several FAs (Table 1; see also Table 1 in
the online Data Supplement) (22–28). The Swedish
STRIDA project has enabled compilation of clinical and
toxicological correlation of DDs from patient exposures.

Fig. 1. Fentanyl reports.
Fentanyl reports in NFLIS by January 2001 to December 2015 (A). Fentanyl reports in NFLIS, by state, 2001 and 2015 (B).
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Patients who self-report or are suspected of consuming a
DD are invited into the STRIDA project. Serum and urine
samples are obtained upon hospital admission and analyzed
at the Karolinska University Laboratory. Specific informa-
tion on the suspected DD and other details of the exposure
are also compiled. The STRIDA project has enabled corre-
lation of clinical symptoms with the DD involved, which
may be the most practical approach to establish clinical data
on compounds that are short-lived on the illicit market.
STRIDA has reported FAs including cyclopentylfentanyl
and 4-chloroisobutyrlfentanyl, which at the time of this
writing have not been reported in the US.

The reemergence of fentanyl and FAs concurrently
in the US and the EU is indicative of global nature of the
current fentanyl epidemic. The number of fentanyl and
FA-associated fatalities is likely going to rise both in the
US and EU. Sustained legislative, harm reduction, com-
munity education efforts are warranted. Healthcare, reg-
ulatory, and law enforcement agencies may need to im-
plement innovative yet sustainable solutions to mitigate
further public health harm from FAs and DDs in general.

Synthetic FAs

Analogs of controlled substances have periodically appeared
in the illicit drug trade since the 1960s. The USDEA re-
ported that it encountered new analogs of lysergic acid di-
ethylamide, mescaline, and phencyclidine when these began
to be regulated more stringently (29). Many of the FAs
discovered in the US illicit heroin market were first identi-
fied in the 1980s (30). In the late 1980s, a group of under-
ground chemists supplied illicitly produced FAs, including
TMF and �-methylfentanyl (AMF), to heroin users in the
US west coast (Table 1; see also the Information File in the
online Data Supplement) (29).

AMF

AMF, synthesized by Janssen Pharmaceutica in the 1960s,
was the first FA to appear in the illicit market on the US west
coast in 1979. It was sold as counterfeit China white—a
highly pure form of heroin produced in Southeast Asia.
TMF was initially incorrectly thought to be China white
(31, 32). The USDEA has, however, established that in the
early 1980s the supply of China white was mixed with AMF
and TMF (31, 32). AMF is approximately as potent as fen-
tanyl. Confiscated street powder samples were reported to
contain 0.4 to 0.9 �g/mg AMF (33).

TMF AND �-METHYLACETYLFENTANYL

TMF is approximately 10-fold more potent that fenta-
nyl, and the duration of action and the euphoria associ-
ated with it are reported to be indistinguishable from
heroin (6 ). The first use of TMF among heroin users in
California was short-lived. It was available in California
only from the spring of 1984 until the spring of 1985.

This may be suggestive of a single illicit operation pro-
ducing limited batches of FA. AMF (approximately 10
times more potent than morphine) with longer duration
of action compared with fentanyl, appeared among
heroin users in the spring of 1984. Subsequently, an
increase in fentanyl overdose-associated deaths was re-
ported (30 ). This was attributed to the emergence of
batches of FA mixtures including �-hydroxy-, �-methyl-,
and 3-methyl-, thienyl-, and p-fluoro-FAs that were previ-
ously not reported in the scientific literature. In recent years,
TMF has reemerged in the illicit fentanyl trade, and both
the US and EU have reported fatalities associated with it (3).

CARFENTANIL

Carfentanil is the most potent FA that has been encoun-
tered in the heroin supply so far (3, 4, 13 ). A 2017 report
by the WHO categorized carfentanil as a serious threat to
public health (34 ). Carfentanil, developed by Janssen
Pharmaceutica in 1974, is a selective �-opioid agonist
with 100 times higher potency than fentanyl. It has no
established medical human use and has been used mainly
as a large animal tranquilizer. Until March 1, 2017, car-
fentanil was manufactured in China legally and was sold
freely on the Internet to buyers from the US, Canada,
EU, and Australia. In the EU, seizures of carfentanil were
first reported in 2012 in Latvia, which were coinciden-
tally linked to a series of deaths in the following year (34 ).
In the US, carfentanil was first identified in postmortem
samples from overdose fatalities in Cuyahoga County,
OH, and Manatee County, FL, in August 2016. In Sep-
tember 2016, the National Institute on Drug Abuse is-
sued a nationwide warning against carfentanil. The CDC
reported that of the total 5152 opioid overdose fatalities
from 10 states in the US, 389 (7.6%) were associated
with carfentanil (3 ). The primary metabolic routes in-
clude N-dealkylation and monohydroxylation of the pip-
eridine ring (35 ). Carfentanil’s appearance in the illicit
heroin supply has caused substantial public health harm.

BUTYRYLFENTANYL

Butyrylfentanyl is a short-acting FA that is approximately
30 times less potent than fentanyl with no established
medical use (36 ). Butyrylfentanyl was first captured in
2013 in the EU. Butyrylfentanyl-related intoxications
were reported in 2014 in the EU, and the USDEA re-
ported 40 fatalities associated with it in 2016. Of note,
�-hydroxythienylfentanyl has reemerged in the fentanyl
trade in combination with butyrylfentanyl, most com-
monly as a 0.5- to 3-mg nasal spray. In postmortem stud-
ies, carboxybutyrylfentanyl and hydroxybutyrylfentanyl
were identified as the major metabolites, and norbutyrylfen-
tanyl was identified in acute intoxications. Postmortem re-
distribution of butyrylfentanyl and its metabolites showed
highest concentration in the lung tissue, suggestive of nasal
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administration resulting in inhalation of some quantity of
the powder containing the drug (28, 37, 38).

U-47700

U-47700 (referred to as “Pink” or “U4”) has been dis-
tributed via online vendors and the dark web (39 ). The
earliest report linking U-47700 use to fatal events in the
US was in 2016, whereas it had appeared in the EU in
2014. U-47700, a �-opioid agonist with approximately
10% the potency of fentanyl (approximately 7.5 times
more potency compared with morphine), was developed
by scientists at Upjohn Pharmaceutical Company in the
1970s. Its structural scaffold is different from fentanyl and
its other analogs, and it is classified as a synthetic opioid.
AH-7921, a structural isomer of U-47700, was developed
by the British pharmaceutical company Allen and Han-
burys in the 1970s. No medical uses of these compounds
have been documented. The predominant metabolic prod-
ucts from U-47700 identified in urine samples from hu-
mans were mono- and bis-N-demethylated and the corre-
sponding hydroxylated compounds. In postmortem cases,
mean and median blood concentrations for U-47700
reported were 253 ng/mL and 247 ng/mL, respectively
(40–42).

ACETYLFENTANYL

Acetylfentanyl (ACF) was first reported as the cause of 14
overdose fatalities among heroin users in Rhode Island in
2013 (43 ). In the following 3 years, other states in the US
reported an additional 52 ACF-related deaths. ACF was
found in spice mixes confiscated in Russia in 2012. In the
EU, ACF-associated intoxications and deaths were first
reported in 2015 (25 ). ACF has approximately 20% the
potency of fentanyl (43 ). In urine samples from humans
who used ACF, nor-ACF and metabolites consistent
with hydroxylation of the phenethyl moiety in the fenta-
nyl scaffold were identified. Studies with human hepatic
microsomes reported acetylnorfentanyl as 1 of the major
metabolites. Nor-ACF can be identified on a MS screen
in urine samples from patients with toxic exposures. A
postmortem blood concentration of 1.2 mg/L was re-
ported in a fatal subject from the UK (25, 44 ).

TETRAHYDROFURANYLFENTANYL

Tetrahydrofuranylfentanyl (THF-F) appeared in the il-
licit market in 2016 in powder, tablet forms, or as nasal
spray solutions (45 ). One of the first reports of pharma-
cokinetics was from the STRIDA study from a patient
with a serum THF-F concentration of 45 ng/mL after
ingestion of an unknown amount. The European Mon-
itoring Centre for Drugs and Drug Addiction has re-
ported several seizures of THF-F carried out by the Swed-
ish Police (24, 45 ). Potency estimates are not available,
but user self-reports on Internet discussion forums and
online vendor websites have reported THF-F content of

60 to 100 mg/10 mL in nasal sprays and 4 to 10 mg in
tablets. In 1 patient with toxic exposure, serum and urine
THF-F concentrations of 45 ng/mL and 136 �g/mmol
creatinine, respectively, were reported (45 ).

FURANYLFENTANYL

Furanylfentanyl (FUR-F) was found as tablets, nasal
sprays, and in green herbal materials and e-liquids (46 ).
FUR-F is metabolized in a manner unique to FAs re-
ported so far. Metabolites including a dihydrodiol me-
tabolite, 4-anilino-N-phenethyl-piperidine (4-ANPP),
and a sulfate metabolite were observed, although norfura-
nylfentanyl was also detected in intoxication cases
(25, 47 ). FUR-F was identified in opioid deaths in sev-
eral states in the US, Canada, Estonia, Germany, Swe-
den, the UK, and Norway in 2015 to 2016 (46 ). FUR-F
was reported in samples of cocaine, which may have clin-
ical practice implications when treating a suspected co-
caine overdose patient. In all postmortem cases involving
FUR-F, other drugs including acrylfentanyl, carfentanil,
4-methoxybutyrylfentanyl, morphine, and hydromor-
phone have been detected, indicating that FUR-F is be-
ing sold as a mixture (46 ). The half maximal effective
concentration values for FUR-F reported by the USDEA
suggest that FUR-F is approximately 8 times more potent
than fentanyl (46 ).

HALOGENATED FAS

Halogenated FAs reappeared in the EU and US around
2015. p-Fluorofentanyl was identified in the US in 1981
and reappeared in 2017 (3, 48). p/4-Fluorobutyrfentanyl
first appeared in the EU in 2015, and 4-chloro and 4-fluoro
analogs of isobutyrfentanyl appeared in 2016 (24).
4-Fluoroisobutyrfentanyl (4-FBIF) has been available in
tablet, powder, or liquid form. In intoxications from syn-
thetic fentanyl mixtures, 4-FBIF was found in lower con-
centrations, suggesting that 4-FBIF may be less potent than
fentanyl (28).

EMERGING FAS

Other FAs that have been identified include acrylfenta-
nyl, ocfentanil, valerylfentanyl, and cyclopropylfentanyl.
Acrylfentanyl was first confirmed in opioid deaths in
2016 in the EU and in 2017 in the US (49 ). Ocfentanil
was associated with fatalities in the EU in 2016 (50 ). As
of this writing, no ocfentanil fatalities have been reported
in the US. Cyclopropylfentanyl was first reported as the
cause of fatalities in the US state of Georgia and by the
EU Warning System in 2017 (51, 52 ).

As soon as law enforcement agencies strive to curb
the spread of a new “legal” FA by outlawing it, novel FAs
emerge. The first occurrence of illicit FAs was localized to
the US west coast. Appearance of FAs in the EU lagged by
a few years, but the contemporary FA supply is concur-
rently widespread across both continents. The global re-
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emergence of fentanyl and FAs poses a serious public
health threat. An accurate assessment of the true public
health impact of the widespread fentanyl and FA use is
difficult. Many toxicology laboratories are not equipped
with methods that can readily detect emerging FAs.
Therefore, it is likely a clear objective analysis of epide-
miological data on FA prevalence and its public health
impact will be possible in the near future as analytical
methods evolve.

Pharmacokinetics of Fentanyl and Novel FAs

Fentanyl is 75- to 100-fold more potent than morphine
(53 ). Additionally, fentanyl formulations suitable for
several routes of delivery are clinically used in the US and
EU for pain management (54, 55 ). Fentanyl exhibits a
pKa of 8.4 and a volume of distribution of 3.2 to 5.6
L/kg. In the circulation, most of the drug (approximately
85%) is bound to erythrocytes, �1-acid glycoprotein,
and albumin. There is a correlation between plasma fen-

tanyl concentration and analgesia and respiratory depres-
sion. A plasma concentration of 0.6 to 2 ng/mL has been
associated with effective analgesia without clinically sig-
nificant respiratory depression. In fatal cases, blood con-
centrations ranged from 3 to 50 ng/mL. Fentanyl exhib-
its postmortem redistribution wherein the ratio of heart/
peripheral blood concentration can range from 0.7 to 4.6
(6 ). In a study on fentanyl-associated deaths, the mean of
the ratio of central to peripheral fentanyl concentrations
was 2.1 (56 ).

Within the family of fentanyl compounds, both
common and divergent metabolic pathways are seen (see
Fig. 1 in the online Data Supplement). In general, fenta-
nyl and FAs can be found excreted unchanged, although
phase I metabolic transformations are often the domi-
nant species excreted. Phase II metabolic conjugation is
not typically a component of the metabolism of FAs.
Metabolic pathways for FAs (carfentanil, furanylfenta-
nyl, acetylfentanyl, butyrylfentanyl, U-47700) are shown
in Fig. 2 (6 ). Fentanyl is metabolized in the liver to

Fig. 2. Major metabolites.
Major metabolites of fentanyl (A), sufentanil (B), alfentanil (C), remifentanil (D), carfentanil (E), furanylfentanyl (F), acetylfentanyl (G), bu-
tyrylfentanyl (H), and U-47700 (I).

The Fentanyl Epidemic Reviews

Clinical Chemistry 65:2 (2019) 249

D
ow

nloaded from
 https://academ

ic.oup.com
/clinchem

/article/65/2/242/5607964 by guest on 24 M
ay 2023



norfentanyl, hydroxyfentanyl, hydroxynorfentanyl, and
despropionylfentanyl (6 ). Norfentanyl is the most com-
monly monitored metabolite of fentanyl. Sufentanil and
alfentanil are metabolized to the analogous N-alkylated
metabolite, and carfentanil and remifentanil share 1
similar N-alkylated metabolite. Therefore, the pres-
ence of carfentanil can be unequivocally ascertained
only when the hydroxylated metabolite or carfentanil
itself is detected.

As the structural diversity of FAs expands, additional
examples of the metabolism of different chemical entities
converging to common metabolites are expected. This
will likely complicate the identification of FAs based
solely on metabolic data.

Analytical Methods for Identifying FAs

Immunoassay kits designed to detect fentanyl or norfen-
tanyl have shown mixed success at detecting FAs. The
immunoassay DRI™ from Thermo Scientific per-
formed well compared with LC-MS/MS for the detec-
tion of fentanyl and ACF. However, false-positive fenta-
nyl screening results in samples containing risperidone
and 9-hydroxyrisperidone were reported (4 ). The diag-
nostic sensitivity of the DRI assay was 100%, but the
false-positive findings from risperidone and its metabo-
lite resulted in an 86% specificity. The cross-reactivity
with risperidone has been proposed to be because of
structural similarity to fentanyl. When 60 different FAs,
each prepared at a concentration of 1 ng/mL, were tested,
this same kit detected approximately half of the FAs.
Similar performance was seen when testing these
same compounds against a fentanyl kit (Immunalysis®

SEFRIA Urine Enzyme Immunoassay) cleared by the
Food and Drug Administration (G. Janis, unpublished
observations). The Immunalysis assay shows sufficient
cross-reactivity with hydroxyfentanyl and despropio-
nylfentanyl. Both DRI and Immunalysis assays do not
detect norfentanyl (4 ). The lack of cross-reactivity to
norfentanyl has been attributed to the lack of an alkylated
piperidine moiety on norfentanyl. Manual ELISAs for
some FAs are available (Randox Toxicology), but their
use poses operational issues for the analytical laboratory.
ELISAs are typically performed in a batch process that
has a longer turnaround time. In contrast, most auto-
mated immunoassay urine drug screens are used as ran-
dom access tests with a markedly shorter turnaround
time. An ELISA not approved by the Food and Drug
Administration must be validated as a laboratory-
developed test, which is labor- and time-intensive. Addi-
tionally, in a patient with a suspected FA overdose, it may
not be feasible to analyze just 1 sample on a full ELISA
plate because this could be cost-prohibitive for laborato-
ries. In addition, many FAs are structural isomers like

4-FBIF and p/4-fluorobutyrfentanyl that cannot be dis-
tinguished from each other using an ELISA (48 ).

GC-MS, LC-MS/MS, and liquid chromatography–
high-resolution mass spectrometry (LC-HRMS) have
also been used for screening and confirmation of FAs.
GC-MS spectra of some FAs listed in Table 1 are pro-
vided in Fig. 3 here and in the Information File found in
the online Data Supplement (57, 58 ). Targeted LC-
MS/MS methods for FAs including acrylfentanyl, TMF,
ACF, FUR-F, carfentanil, and other opioid analogs like
MT-45, AH-7921, and U-47700 have been reported
(40, 59–63). Targeted LC-MS/MS methods are not
useful when a novel FA is suspected because a pure refer-
ence material is required for developing a targeted mass
spectrometry method. LC-HRMS is not limited by avail-
able spectral data, and new compounds can be added to
the libraries with ease. The vendors offer software that
enables the user to draw a structure of the expected mol-
ecule/metabolite and generate predicted MS/MS frag-
ments for the compound of interest. Then, these library
entries containing predicted HRMS information are
cross-matched with the HRMS data acquired in an non-
targeted mode to retrospectively identify the novel com-
pound (64 ). LC-HRMS has been particularly useful for
identification of metabolites of FAs (35, 47, 61 ). Goggin
et al. used a nontargeted HRMS method to identify novel
metabolites of FUR-F. Of note, nor-FUR-F was not ob-
served in the initial analysis by their targeted LC-MS/MS
method, which led the authors to use a nontargeted
HRMS approach to analyze the samples. Novel metabo-
lites, including a dihydrodiol metabolite, 4-ANPP, and a
sulfate metabolite, were identified (47 ). Krotulski et al.
first characterized the metabolic pathway of the synthetic
opioids U-47700 and U-49900 by a nontargeted HRMS
screening to generate in vitro metabolic profiles. Then,
the urine samples from patients in whom U-47700 or
U-49900 overdose had been analytically confirmed using
a targeted method were subject to HRMS analysis (41 ).
Similarly, Feasel et al. generated an in vitro metabolic
profile for carfentanil, showing that ester hydrolysis
was not the prominent metabolic route (35 ). Instead,
N-dealkylation and monohydroxylation of the piperi-
dine ring were the prominent metabolic pathways. These
studies have demonstrated that FAs are metabolized via
diverse mechanisms. So, although targeted mass spec-
trometry approaches may be more amenable to imple-
mentation in clinical work flows, nontargeted methods
will continue to have merit as DDs evolve. However,
sorting the unidentified peaks in a typical untargeted LC-
HRMS screen in search of an unknown drug of abuse can
be a daunting task. For any new compound, the analyti-
cal toxicologist must evaluate and interpret the data with
an understanding of potential drug candidates or drug
classes. If the novel xenobiotic is heavily or completely in
a metabolized form, identifying a previously unknown

Reviews

250 Clinical Chemistry 65:2 (2019)

D
ow

nloaded from
 https://academ

ic.oup.com
/clinchem

/article/65/2/242/5607964 by guest on 24 M
ay 2023



drug in a biological sample is even more challenging.
Therefore, use of nontargeted HRMS approaches for
DD identification in hospital-based clinical laboratories
is limited. Electron impact and electrospray ionization
(ESI) fragmentation patterns can be used to identify FAs.
When subject to ESI� mode ionization, fentanyl and
several of its analogs produce characteristic fragments at
m/z 105 and 188 (see Fig. 1 in the online Data Supple-
ment). For FAs produced only with variations on the
propionyl substitution, the fragment ion produced by
fragmentation pathway D (see Fig. 1 in the online Data
Supplement) may be crucial to accurately identify the
analog. Unequivocal identification of the suspected FA
can further be complicated by isobaric compounds. For
example, cyclopropylfentanyl, methacrylfentanyl, and
crotonylfentanyl have identical accurate mass (349.2274
Da), electron impact, and ESI fragmentation patterns.
Additionally, cyclopropylfentanyl and crotonylfentanyl
have close retention times on most gas and liquid chro-
matography methods. Optimization of chromatographic
methods is necessary for unequivocal identification of
such closely related compounds (65 ).

Other nontargeted mass spectrometry methods like
multisegment injection–capillary electrophoresis–mass
spectrometry have shown promise for FA identification.

Identification of the drug was achieved by retention time
compared with a deuterated internal standard or in silico
prediction of electromigration behavior with accurate
mass and MS/MS fragmentation (66 ). A field-based
mass spectrometry detection method is desirable for test-
ing powders and other apprehended materials. Thermal
desorption–direct analysis in real-time mass spectrome-
try for analysis of drugs collected onto wipes has been
shown to have the potential for use in field raids and in
mobile laboratories and emergency vehicles. Direct anal-
ysis in real time, which uses a combination of thermal
desorption and penning ionization, is a recently devel-
oped ambient ionization source that can be used to ionize
material from surfaces of objects like currency, tablets,
liquids, and powders, making it desirable as a rapid sam-
ple preparation-free drug identification method (67 ).

The FAs are diverse in their structural, clinical, and
physicochemical features. Additionally, they metabolize
via diverse pathways. Clinical toxicology laboratories
need innovative and “predictive” approaches to keep pace
with the structural diversity of FAs and other analogs.
Automated immunoassays for fentanyl have become
available but have shown mixed success for identification
of novel FAs. Mass spectrometry-based analytical meth-
ods will become a mainstay for accurate identification

Fig. 3. GC-MS data.
GC-MS data for fentanyl (A), carfentanil (B), cyclopropylfentanyl (C), and 3-methylfentanyl (D).
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and confirmation of FAs. In particular, nontargeted LC-
HRMS methods can be useful for identifying previously
unknown drugs, but the cost- and labor-intensive process
involved in implementing an LC-HRMS-based drug as-
say may be a deterrent toward its widespread use in clin-
ical laboratories.

Conclusion

Illicitly produced fentanyl and FAs are evolving into a
global public health threat. At this juncture, it is reason-
able to reiterate a rather precise assessment published 3
decades ago: “It is likely that the future drugs of abuse will
be synthetics rather than plant products. They will be syn-
thesized from readily available chemicals, may be derivatives
of pharmaceuticals, will be very potent, and often very selec-
tive in their action. In addition, they will be marketed very
cleverly. The ‘Designer Drug’ problem may become an in-
ternational problem” (30 ). Globally impactful measures
to curb the repeated reemergence of illicitly produced
fentanyl and its analogs are warranted. Toxicology labo-

ratories should assess the need to implement analytical
methods that best serve their communities affected by the
fentanyl epidemic.
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