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BACKGROUND: Detection of new highly potent synthetic
opioids is challenging as new compounds enter the mar-
ket. Here we present a novel screening method for the
detection of opiates and (synthetic) opioids based on
their activity.

METHODS: A cell-based system was set up in which acti-
vation of the �-opioid receptor (MOR) led to recruit-
ment of �-arrestin 2, resulting in functional complemen-
tation of a split NanoLuc luciferase and allowing readout
via bioluminescence. Assay performance was evaluated
on 107 postmortem blood samples. Blood (500 �L) was
extracted via solid-phase extraction. Following evapora-
tion and reconstitution in 100 �L of Opti-MEM® I, 20
�L was analyzed in the bioassay.

RESULTS: In 8 samples containing synthetic opioids, in
which no positive signal was obtained in the bioassay,
quadrupole time-of-flight mass spectrometry revealed
the MOR antagonist naloxone, which can prevent recep-
tor activation. Hence, further evaluation did not include
these samples. For U-47700 (74.5–547 ng/mL) and fura-
nyl fentanyl (�1–38.8 ng/mL), detection was 100%
(8/8) for U-47700 and 95% (21/22) for furanyl fentanyl.
An analytical specificity of 93% (55/59) was obtained for
the opioid negatives. From an additional 10 samples
found to contain other opioids, 5 were correctly scored
positive. Nondetection in 5 cases could be explained by
very low concentrations (�1 ng/mL alfentanil/sufenta-
nil) or presence of inactive enantiomers.

CONCLUSIONS: The MOR reporter assay allows rapid iden-
tification of opioid activity in blood. Although the cooccur-
rence of opioid antagonists is currently a limitation, the bio-
assay’s high detection capability, specificity, and untargeted

nature may render it a useful first-line screening tool to in-
vestigate potential opioid intoxications.
© 2018 American Association for Clinical Chemistry

In Europe and North America, highly potent synthetic
opioids, which mimic the effects of heroin and mor-
phine, are a growing health threat (1–4). While repre-
senting only a relatively small segment of the illicit mar-
ket, there is an increasing number of reports on the rise of
these compounds and on the harm they cause. Thirty-
three new synthetic opioids were detected in Europe be-
tween 2009 and 2017 (5 ). In the US, a recent surge
(6-fold increase) in illicit opioid overdoses, driven by syn-
thetic opioids, was observed from 2013 to 2016 (6 ).
Synthetic opioids are substances created to act as agonists
for the opioid receptors (�, �, and � subtypes), mainly
found in the brain, spinal cord, and digestive tract (2 ).
The major pharmacologic actions of morphine (e.g., eu-
phoria, analgesia, sedation, respiratory depression, de-
creased gastrointestinal motility, and physical depen-
dence) are all due to agonistic actions at the �-opioid
receptor (MOR)4 (7, 8 ). Most of the novel synthetic opi-
oids act as full agonists, with varying potencies, at the
MOR. These synthetic opioids were initially explored by
research groups or pharmaceutical companies for their
potential medicinal use, but they have recently found
their way to the illicit drug market (1–4).

These new synthetic opioids are a major public
health concern owing to their high potency, ease of ac-
cessibility over the internet, and distribution into the
regular street heroin supply, where they are often mixed
with or substituted for heroin, leading to life-threatening
respiratory depression and death (1–4). The high po-
tency and the low dose required to produce the desired
effects, in addition to the continuous change in chemical
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structure, make it challenging for clinical and forensic
toxicologists to investigate intoxication and death cases
caused by these novel opioids (1–3 ).

The true extent of the synthetic opioid epidemic is
likely underestimated because of these compounds not
being included in routine drug monitoring (1 ). Standard
opiate immunoassays fail to detect synthetic opioids be-
cause they have little structural homology to morphine.
There are immunoassays available for fentanyl and its
analogs, but owing to differences in cross-reactivity, mul-
tiple assays are needed to detect all analogs because some
immunoassays feature broad cross-reactivity but others are
highly specific (1, 9). Although immunoassays for detecting
nonfentanyl analogs such as AH-7921, U-47700, and
MT-45 have recently become commercially available, the
cumbersome process of developing immunoassays and the
rapid increase in the number and variety of new synthetic
opioids remain a challenge (3). Also, the need to continu-
ously add novel fentanyl and nonfentanyl analogs to existing
mass spectral libraries used in targeted drug screening
methods is an issue, because certified reference mate-
rials for the main compounds and/or metabolites are
not always available.

We recently reported on the successful development
of cell-based cannabinoid reporter assays for the activity-
based detection of synthetic cannabinoids and their me-
tabolites, which are capable of demonstrating cannabinoid
activity in authentic urine and blood samples (10–12).
The bioassay reported here consolidates activity-based
screening as a general principle in toxicological screening
and uses the MOR to screen for opioid activity in biolog-
ical samples. The principle of the bioassay is based on
activation of MOR, which leads to the recruitment of the
�-arrestin 2 (�arr2) protein, which results in functional
complementation of a split NanoLuc luciferase, thereby
restoring luciferase activity. In the presence of the sub-
strate furimazine, this results in a bioluminescent signal
that can be read out with a standard luminometer. Here,
we report on a new alternative untargeted screening
method for the detection of opiates and (synthetic) opi-
oids, not directly based on their structure, but on their
opioid activity. This activity-based assay may serve as a
first-line screening tool, complementing the conven-
tional analytical methods currently used.

Methods

CHEMICAL REAGENTS

U-47700 and furanyl fentanyl were procured from Cay-
man Chemical. Hydromorphone hydrochloride was ob-
tained from Fagron. Buprenorphine, norbuprenorphine,
fentanyl, loperamide, carfentanil, and naloxone were ob-
tained from LGC Standards. Dulbecco’s modified Ea-
gle’s medium, Opti-MEM I Reduced Serum Medium,
penicillin and streptomycin (5000 IU/mL and 5000

�g/mL), amphotericin B (250 �g/mL), glutamine (200
mmol/L), the restriction enzyme SacI, and the DNA
polymerase (Phusion polymerase) were purchased from
Thermo Fisher Scientific. Primers were procured from
Eurofins Genomics. [d-Ala2-MePhe4-Gly-ol]encephalin
(DAMGO), fetal bovine serum (FBS), and poly-D-lysine
were from Sigma Aldrich. Detailed information on
chemical reagents used for processing of blood samples
can be found elsewhere (13 ).

PLASMIDS AND CONSTRUCTS

The �arr2-Large BiT (LgBiT), �arr2-Small BiT (SmBiT),
LgBiT-�arr2, and SmBiT-�arr2 expression vectors have
been previously described (11 ). The plasmid containing
the human ARRB25 (NM 004313) coding sequence
was purchased from Origene Technologies. The human
OPRM1 (NM 000914) coding sequence was kindly
provided by Prof. K. Van Craenenbroeck. The expres-
sion vectors NB MCS-1, NB MCS-2, NB MCS-3, and
NB MCS-4 were kindly provided by Promega. The ex-
pression vectors contain the sequences encoding the sub-
units of the NanoLuc® luciferase (LgBiT or SmBiT) and
the flexible linker (GSSGGGGSGGGGSSG). The
�arr2-LgBiT, �arr2-SmBiT, LgBiT-�arr2, and SmBiT-
�arr2 expression vectors were previously described (11 ).
Expression plasmids containing MOR constructs (MOR-
LgBiT and MOR-SmBiT) were constructed by cloning
PCR products, flanked by a SacI site, into the respective
vectors, NB MCS-1 and NB MSC-2, with the primers
described in Table 1 in the online Data Supplement (see
Table 1 in the Data Supplement that accompanies the
online version of this article at http://www.clinchem.
org/content/vol64/issue8).

PCR was performed on 100 pg of plasmid DNA
with the Phusion High-Fidelity PCR Master Mix with
HF Buffer (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Reactions were done in a
Mastercycler™ Nexus Thermal Cycler (Eppendorf)
with an initial denaturation at 98 °C for 30 s, 35 cycles of
98 °C for 10 s (denaturation), Tm for 30 s (annealing),
and 72 °C for 90 s (elongation), followed by a final ex-
tension at 72 °C for 5 min. The resulting amplification
products were purified with the E.Z.N.A.® MicroElute
Cycle-Pure kit (VWR International). Both the expres-
sion vectors and the amplification products were digested
with SacI restriction enzyme (Thermo Fisher Scientific)
and purified with E.Z.N.A. MicroElute Gel Extraction
kit (VWR International). The digested PCR products
were ligated into the corresponding dephosphorylated
(TSAP Thermosensitive Alkaline Phosphatase, Promega)
digested vector. After transformation of One Shot®

5 Human genes: ARRB2, arrestin � 2; OPRM1, opioid receptor μ 1.
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Mach1™ T1 Phage-Resistant Chemically Competent
Escherichia coli (Thermo Fisher Scientific) with the li-
gated product, the ampicillin-resistant clones were
screened by PCR with primers complementary to se-
quences within the insert and sequences of the vector
surrounding the insert. Positively screened colonies were
grown and used for plasmid isolation with an E.Z.N.A.
Plasmid DNA Mini kit (VWR International). The integ-
rity of all inserts was confirmed by DNA sequencing. The
GRK2 plasmid was a kind gift from Laura Bohn (14 ).

CELL CULTURE AND MOR REPORTER ASSAY

Human embryonic kidney (HEK) 293T cells were rou-
tinely maintained at 37 °C, 5% CO2, under humidified
atmosphere in Dulbecco’s modified Eagle’s medium
(high glucose) supplemented with 10% heat-inactivated
FBS, 2 mmol/L glutamine, 100 IU/mL penicillin, 100
�g/mL streptomycin, and 0.25 �g/mL amphotericin B.
For experiments, HEK 293T cells were plated in 6-well
plates at 5 � 105 cells/well. The next day, cells were
transiently transfected with FuGENE® HD reagent ac-
cording to the manufacturer’s protocol (optimal ratio of
FuGENE:DNA 3:1). Transfection mixes contained 3.3
�g of the plasmids of interest. On the third day, cells were
plated on poly-D-lysine–coated 96-well plates at 5 � 104

cells/well and incubated overnight. The cells were
washed twice with Opti-MEM I Reduced Serum Me-
dium to remove any remaining FBS, and 90 �L of Opti-
MEM I was added. The Nano-Glo Live Cell reagent
(Promega), a nonlytic detection reagent containing the
cell permeable furimazine substrate, was prepared by di-
luting the Nano-Glo Live Cell substrate 20-fold with
Nano-Glo LCS Dilution buffer, and 25 �L was added to
each well. Subsequently, the plate was placed in a lumi-
nometer, the GloMAX96 (Promega). Luminescence was
monitored during the equilibration period until the sig-
nal stabilized (30 min). For agonist experiments, we
added 20 �L per well of test compounds, present as
6.75� stocks in Opti-MEM I. For antagonist experi-
ments, 10 �L of the antagonist stock solution (12.5�
stock solution in Opti-MEM I) was incubated for 5 min
before adding 10 �L of agonist (13.5� stock solution in
Opti-MEM I). For analysis of biological extracts, evapo-
rated extracts (see further, Blood Sample Preparation)
were reconstituted in 100 �L of Opti-MEM I, of which
20 �L was added per well. The luminescence was con-
tinuously detected for 120 min. Solvent controls were
run in all experiments.

STATISTICAL ANALYSIS

Curve fitting and statistical analyses were performed with
GraphPad Prism. To select the optimal configuration for
the MOR reporter assay, results are represented as mean
area under the curve � SE with 5 to 6 replicates for each
data point and were statistically analyzed with the Stu-

dent t-test after F-test and Grubbs’ outliers test (� �
0.05). Curve fitting of concentration–effect curves via
nonlinear regression was used to determine EC/IC50 (a
measure of potency).

BLOOD SAMPLE PREPARATION AND ANALYSIS

Samples were extracted by solid-phase extraction with
130 mg of Clean Screen® DAU extraction columns
(UCT). To an aliquot of 500 �L of blood, 50 �L of
internal standard solution was added (in case of LC-
MS/MS analysis). Samples were pretreated with 2 mL of
phosphate buffer (pH 6), mixed, and centrifuged for 5
min. The columns were conditioned with 3 mL of meth-
anol, followed by 3 mL of deionized water, and 1 mL of
phosphate buffer. After application of the sample, the
columns were washed with 1.5 mL of deionized water,
0.5 mL of 0.1 mol/L acetic acid, and 1.5 mL of methanol
and dried under reduced pressure for 5 min. Samples
were eluted with 2 mL of ethyl acetate/acetonitrile/am-
monium hydroxide (78:20:2). Finally, the eluent was
evaporated to dryness at 40 °C. For the MOR reporter
assay, the residue was redissolved in 100 �L of Opti-
MEM I. For the LC-MS/MS analysis, the residue was
reconstituted in 60:40 mobile phase (0.1% formic acid
in water: 0.1% formic acid in methanol). The blood
samples were analyzed with the use of a previously
published validated method for the determination of
synthetic opioids U-47700, U-50488, and furanyl fen-
tanyl in blood (13 ). The method was updated to in-
cluded despropionyl fentanyl (4-ANPP), butyryl fen-
tanyl, and �-methylfentanyl. All authentic samples
were also routinely evaluated for common drugs of
abuse and therapeutic compounds, including other
MOR agonists, by GC-MS and LC-quadrupole time-
of-flight (Q-TOF, Xevo G2-S, Waters Corporation).

Results

DESIGN OF THE MOR REPORTER ASSAY

NanoLuc binary technology uses a structural
complementation-based approach to monitor protein in-
teractions within living cells. It makes use of inactive
subunits of NanoLuc luciferase, LgBiT (18 kDa), and
SmBiT (1 kDa), which are coupled to 2 proteins of in-
terest. Here, the aim was to establish an assay capable of
monitoring activation of MOR by authentic biological
extracts. Constructs were designed in which the LgBiT or
SmBiT subunit was coupled to the MOR C-terminus
and to the N- or C-terminus of �arr2. On MOR activa-
tion, �arr2 interacted with the receptor, promoting
structural complementation of the NanoLuc luciferase
subunits. This restored luciferase activity, which gener-
ated a bioluminescent signal in the presence of the fu-
rimazine substrate. To assess functional complementa-
tion of the LgBiT and SmBiT fusion proteins upon
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MOR activation, all possible combinations were tested
by stimulation with a known MOR agonist, DAMGO
(Fig. 1).

Whenever MOR and �arr2 fusion proteins were
present together, unstimulated cells readily showed a sig-
nal above background (i.e., the signal when only the
MOR fusion protein was present), pointing at some level
of constitutive MOR-�arr2 interaction (gray bars in Fig.
1A). Regardless of the combination of MOR and �arr2
fusion proteins used, a significant increase in signal was
observed upon agonist stimulation (black bars in Fig.
1A). Although the highest signals were observed for the
MOR-SmBiT/LgBiT-�arr2 combination, the MOR-
LgBiT/SmBiT-�arr2 combination yielded the largest
increase (5.69-fold) after activation. Hence, further experi-
ments were conducted with the MOR-LgBiT/SmBiT-
�arr2 combination (Fig. 1B).

G PROTEIN-COUPLED RECEPTOR KINASE CONFERS

INCREASED SENSITIVITY TO THE MOR REPORTER ASSAY

When hydromorphone, a more soluble morphine analog,
was applied in the bioassay, a concentration-dependent ef-
fect was observed, although at low concentrations [1–10
nmol/L (0.285–2.85 ng/mL) hydromorphone], no sig-
nal was obtained (Fig. 2A, inset). Because our aim was to
use this MOR reporter assay to screen for opioid activity
in biological matrices, the ability to generate a signal at
lower concentrations was a prerequisite. Morphine-like
opioids differ profoundly from opioids such as DAMGO
in their propensity to induce MOR phosphorylation and
internalization (14, 15 ). Only upon overexpression of G
protein-coupled receptor kinase 2 (GRK2), morphine-
like opioids have been reported to gain the capacity to
induce MOR phosphorylation and internalization
(14, 16 ). Because the functionality of our bioassay relied

Fig. 1. (A) Comparison of the different configurations of the MOR reporter assay.
HEK293T cells were transiently transfected with equal amounts of the indicated fusion constructs (total DNA amount, 3.3 μg). Upon stimula-
tion with 1 μmol/L of DAMGO, the luminescence of each combination was assessed. Data are given as the mean area under the curve ± SE (n =
6); * P ≤ 0.01, ** P ≤ 0.001, *** P ≤ 0.0001 (2-sided t-test). (B) Optimal design of the MOR reporter assay: MOR-LgBiT/SmBiT-�arr2.
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on �arr2 recruitment, which is known to depend on
MOR phosphorylation, we evaluated the influence of
adding GRK2 to our cell system. Coexpression of GRK2
resulted in a stronger recruitment of SmBiT-�arr2 to
MOR-LgBiT (Fig. 2B, inset). The result was an increased
analytical sensitivity of the MOR reporter assay, with
detectable signals at concentrations as low as 1 nmol/L
(� 0.285 ng/mL) of hydromorphone. Further experi-
ments were performed with cells that were transiently
transfected with MOR-LgBiT, SmBiT-�arr2, and GRK2
(ratio 4:4:1).

APPLICATION OF THE MOR REPORTER ASSAY ON DIFFERENT

OPIOIDS

Concentration-dependent curves were obtained for a
panel of opioid agonists and antagonist, and EC50/IC50

values were determined as a measure of relative potency
(Table 1). Although it was difficult to compare EC50

values from different assays owing to different experi-
mental setups, our values were in line with those found in
the literature, with most compounds having EC50 values
in the low nanomolar range. Only carfentanil, an ul-
trapotent synthetic opioid, has an EC50 in the subnano-
molar range. Feasel (17 ) reported an EC50 of 0.006
nmol/L for carfentanil and 0.511 nmol/L for fentanyl
(PerkinElmer® LANCE Ultra cAMP Assay) (17 ), sup-
porting the substantially stronger potency of the former
also found here (carfentanil EC50 � 0.027 nmol/L; fen-
tanyl EC50 � 4.32 nmol/L). Also, for buprenorphine
and its active metabolite norbuprenorphine, the bioas-
say’s results (Fig. 3; DAMGO Emax � 100 � 7%, bu-
prenorphine Emax � 19 � 2%; norbuprenorphine
Emax � 84 � 6%) were consistent with the literature
[Emax � 38 � 8% and 81 � 4% for buprenorphine and
norbuprenorphine, respectively, compared with refer-
ence agonist DAMGO (Emax � 100%); GTP�S binding
assay in CHO cell membranes] (18 ).

APPLICATION OF THE MOR REPORTER ASSAY ON AUTHENTIC

BLOOD SAMPLES

In 2 batches, 107 authentic unique postmortem blood
samples were analyzed in the opioid reporter assay. For
the positive samples, selection was based upon the pres-
ence of U-47700 (9 samples) or furanyl fentanyl (29 sam-
ples). Both opioids have been implied in intoxications
and fatalities in Europe and the US (13, 19–37) and
have been placed into temporary schedule I status under
the Controlled Substances Act since November 2016
(38, 39 ). In April 2018, U-47700 has been placed defin-
itively under Schedule I of the Controlled Substances Act
(39 ).

Fig. 2. Influence of GRK2 on the performance of the MOR reporter assay.
HEK293T cells were transiently transfected with MOR-LgBiT, SmBiT-�arr2, and GRK2 in different ratios (A) 1:1:0 and (B) 4:4:1 (total DNA
amount, 3.3 μg). A concentration gradient with hydromorphone was applied, and the bioluminescence was measured for 120 min. Data are
given as the mean relative light units (RLU) ± SE (n = 2).

Table 1. EC/IC50 values (measure of potency) of
different opioids.a

Opioid agonist MOR EC50 (in nM)

DAMGO 2.14 (1.35–4.63)

Hydromorphone 9.37 (5.60–14.8)

Buprenorphine 8.56 (6.52–11.3)

Norbuprenorphine 1.28 (0.93–2.48)

Fentanyl 4.32 (2.43–7.83)

U-47700 6.52 (3.83–11.4)

Furanyl fentanyl 2.98 (0.57–11.4)

Carfentanil 0.027 (0.021–0.035)

Opioid antagonist MOR IC50 (in nM)

Naloxone 0.61 (0.32–1.22)

a HEK293T cells were transiently transfected with MOR-LgBiT, SmBiT-�arr2, and
GRK2 in a ratio of 4:4:1 (total DNA amount 3.3 μg). A concentration gradient with
different opioids was applied, and the bioluminescence was measured for 120 min.
Curve fitting of concentration– effect curves via nonlinear regression was used to
determine EC/IC50. Data are given as EC/IC50 values (95% CI profile likelihood).
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The scoring (positive or negative) of randomized
samples was done blind-coded by 2 individuals indepen-
dently who were unaware of the number of positives per
batch. There were also 50 intra- and interbatch replicates
(both positives and negatives), resulting in a total of 157
samples that were scored (see Table 2 in the online Data
Supplement). The presence and number of these repli-
cates were not known by the 2 scoring individuals. As a
result, some samples were unknowingly analyzed in du-
plicate or triplicate. All but 3 out of 50 blind-scored
replicates generated the same result, supporting the con-
sistency of the MOR reporter assay. Interestingly, these 3
cases with discrepant scoring were samples that eventu-
ally turned out to be false positives (see below), with the
first scoring yielding only a weak positivity.

From the 9 samples containing U-47700 (at 74.5–
547 ng/mL), 8 were correctly scored positive (Table 2
and see Table 2 in the online Data Supplement). From
the 29 samples containing furanyl fentanyl, 21 were cor-
rectly scored positive (�1–38.8 ng/mL). In the 8 missed
samples (1 containing 252 ng/mL of U-47700 and 7
containing �1–42.9 ng/mL of furanyl fentanyl), several
of which contained relatively high levels of opioids, an
additional Q-TOF screening was performed to find an
explanation for the nondetection. In 1 sample, contain-
ing �1 ng/mL furanyl fentanyl, there was no sample left
to do the additional Q-TOF analysis. In all other samples
that had been missed (n � 8), Q-TOF analysis revealed
the presence of naloxone, a known MOR antagonist.
Naloxone present in the extract can inhibit MOR activa-

Fig. 3. Comparison of Emax of different opioids.
HEK293T cells were transiently transfected with MOR-LgBiT, SmBiT-�arr2, and GRK2 in a ratio of 4:4:1 (total DNA amount, 3.3 μg). Upon
stimulation with 1000 ng/mL of each compound, the luminescence of each combination was assessed. Results were normalized to DAMGO.
Data are given as the normalized Emax ± SE (n = 3).

Table 2. Results from the bioassay of all 107 authentic blood samples.

Positively scored samples Negatively scored samples

8× U-47700 (74.5–547 ng/mL) 1× U-47700 (252 ng/mL) + naloxone

21× furanyl fentanyl (<1–38.8 ng/mL) 7× furanyl fentanyl (<1–42.9 ng/mL) + naloxone

1× furanyl fentanyl (<1 ng/mL), unknown if naloxone was present

4 “opioid negative” samples 55 “opioid negative” samples

1× alfentanil (<0.8 ng/mLa)

3× (nor)buprenorphine 1× sufentanil (<0.4 ng/mLa)

1× loperamide/desmethyl loperamide 2× dextrorphan/levorphanol

1× codeine/4-ANPP/papaverine 1× dextromethorphan/levomethorphan

a Estimated concentration.
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tion, ultimately preventing the formation of an opioid
signal. Therefore, the presence of naloxone in a biological
extract is an intrinsic limitation when using the MOR
reporter assay, as applied here, for screening, as detection
is based on the agonistic properties of opioids. Hence,
a negative result obtained from samples containing
naloxone (or other MOR antagonists) should be con-
sidered inconclusive. Overall, when not considering
the naloxone-containing samples, all 8 of the U-47700
samples were scored positive, leading to a sensitivity of
100% (8/8). For furanyl fentanyl, 1 sample could not
be retested for the presence of naloxone and a sensitiv-
ity of 95% (21/22) was achieved.

Interestingly, besides the samples that had been se-
lected because they contained U-47700 or furanyl fenta-
nyl, 9 other samples were scored as positive (Table 2 and
see Table 2 in the online Data Supplement). In 3 of these
samples, the screening results revealed the presence of
norbuprenorphine and buprenorphine, which are known
MOR agonists (Table 1 and Fig. 3). In the fourth posi-
tively scored sample, an additional Q-TOF analysis re-
vealed the presence of the MOR agonist loperamide and
its active metabolite desmethylloperamide (Fig. 3) (40 ).
The additional Q-TOF analysis revealed the presence of
4-ANPP (8.7 ng/mL), codeine, and papaverine (both not
quantified) in a fifth positively scored sample. 4-ANPP is
an intermediate in the synthesis of fentanyl and can be
found as an impurity in fentanyl preparations. However,
4-ANPP is not able to generate a signal in the MOR
reporter assay at high concentrations (1000 ng/mL, Fig.
3). Also, papaverine did not show any opioid activity
(Fig. 3). Codeine, on the other hand, can generate a
signal, although to a lesser extent than loperamide and
norbuprenorphine, which is similar to buprenorphine’s
signal (Fig. 3). In 4 positively scored samples, the Q-TOF
analysis did not reveal any opioid compounds. These
samples did give a profile distinct from the blank that
was run in the same batch, although the positivity was rel-
atively weak compared with the positivity of samples con-
taining opioids (see Table 3 in the online Data Supple-
ment). Interestingly, 3 of these samples were unknowingly
scored again in another batch and were scored negative.
Hence, during the first scoring, these were false positives.

Next to the negatively scored samples described above,
another 60 samples were scored negative in our bioassay
(Table 2 and see Table 2 in the online Data Supplement).
The Q-TOF analysis revealed the presence of alfentanil and
sufentanil, both synthetic opioids, in 2 samples. These sam-
ples were not picked up by the MOR reporter assay, pre-
sumably owing to the very low concentrations that were
present (not quantifiable, but estimated below 1 ng/mL).
Three samples contained dextromethorphan/levometho-
rphan or dextrorphan/levorphanol. Levomethorphan and
levorphanol are known MOR agonists, whereas their iso-
meric counterparts do not have any opioid activity. As the

LC-MS/MS method cannot distinguish between the enan-
tiomers (dextro- and levoform), it is not known what form is
(mainly) present. Because no activity is found in these sam-
ples, this could be explained by the presence of the inactive
enantiomer (dextroform). From the 59 opioid-negative
samples, 55 samples were correctly scored negative (minus
the 4 false-positive samples, see above), leading to an analyt-
ical specificity of 93% (55/59). Considering the fact that 3
out of the 4 false positives were unknowingly scored once
more and then yielded a negative result, the analytical spec-
ificity could be up to 98% (58/59).

Discussion

Here, we developed an alternative untargeted screening
method for the detection of opiates and (synthetic) opi-
oids, not directly based on their structure but on their
opioid activity. The MOR reporter assay allowed a rapid
identification of opioid activity in blood samples. Al-
though we measured opioid activity for 120 min, strong
opioid intoxications had their maximal signal within
15–20 min, allowing a quick confirmation of a suspected
opioid overdose when having the assays ready for use. In
all cases the positive outcome would not have changed if
the analysis would have stopped at 20 min. However, in
the negative cases the full 120 min allowed a better com-
parison with the blanks. The readout of the bioassay hap-
pens in a 96-well plate, allowing the analysis of multiple
samples in the same run. This high-throughput capabil-
ity is especially important when screening of large patient
cohorts is needed, e.g., in the context of chemical warfare
or attacks or for centralized laboratories that need to
analyze large batches of clinical and/or forensic sam-
ples. Mass spectrometry is still required for definitive
identification of the opioid, but it is often not rou-
tinely available in hospital laboratories for real-time
testing and is less relevant in acute intoxications in a
clinical setting (1 ).

An intrinsic limitation of the MOR reporter assay, as
applied here, is that the presence of opioid antagonists,
such as naloxone, interferes with the readout. As the de-
veloped bioassay works via the agonistic properties of
opioids, the presence of an antagonist might prevent the
formation of an opioid signal. Likely in the naloxone-
positive cases in this study, the naloxone administration
came too late to counteract the central nervous system
depression in the patient. However, in these samples,
naloxone may still be present in concentrations that are
high enough to counteract the opioid activity in the bio-
assay. In a clinical context, where naloxone is adminis-
tered to the vast majority of patients, this will be known
by the physician. As a consequence, it will be important
that this information is passed on to the laboratory de-
ploying the assay or, alternatively, the bioassay should be
performed together with a naloxone assay. If naloxone is
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present in the sample, a negative result in the MOR re-
porter assay should at this stage be considered inconclu-
sive, as naloxone might have prevented formation of a
signal. A positive result in the bioassay in the presence
of naloxone should be considered positive. In this case
the amount of naloxone was not enough to hamper
formation of the opioid signal (which is the case in
samples 1, 32, and 39 in Table 2 in the online Data
Supplement). Potential solution to cope with this lim-
itation imposed by the presence of opioid antagonists
might be to include a minimal concentration of an
MOR agonist readily at the start of the bioassay. When
naloxone is present, a decrease in signal will be seen in
that case. Again, that would suggest the involvement
of an opioid, as naloxone will likely have been admin-
istrated for a reason.

The MOR reporter assay reported here consolidates
the novel principle of activity-based screening for a broad
range of new psychoactive substances, which are posing
substantial challenges to clinical and forensic toxicology
laboratories. It will be important to extend the appli-
cation of this bioassay to even larger cohorts of patient
samples to further establish the assay’s performance.
Moreover, given the unknown activity profiles of
many novel synthetic opioids and their metabolites,
this approach may also facilitate interpretation as “opi-
oid activity equivalents” present in a biofluid. Hence,
the opioid activity present in blood could be compared
with that from a reference, which may help to deter-
mine the severity of an opioid intoxication.
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