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a b s t r a c t 

The rapid introduction of new psychoactive substances (NPS) has definitively changed the drug market. Among 
the several NPS that were identified in the last decades, fentanyl and its analogues deserve special attention. 
These are synthetic opioids with high potency and are associated with increasing number of deaths; for this 
reason, forensic toxicologists are paying close attention to these analytes and sensitive analytical methods for 
their detection in biological samples of drug users are needed. 

The aim of this study was the development of a LC–MS/MS method for the determination of fentanyl, 23 
analogues and metabolites in urine by exploiting parallel artificial liquid membrane extraction (PALME). This 
technique was shown to be particularly suitable for fentanyl extraction and allowed to obtain a high enrichment 
factor by using a few microliters of organic solvent (1-octanol) immobilized into a polyvinylidene fluoride (PVDF) 
membrane. The extraction was carried out on a 96 well plate providing high laboratory throughput. 

The applied strategy allowed to measure concentrations ranging from 0.1 ng mL − 1 for fentanyl and most 
analogues to 5 ng mL − 1 for metabolites, by using an entry level mass spectrometer. Because of the different 
concentration levels generally found in real samples, linearity was studied in different ranges i.e. LOQ to 50 ng 
mL − 1 for parent drugs and LOQ to 200 ng mL − 1 for metabolites. All the validation parameters were found within 
the imposed limits, and notably matrix effect was not significant for all the analytes, showing the selectivity 
achieved by PALME extraction. 
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. Introduction 

In the last years illicit drug market is rapidly evolving, due to the in-
roduction of new psychoactive substances (NPS) which are increasingly
onsumed among drug users [1] . Their chemical structures are con-
tantly updated, trying to stay ahead of the national and international
anning laws [2] . Amid the several NPS chemical classes, synthetic opi-
ids and especially fentanyl and its analogues deserve special attention.
n fact, fentalogs, as sometimes are referred these drugs, are associated
ith increasing number of deaths, especially in the USA; COVID-19 pan-
emic even worsened this trend both in North America [3] and Europe
4] . New fentanyl derivatives are continuously appearing in the market
5] so that forensic toxicologists are required to keep up with this ever
hanging market with effective analytical methods. 
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The analytical determination of fentalogs in biological matrices re-
uires sensitive and accurate techniques, such as mass spectrometry
MS) coupled with separative techniques including gas (GC–MS) and liq-
id chromatography (LC–MS); on the other hand, sample pre-treatment
ay be of utmost importance in defining the detectable concentrations,

he time required for analysis and the overall quality of the data in term
f reproducibility and accuracy. In fact, sample preparation is crucial to
emove interfering compounds from complex matrix such as biological
pecimens while maintaining high recoveries of analytes; several strate-
ies consent at the same time to obtain high enrichment factors, making
ossible the detection of trace amounts of analytes even with poor sensi-
ivity instruments. In the last years, different approaches were proposed
or the determination of fentanyl and/or fentalogs and metabolites in
rine, involving several sample preparation procedures such as liquid
iquid extraction (LLE) [6–10] , solid phase extraction (SPE) [11–14] or
nnovative miniaturized techniques such as single drop microextraction
SDME) [15] , dispersive liquid liquid extraction (dLLME), hollow fiber
iquid phase microextraction (HF-LPME) [16] and more recently micro
xtraction on packed sorbent (MEPS) [17] . All these procedures are gen-
ember 2021 
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rally limited to a few compounds and require an amount of organic
olvent ranging from hundreds of μL to several mL. The most compre-
ensive methods [ 18 , 19 ] encompassed several fentanyls and metabo-
ites; in these cases urine was 30 times diluted, making possible analyte
etection only with extremely sensitive instruments. 

Parallel artificial liquid membrane extraction (PALME) is a novel liq-
id phase micro extraction (LPME) based technique, characterized by a
igh-throughput and a few μL organic solvent consumption, perfectly
dhering to the principles of green chemistry [20] . The proposed tech-
ique is based on a supported liquid membrane (SLM) in a 96-well plate
onfiguration offering the possibility of processing several samples to-
ether. Extraction is based on a three phases system, exploiting a pH
radient to selectively transfer basic/acidic analytes from the original
atrix to an acidic/basic aqueous extracting phase with an intermedi-

te passage into an organic solvent immobilised within the pores of a
embrane. The aqueous extract is directly compatible with LC–MS/MS

nd high enrichment factor are possible with no issues in term of matrix
ffect. PALME was firstly proposed in 2013 by Gjelstad et al. [21] for
he extraction of pethidine, nortriptyline, methadone and haloperidol
n plasma. More recent publications include other pharmaceuticals [22–
6] and also NPS belonging to the piperazine, phenetylamine, cathinone
27] and benzodiazepine classes [28] in plasma, whole blood and dried
lood spot [29] . To the best of our knowledge the use of PALME for
rine pretreatment has never been reported to date, neither for fenta-
ogs or in general synthetic opioids. The advantage of this matrix for
oxicological applications are well-known in addition it can be easily
ollected, and high volumes are normally available, making possible a
ignificant enrichment of analytes through PALME extraction. For most
rugs, analyte concentration in urine is generally high; for fentalogs this
s true for metabolites, while parent drugs concentration is normally in
he low ng mL − 1 or pg mL − 1 range. 

The aim of this study was the development of a new method for
he determination of fentanyl, 23 analogues and metabolites in urine by
xploiting PALME extraction and LC–MS/MS analysis. We showed that
ALME is particularly suitable for fentanyl extraction, as a result of their
asic nature, and can be easily adapted to new analogues and different
atrices. The high enrichment factor obtained by means of the selected

xtraction strategy allowed to measure concentrations down to pg mL − 1 

or several fentalogs with an entry level mass spectrometer. The method
as validated following SWGTOX guidelines. 

. Experimental 

.1. Chemicals 

Standards of acetyl fentanyl (hydrochloride), acetyl norfentanyl (hy-
rochloride), acrylfentanyl (hydrochloride), alfentanyl (hydrochloride),
utyryl fentanyl (hydrochloride), butyryl fentanyl carboxy metabo-
ite, carfentanil, despropionyl para-Fluorofentanyl, fentanyl (hydrochlo-
ide), furanyl fentanyl (hydrochloride), methoxyacetyl norfentanyl
hydrochloride), norfentanyl, ocfentanil (hydrochloride), ortho/para-
uorofentanyl (hydrochloride), remifentanil (hydrochloride), sufen-
anyl (citrate), valeryl fentanyl carboxy metabolite, 4-ANPP, 𝛼-
ethyl fentanyl (hydrochloride), 𝛼-methyl thiofentanyl (hydrochlo-

ide), 𝛽-hydroxy fentanyl (hydrochloride), ( ± )-cis-3-methyl fentanyl
hydrochloride), ( ± )-cis-3-methyl thiofentanyl (hydrochloride) e ( ± )-
rans-3-methyl norfentanyl (hydrochloride) and labeled internal stan-
ards fentanyl-d 5 (hydrochloride) e norfentanyl-d 5 were purchased
rom Cayman Chemical (Ann Arbor, MI, USA) in the form of methanolic
olutions at 100 𝜇g mL − 1 . 

Working solutions at 1 𝜇g mL − 1 were prepared for each analyte in
ethanol by diluting the original stock solution and were kept at -20

C. A mixture of all the analytes was also prepared at the same concen-
ration. 
a

2 
Solvents including, methanol, ethanol, 2-propanol and acetonitrile
ere of HPLC grade formic acid and were purchased from Sigma-Aldrich

Milwakee, WI, USA). All other solvents i.e. 1-octanol, dodecylacetate,
rioctylamine (TOA) and dihexyl ether as well as sodium carbonate,
odium bicarbonate, sodium chloride, sodium hydroxide and ammo-
ium formate were from the same purchaser. 

Ultrapure water was produced by a Milli-Q Plus apparatus from Mil-
ipore (Bedford, MA, USA) 

.2. PALME extraction 

Extraction was carried out by means of a 96-well MultiScreen-IP fil-
er plate with polyvinylidene fluoride (PVDF) membranes with 0.45 mm
ore size (Merck KGaA, Darmstadt, Germany) and a thickness of 100
m; each well included the SLM in contact with the acceptor solution.
he donor plate consisted of a 96-well polypropylene plate with 2.2
L wells from Brand GMBH (Wertheim, Germany) and was clamped

ogether with the acceptor plate for extraction. 
PALME involves a few simple passages, briefly 950 μL of urine

ere mixed with 950 μL of carbonate buffer 0.5 M (pH 11) containing
entanyl-d5 at 10 ng mL − 1 and norfentanyl-d5 at 20 ng mL − 1 and in-
erted into the donor plate. 0.2 g of sodium chloride were added at this
tage, homogenization was assured by vortex mixing. Afterwards, the
cceptor plate, whose membrane was previously washed with ethanol
nd water as suggested by the purchaser, was placed upon the donor
late and 3 μL of 1-octanol containing 1% of trioctylamine was pipetted
nto the porous membrane to form the SLM. After a few minutes the ac-
eptor solution constituted by 95 𝜇L of formic acid 0.1% in H 2 O:MeOH,
0:20 (v:v) was added. Finally, the acceptor plate was sealed; for ex-
raction the whole assemblage was placed on an orbital shaker at 480
pm for 120 min at room temperature. Three μL of the acceptor solution
ere finally injected into the HPLC–MS/MS system. 

.3. HPLC-MS/MS analysis 

Liquid chromatography was performed on a HPLC Series 200 Micro-
C Pump and a Series 200 autosampler from Perkin Elmer (Norwalk,
T, USA). An API 2000 triple quadrupole from AB-Sciex (Toronto, ON,
anada) was used for mass spectrometry detection. Analytes were sepa-
ated using a Kinetex F5 column (10 cm × 2.1 mm ID) from Phenomenex
Torrance, CA, USA) packed with core–shell particles of 2.6 μm. The
olumn was kept at 30°C by means of an oven ThermaSphere TM TS-
30 HPLC Column from Phenomenex® (Torrance, CA, USA). Acetoni-
rile:methanol, 75:25 (v:v) + 0.05% formic acid (A) and 5 mM ammo-
ium formate + 0.1% formic acid in water (B), were used as mobile
hases at flow rate of 0.2 mL min − 1 . 

Gradient scheme for the separation was as follows: phase A was kept
t 0% for 0.5 min and then increased from 0 to 35% in 1.5 min, from 35%
o 40% in 9 min; in the following 0.5 min phase A was brought to 100%,
aintained in these conditions for 0.5 min and then re-equilibrated to

he initial 0% in 3 min. The total run time was of 15.5 min. 
All the analytes were detected in positive ionization, with a capillary

oltage of 5000 V, nebulizer gas (air) at 35 psi, turbo gas (nitrogen) at
5 psi and curtain gas at 20 psi; the source temperature was 400 °C. For
ach analyte two multiple reaction monitoring (MRM) transitions were
elected. MRM experiments were segmented in four windows in order to
et enough data points across the peaks. All source and instrument pa-
ameters for the monitored analytes were tuned by injecting each single
tandard solution at a concentration of 50 ng mL − 1 at 10 μL min − 1 by a
yringe pump. All the source parameters have been checked in flow in-
ection analysis with the same chromatographic conditions. Peak areas
or the selected ions were determined using AB-Sciex package Analyst
.4 and quantitation was performed by the internal standard method.
he selected transitions, together with the main LC–MS/MS parameters,
re reported in Table 1 . 
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Table 1 

Liquid Chromatography- tandem mass spectrometry parameters for the selected analytes and internal standards (Rt: retention 
time; Q1: precursor ion mass; DP: declustering potential; EP: entrance potential; Q3: product ion mass; CE: collision energy; CXP: 
cell exit potential). 

Analyte Time window Rt (min) Q1 (amu) DP (V) FP (V) EP (V) Q3 (amu) CE (V) CXP (V) 

Methoxyacetyl 
norfentanyl 

I 3.38 249.3 50 385 10 84.0 26 11 
105.8 34 17 

Acetyl norfentanyl I 3.46 219.3 52 385 9 84.0 27 10 
55.0 50 5 

Norfentanyl I 3.80 233.3 40 385 10 84.0 29 11 
56.0 40 6 

( ± )-trans-3-methyl 
Norfentanyl 

I 4.07 247.3 51 385 10 97.9 27 14 
68.9 42 8 

Remifentanyl II 5.05 377.3 30 400 9 112.9 40 18 
228.1 27 13 

Butyryl fentanyl carboxy 
metabolite 

II 5.62 381.8 60 385 11 105.2 55 10 
188.3 35 9 

Valeryl fentanyl carboxy 
metabolite 

II 5.83 395.3 80 385 12 188.4 36 8 
105.2 64 11 

𝛽-hydroxy Fentanyl II 6.01 353.3 53 400 10 204.2 31 10 
91.0 62 10 

Acetyl fentanyl II 6.23 323.4 70 385 10 105.2 50 15 
188.4 32 10 

Ocfentanil II 6.29 371.3 60 400 10 188.2 33 9 
105.2 60 14 

Alfentanyl II 6.70 417.4 43 385 10 268.4 25 13 
197.2 36 9 

Acrylfentanyl III 7.54 335.3 50 400 10 188.2 32 8 
105.2 51 14 

𝛼-methyl Thiofentanyl III 7.67 357.3 41 400 12 124.9 40 19 
96.8 74 11 

Fentanyl III 7.70 337.4 52 385 12 105.2 51 15 
188.2 32 9 

( ± )-cis-3-methyl 
Thiofentanyl 

III 8.10 357.3 45 400 11 208.2 34 12 
110.9 52 16 

4-ANPP III 8.18 281.3 45 385 10 105.2 43 14 
78.9 55 9 

Furanyl fentanyl IV 8.84 375.4 55 385 10 188.2 32 8 
105.2 55 15 

p-fluorofentanyl IV 8.96 355.3 52 400 9 105.2 58 12 
188.2 34 10 

𝛼-methyl Fentanyl IV 8.97 351.3 50 400 10 91.0 75 12 
202.3 31 10 

( ± )-cis-3-methyl 
Fentanyl 

IV 9.46 351.3 400 400 11 105.2 55 10 
202.2 34 8 

Despropionyl 
para-Fluorofentanyl 

IV 9.55 299.3 60 385 9 105.2 45 15 
188.3 26 9 

Butyryl fentanyl IV 9.94 351.4 77 385 12 188.2 33 10 
105.2 55 13 

Carfentanyl IV 10.03 395.3 66 385 11 335.4 25 16 
246.2 31 13 

Sufentanyl IV 10.94 387.3 31 400 9 238.2 29 12 
110.9 55 16 

Fentanyl-d 5 III 7.70 347.2 50 400 12 105.2 51 15 
Norfentanyl-d 5 I 3.80 238.3 31 400 10 84.0 30 12 
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.4. Validation 

The method was validated according to SWGTOX guidelines [30] ,
y considering the following parameters: selectivity, linearity, recovery,
recision, accuracy, matrix effect, limits of detection (LODs) and limits
f quantification (LOQs). Both calibration standards and quality control
amples (QC) were prepared in a pool of drug-free urine, using samples
btained from five different subjects. 

.4.1. Selectivity and carry-over 

Selectivity was tested by analyzing five different samples of blank
rine and verifying the absence of analyte signal. The possible interfer-
nce deriving from ISs was assessed by adding the ISs mixture to five
rine samples before extraction. 

Carry-over was evaluated by injecting blank samples before and after
he highest calibrator sample for five time and verifying the absence of
arget analyte signal in blank samples. 
3 
.4.2. Identification, linearity and dilution integrity 

For each compound, two product ions were selected; positive iden-
ification involved the detection of both fragments at a retention time
ithin 2% from that of a standard and with quantitative to qualitative

on ratio within 20%. Linearity was evaluated from LOQ to 50 ng ml − 1 

or parent fentalogs and from LOQ to 200 ng mL − 1 for metabolites; cal-
brator solutions were prepared at nine levels of concentration. Each
oint was analyzed five times. Analyte responses were normalized to in-
ernal standards and calibration was achieved by weighted linear least-
quares regression (weighting factor 1/x). The squared determination
oefficient ( R 

2 ) was used to roughly estimate linearity, while lack-of-fit
est was used to verify the appropriateness of the linear model (95%
ignificance level). 

Dilution integrity was assessed by spiking urine samples with
nalyte concentrations exceeding the linear range. These sam-
les were diluted with blank urine before analysis and pro-
essed as described above; three dilution factors, 5, 10 and 50
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ere tested and five determinations were performed for each
evel. 

.4.3. Limits of detection and quantification 

To evaluate LODs and LOQs, drug-free urine samples from five dif-
erent sources were spiked with a solution containing all the analytes at
ecreasing concentrations. All samples were processed and analyzed in
uplicate over three separate runs. The background signal was recorded
y analyzing a drug-free urine sample. LODs were established as the low-
st concentration of a drug that provided a signal to noise ratio (S/N)
qual or greater than 3 for the lower MRM transition and fulfiled the
dentification criteria. Limits of quantification (LOQs) were estimated
ikewise as the smallest concentration that gave a S/N ≥ 10. At LOQ,
n addition to the verification of the identification criteria, RSD% and
ccuracy were required to be within ± 20% ( n = 5). 

.4.4. Precision and accuracy 

Precision and accuracy were calculated by using QCs samples at
hree concentration levels, i.e. LOQ value, 10 and 50 ng mL − 1 . According
o SWGTOX, precision was calculated as the relative standard deviation
RSD% = SD/mean × 100). Intra-day precision (repeatability) was es-
imated for each analyte at each concentration, from the areas of five
ndependent QCs spiked before extraction; inter-day precision (repro-
ucibility) was studied by analyzing five QCs samples at each concen-
ration on five different days. Accuracy was calculated in terms of bias,
s the relative deviation (%) of the mean concentration ( n = 5), calcu-
ated by using a freshly prepared calibration curve, with respect to the
orresponding spiked concentration. RSD% and accuracy were accepted
t maximum values of 15% or 20% near LOQ. 

.4.5. Recovery and matrix effect 

Extraction recovery (R%) was determined at two different concentra-
ions, i.e. 5 and 50 ng mL − 1 . Ten urine samples, obtained from different
orkers and family in the laboratory, were used for each concentration

evels. Each matrix source was spiked with the appropriate amount of
tandard solutions and processed by PALME extraction, while an identi-
al number of blank samples were processed and spiked with the same
mount of standard solution after the extraction step. Recovery was cal-
ulated as the ratio of the mean peak area of the samples fortified be-
ore PALME (A) and the mean peak area of the samples fortified after
xtraction (B). R% = A/B × 100. To evaluate any potential interfering
ompounds included in the sample matrix, matrix effect (ME) was cal-
ulated for each analyte by comparing the mean peak areas in solvent
C) with the mean peak area in post extraction fortified samples. Ac-
ordingly, ME% = B/C × 100. Variability of matrix effect was evaluated
y calculating at each concentration the RSD% of the calculated ME%
alues. 

. Results and discussion 

.1. LC–MS/MS method development 

To obtain a satisfying separation of the analytes two columns with
ifferent retention mechanism were tested: Kinetex XB-C18 and Kinetex
5, both 100 × 2.1 mm (ID) and packed with 2.6 𝜇m core-shell particles.

The second column clearly demonstrated a better resolution of the
eaks and was selected for this reason. Different combinations of mobile
hases were then tested to obtain a suitable separation of the analytes
ainly focusing on the isobaric species (i.e. 𝛼-methyl fentanyl, cis-3-
ethyl fentanyl and butyryl fentanyl) for whom a baseline separation
as obtained ( Fig. 1 ). To achieve this result, the use of a binary organic
hase (methanol/acetonitrile) was found as a key variable. The neces-
ary peak resolution was obtained by using acetonitrile:methanol with a
atio 75:25 (v:v). On the other hand, as expected the addition of formic
cid improved both peak shape and intensity by favoring positive ion-
zation in ESI–MS. 
4 
For what concerns MS detection, two MRM transitions were opti-
ized for each analyte by individual infusion. Due to the high number

f analytes and taking into account the minimal settable dwell time for
he employed mass spectrometer, it was necessary to separate the run
n four acquisition windows; this expedient allowed to acquire at least
0 points per peak and was also beneficial in term of peak intensity. 

.2. Evaluation of PALME operational parameters 

Several parameters may influence the recoveries in PALME: the pH
f the acceptor and donor solutions, the eluent strength of the acceptor,
he ionic strength of the donor, the solvent used in the SLM, the extrac-
ion time and agitation speed rate, among others. All these parameters
ere thoroughly evaluated in order to achieve good recoveries for the

elected analytes. An univariate approach was used, for each tested con-
ition urine samples ( n = 3) were spiked at 5 ng mL − 1 and absolute re-
overy was calculated by comparing peaks area obtained by the analysis
f extracted urine with a reference sample at 50 ng mL − 1 in 0.1% formic
cid in water:methanol, 80:20 (v:v) 

Given the basicity of fentanyl and fentalogs (pka ranging from 7.5 for
emifentanil to 10.2 for trans-3-methyl Norfentanyl) a pH gradient from
asic to acidic pH was required to transfer the analytes from urine to the
onor solution above the SLM. Analytes in urine must be in their proto-
ated form so that a pH above the pKa value is essential. As expected,
he pH of the donor and acceptor solution were showed to be a central
arameter for a successful extraction. Basic pH was achieved by dilut-
ng urine 1:1 with a carbonate buffer 0.5 M (pH 11); the use of sodium
ydroxide 1 M was also attempted but remifentanil was not stable in
hese conditions. The addition of 0.2 g NaCl to the donor solution was
seful in order to increase both the recovery and the reproducibility of
he procedure, in fact ionic strength was shown to notably influence the
artition between donor solution and organic solvent immobilized in the
embrane as a consequence of salting out effect; given that urine may
ave a great variability due to the physiological nature of the sample,
he addition of a constant amount of salt was found to have a leveling
ffect. 

For what concern the acceptor, the acidic pH was achieved by adding
ormic acid at 0.1%, acceptor volume was set at 95 μL so that an en-
ichment factor of exactly 10 was obtained. Acceptor solution might be
otally aqueous, however the addition of small amount of water-soluble
rganic solvents could be beneficial to improve analyte partitioning to-
ards the acceptor phase. In this context, experiments with slight per-

entages of methanol (i.e. 10–20%) in the acceptor solution were carried
ut and a clear increase of the recoveries, especially for the last eluting
nalytes was obtained by increasing the methanol amount, so that 0.1%
ormic acid in water:methanol (80:20) was selected. Larger amounts of
ethanol were not tested in order to avoid partial solubility of the ac-

eptor solution with the organic solvent serving as SLM. 
Regarding the SLM, several solvents were tested. A suitable solvent

ust meet different requirements. First of all, it must have a good affin-
ty with the analytes, it must have a low volatility and be water immis-
ible. In addition, it was previously reported by Vardal et al. [27] that
he addition of trioctylamine 1% (TOA) in the selected organic solvent
ould be beneficial to avoid non-specific binding to the PVDF material.
he effect of TOA was confirmed in our experiments ( Fig. 2 ), however
or most analytes it was not as notable as reported in the cited study. 

As showed in Fig. 2 , recoveries obtained with 1-octanol were ex-
ellent for all fentalogs and significantly lower for the metabolites. In
rder to try increasing the recoveries for these last compounds, other
olvents were tested to impregnate the membrane, i.e. dodecylacetate
nd dihexyl eter. These solvents were selected as they were previously
eported to be suitable for PALME and to be effective for the extrac-
ion of several drugs [23] . The results are shown in Fig. 3 ; only a slight
ncrease of recoveries for parent compounds was obtained, while a sig-
ificant worsening was found for metabolites, which are clearly more
olar and have a lower partioning in the organic solvent, 1-octanol was
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Fig.1. Extracted ion currents for the selected analytes obtained from the analysis of a spiked urine sample at 5 ng/mL-1. 

Fig.2. Effect of trioctylamine (TOA) 1% on extraction recovery. 
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Fig.3. Recovery values obtained with different organic solvent into the porous membrane to form the SLM. 

Fig. 4. Recovery as a function of extraction time for five representative analytes. 
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nally selected for SLM formation. It must be observed that metabolites
re generally more concentrated than parent compounds in real sam-
les, so the lower recoveries were not deemed as a great issue and were
onsidered acceptable. 

Extraction time was finally investigated in fortified urine samples.
xtraction recoveries were evaluated at four time points, i.e. 30 min,
0 min, 90 min and 120 min ( n = 3). The results obtained are re-
orted in Fig. 4 for some representative analytes. In general, it appeared
hat most analytes had slow kinetics with no equilibrium established
ven after 120 min. Just a few analytes (i.e. alfentanil, remifentanil and
he metabolites) reached equilibrium after 90 min of extraction. Vardal
t al. [27] observed that kinetics was mainly related to log P , with po-
ar molecules having a slower kinetic, however a clear relationship be-
ween extraction kinetics and molecular properties was not established
n that study. In our experiments we observed an opposite trend with the
etabolites and the fentalogs with lower log P reaching an equilibrium

t 90 min. An extraction time of 120 min was finally selected, longer ex-
raction times were not tested to avoid further increase of analysis time,
onsidering that recoveries for most analytes were deemed satisfactory.
6 
.3. Validation 

The described method for the detection and quantification of 23 fen-
alogs and metabolites was validated according to SWGTOX guidelines
nd all the measured parameters were found within the imposed limits.

No significant signals of the selected analytes resulted from the anal-
sis of blank urine proving a good selectivity of the method; also, the
Ss did not show relevant signals for the corresponding non-deuterated
nalytes. 

LOQ ranged from 0.1 ng mL − 1 for most parent compounds to 5 ng
L − 1 for methoxyacetyl norfentanyl (Table 2). These values are gener-

lly in agreement with those reported in the literature, Busardò et al.
eported considerably lower limits with a top level mass spectrometer.
ccording to the concentrations normally reported in real cases metabo-

ites concentrations are tens to hundreds of times higher than parent
ompounds, so that higher LOQ for metabolites are not an issue. On the
ther hand the sensitivity obtained for fentanyl and fentalogs is gener-
lly satisfactory to detect real sample concentrations that were shown
o span from less than 1 ng mL − 1 for example for fentanyl to several
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undreds of ng mL − 1 for metabolites [18] . Lower concentrations were
eported for carfentanyl in a few cases [31] . The achievement of low lim-
ts of detection, such as those obtained in this study, is than particularly
mportant for these analytes, because of their potency and consequently
ow active concentrations. 

Because of the generally different concentration levels between par-
nt and metabolites investigated in this study, linearity was studied
n different ranges i.e. LOQ to 50 ng mL − 1 and LOQ to 200 ng mL − 1 

or metabolites. Heteroscedasticity was evaluated by using an F -test on
he lowest and highest calibration levels (95% significance level) and a
eighting factor equal to (1/x) was adopted for all analytes. Linearity of

he curves was confirmed using lack-of-fit and Mendel tests, satisfying
WGTOX guidelines criteria. 

In the presence of samples exceeding the upper limit of quantifica-
ion (ULOQ), which is represented by the highest calibrator value, di-
ution would be required. Dilution integrity was assessed by preparing
rine samples spiked at 1000, 2000 and 10,000 ng mL − 1 (5 samples for
ach concentration) and diluted 1:5, 1:10 and 1:50, respectively; accu-
acy and precision was within 15% for all the analytes in the fifteen
amples. 

Precision and accuracy values calculated at LOQ, medium and high
oncentrations are listed in Table 2, and always fall within the estab-
ished limits (15%). Recoveries and matrix effects, calculated at two
oncentration values are shown in the same table. Recoveries are among
 and 70%, even if they are quite low for metabolites, they are repro-
ucible. Matrix effect is not significant for all the tested analytes; even if
rine is a relatively simple matrix it must take into account that the sam-
le was enriched up to 10 times, so the results nicely show that PALME
s a selective extraction technique. This is mainly due to the three-phase
ystem which includes several extraction stages, i.e. liquid liquid parti-
ioning between the sample and the organic solvent, a physical barrier
egulated by the pore size of the membrane and the pH gradient which
nly consent to extract basic analytes. 

Autosampler stability of processed samples was confirmed by ana-
yzing the extracts at t = 0, 2, 6, 24 h and 48 h. Specific studies of short
nd long term stability were not carried out since fentanyls were previ-
usly shown to be stable in urine at -20 °C for at least 2 months, only
emifentanil was found to be unstable at higher temperatures [12] . For
his reason it is recommended to maintain urine samples at -20 °C if not
mmediately analyzed . 

. Conclusions 

In this paper we described the development of a new method for
he quantitative analysis of fentanyl, 23 analogues and metabolites in
rine by PALME extraction and LC–MS/MS analysis. A particular fo-
us was dedicated to the extraction procedure, which was showed to
e suitable for the pre-treatment of urine before instrumental analysis,
specially when the target analytes may be in low concentration. Urine
s a matrix normally available in considerable volume, so a high en-
ichment may be achieved, as shown in this study. Very often, sample
reparation is neglected for urine samples and a simple dilution may be
nvolved, however such strategy is not adequate when sensitivity may
e an issue. Fentanyl and its analogues are analytes that are gaining
lose attention in the forensic laboratories and, due to their potency,
ensitive analytical methods are required for their detection in biolog-
cal samples, being their circulating concentration generally low. The
se of the latest mass spectrometers may be an option for low concen-
rations detection, however high sensitivity may be achieved even with
ntry level instruments as long as sample enrichment is obtained during
retreatment. The achieved limits of quantification make the presented
ethod suitable for application in forensic laboratories. A limitation of

ur study was that no samples from drug users were analyzed, however
aking into account the literature data about the expected concentra-
ions in human urine, we expect that the developed method would be
uitable for fentanyls detection and quantification in real samples 
7 
In our opinion, PALME has a high potential in forensic toxicology,
eing a green, low cost and high-throughput technique, several drugs of
buse show basic properties and are then prone to be extracted by this
echnique. The workflow involved is very convenient on a laboratory
cale considering that 96 samples can be processed simultaneously in
 couple of hours with reduced manual processes; following the extrac-
ion, the acceptor plate can be rapidly transferred to a suitable plate and
irectly loaded into the autosampler. 
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