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TECHNICAL NOTE

TOXICOLOGY

Marieke De Boeck ,1 M.Sc.; Wim Dehaen,2 Ph.D.; Jan Tytgat,1 Ph.D.; and Eva Cuypers ,1 Ph.D.

Ionic Liquid-Based Liquid–Liquid
Microextraction for Benzodiazepine Analysis in
Postmortem Blood Samples*

ABSTRACT: Sample preparation is rapidly improving to fulfill the need for faster and more environmentally friendly alternatives. In this
respect, ionic liquid-based dispersive liquid–liquid microextraction (IL-DLLME) is an interesting technique. However, it has not yet been evalu-
ated for the analysis of postmortem samples, which are frequently analyzed in forensic toxicology. This study investigates the applicability of
IL-DLLME coupled to liquid chromatography—tandem mass spectrometry (LC-MS/MS), for the analysis of benzodiazepines in postmortem
blood of 11 forensic cases. The method was compared with a validated solid-phase extraction (SPE) method. Bland–Altman analysis was per-
formed on 24 benzodiazepine measurements. Both methods gave comparable results, except for flurazepam and temazepam (>55% difference).
A feasible explanation is high postmortem matrix variability that was not considered during IL-DLLME validation experiments. Another issue
could be the use of a single nondeuterated SPE internal standard. Overall, IL-DLLME has proven its usability for the analysis of postmortem
blood.

KEYWORDS: forensic science, forensic toxicology, ionic liquid-based liquid–liquid microextraction, postmortem cases, Bland–Altman,
LC-MS/MS

Presently, a thorough sample clean-up step is still indispens-
able in quantitative bioanalysis. Matrix components should be
eliminated, to avoid ion suppression that can lead to quantitation
errors, and improve the robustness of a method. In addition,
analyte enrichment is desired to enhance sensitivity and enable
detection of low-dose drugs (1,2). Analytical instruments are
becoming more efficient over time and sample preparation
should keep up pace. Therefore, the constant need for fast and
simple sample preparation techniques should be investigated.
Two established techniques are solid-phase extraction (SPE) and
liquid–liquid extraction (LLE). The first is frequently used as a
result of thorough matrix elimination and high recoveries. How-
ever, lengthy, complex procedures and column blockage are
problematic. LLE offers a more user-friendly alternative. LLE
protocols used to consume large solvent volumes, however, the
current microextraction method seems to alleviate this issue
(1,3–5). This trend focuses on the use of only small volumes of
extraction solvent (lL range), resulting in high concentration
factors and more environmentally friendly procedures (1,4,5).

Several liquid–liquid microextraction procedures have been
developed, among which dispersive liquid–liquid microextrac-
tions (DLLMEs) are an alternative choice, due to their fast, sim-
ple, and inexpensive protocols (4–6). DLLME was introduced in
2006 (7) and has been well integrated into current sample prepa-
ration methods. The technique consists in adding a small volume
of organic extraction solvent to the aqueous sample. The organic
solvent is dispersed into the aqueous phase by means of a dis-
perser solvent. From an environmental perspective, the use of a
ternary solvent system to obtain a dispersion is not desirable.
Alternative dispersion techniques have been reported that focus
on physical agitation, such as vortex-assisted and ultrasound-
assisted approaches (1,4,5,8).
Another trend in sample preparation is the search for novel

extraction solvents, as conventional volatile organic solvents are
not considered safe or environmentally sound, due to their flam-
mable and volatile nature. The potential of deep eutectic solvents
and ionic liquids (ILs) has been investigated as favorable alterna-
tives (9–11). ILs have received notable attention from different
research fields (electrochemistry, organic catalysis, analytical
chemistry, etc [12,13]), as a result of their low vapor pressures
at room temperature, good thermal and chemical stability, and
good solubility for a wide variety of compounds. ILs are also
named “liquid salts,” as they are ionic compounds that occur in
the liquid state below 100°C. As anions and cations can easily
be exchanged and chemically altered, ILs can be modified into
task-specific solvents, which is possibly their most useful advan-
tage (10–12,14,15).
ILs have been applied as extraction solvents in DLLME proto-

cols, in a technique called ionic liquid-based dispersive liquid–
liquid microextraction (IL-DLLME). The sample preparation
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method has been reported for the extraction of metal ions and
small molecules from diverse sample matrices, such as water or
even more complex biological samples (6,8,11). Despite the
potential of ILs as promising solvents, research on their applica-
bility for the extraction of complex matrices in the field of foren-
sic toxicology is still scarce. Especially research on postmortem
matrices is important, as high variability in composition may
have a significant influence on extraction yields, matrix effects
and thus quantification (16).
Recently, De Boeck et al. validated an IL-DLLME procedure,

coupled to liquid chromatography—tandem mass spectrometry
(LC-MS/MS) for the quantification of benzodiazepines (BZDs)
and BZD-like hypnotics in blood (17). A toxicological relevant
class of drugs was studied, as BZDs and BZD-like hypnotics are
still frequently used and abused (18). From a forensic perspective,
it is useful to evaluate whether the validated IL-DLLME method
can be applied for analysis of postmortem blood samples.
The aim of this study was to investigate the applicability of a

validated IL-DLLME-LC-MS/MS method (17) for the identifica-
tion and quantification of BZDs in 11 relevant postmortem blood
samples. Method comparison was performed, using SPE-LC-
MS/MS (19) as a reference method.

Materials and Methods

Chemicals and Reagents

Analytical reference standards of deuterated BZDs were pur-
chased as methanolic solutions from Cerilliant (Round Rock,
Texas, U.S.A.): 7-aminoflunitrazepam.d7 (1 mg/mL), alprazo-
lam.d5 (1 mg/mL), chlordiazepoxide.d5 (0.1 mg/mL), clon-
azepam.d4 (1 mg/mL), diazepam.d5 (1 mg/mL),
flunitrazepam.d7 (0.1 mg/mL), lorazepam.d4 (1 mg/mL), mida-
zolam.d4 (0.1 mg/mL), nitrazepam.d5 (0.1 mg/mL), nor-
diazepam.d5 (1 mg/mL), oxazepam.d5 (1 mg/mL), prazepam.d5
(0.1 mg/mL), temazepam.d5 (1 mg/mL), triazolam.d4 (0.1 mg/
mL), and zolpidem.d7 (0.1 mg/mL). Estazolam.d5 (0.0999 mg/
mL) was obtained from LGC (Molsheim, France). A methanolic
standard stock solution, containing all 16 deuterated analogs,
was prepared at a final concentration of 5 lg/mL. This stock
solution was used as internal standard (ISTD) in IL-DLLME
procedures. N-methylclonazepam was obtained from Roche
(Brussels, Belgium) and diluted to 600 ng/mL in methanol. This
solution was used as ISTD in SPE procedures. All standard solu-
tions were stored at �20°C. The IL, 1-butyl-3-methylimidazo-
lium hexafluorophosphate (BMIm PF6) (99.5%) was purchased
from IOLITEC Ionic Liquids Technologies GmbH (Heilbronn,
Germany). Solvents and mobile phase additives were LC-MS
grade quality. Methanol was obtained from Biosolve (Valkens-
waard, The Netherlands). Ammonium hydroxide and ammonium
bicarbonate were purchased from Sigma-Aldrich (Bornem, Bel-
gium). Water was purified using a Milli-Q water purification
system (Millipore, Brussels, Belgium). Aqueous buffers pH 8.0
and pH 9.0 were prepared by adjusting a 10 mM ammonium
bicarbonate solution in Milli-Q water to, respectively, pH 8.0
and pH 9.0 with ammonium hydroxide.

Biosamples

Real case postmortem blood samples were collected from the
femoral vein during autopsies by Forensic Medicine (University
Hospital of Leuven, Belgium) and were analyzed by Toxicology
and Pharmacology (KU Leuven, Belgium) as part of an ongoing

judicial inquiry in 2016–2017. Based on prior analysis, positive
BZD cases were selected. In total, 11 positive postmortem blood
samples were evaluated in this study, as is shown in Table S1.
Use of postmortem blood samples in this study was approved by
the Committee for Medical Ethics UZ Leuven. Postmortem
blood samples were stored at �20°C.
Medidrug� benzodiazepine Quality Control (QC) serum sam-

ples were purchased from MEDICHEM (Steinenbronn,
Germany) at three concentration levels: L1, L2, and L3. The lyo-
philized controls were dissolved in MilliQ water at the day of
analysis, as described in the user guidelines.

IL-DLLME-LC-MS/MS Method

The used IL-DLLME-LC-MS/MS method was previously
described by De Boeck et al. (17) In summary, 1 mL blood was
extracted using 60 lL of IL (BMIm PF6) by means of a 5 min
rotary mixing step. The collected IL extract was diluted in MeOH
and injected into the LC-MS/MS instrument. It should be noted
that for complex blood samples, it was necessary to first remove
the upper blood layer prior to IL collection, to avoid matrix
contamination. Separation of compounds was obtained on a
Kinetex� Biphenyl column (100 mm 9 2.1 mm, 2.6 lm) (Phe-
nomenex, Utrecht, The Netherlands). A gradient elution was per-
formed with mobile phase solvents (A) aqueous buffer pH 8.0
and (B) methanol: 0–9 min: 20–90% B; 9–11 min: 90% B; 11–
12 min: 90–20% B; 12–14 min: 20% B. The triple quadrupole
MS was operated using positive electrospray ionization, in sched-
uled multiple reaction monitoring (sMRM) mode. Medidrug�

benzodiazepine QC serum samples (L1, L2, and L3) were ana-
lyzed at the beginning of the analytical run and checked for their
appliance with acceptance criteria, stated in the certificate of anal-
ysis. More details on sample preparation, LC-MS/MS settings,
data acquisition/processing, and construction of calibration curves
were described by De Boeck et al. (17).

SPE-LC-MS/MS Method

The used SPE-LC-MS/MS method was previously described
by Verplaetse et al. (19) In summary, 0.5 mL blood was
extracted using mixed-mode SPE cartridges: Bond Elut Plexa
PCX, 60 mg, 3 mL (Varian, Sint-Katelijne-Waver, Belgium).
Cartridges were eluted in two steps: 3 9 1 mL acetone–chloro-
form (1:1) and 3 9 1 mL 2% ammoniated ethyl acetate. Next,
the evaporated and reconstituted extract was injected into the
LC-MS/MS instrument. Separation was obtained on an Acquity
C18 column (50 9 2.1 mm, 1.7 lm) (Waters, Zellik, Belgium).
A gradient elution was performed with mobile phase solvents
(A) aqueous buffer pH 9.0 and (B) methanol: 0–10 min: 25–
90% B; 10–11 min: 90% B; 11–11.5 min: 90–25% B; 11.5–
13 min: 25% B. More details on sample preparation, LC-MS/
MS settings, data acquisition/processing, and construction of cal-
ibration curves were described by Verplaetse et al. (19).

Method Comparison

Eleven BZD postmortem cases were selected (Table S1). Post-
mortem blood was analyzed using IL-DLLME-LC-MS/MS (17)
and SPE-LC-MS/MS (19) on the same day. Each sample was
analyzed a single time, as only small sample volumes were
available for this study. Both methods were compared for the
identification and quantification of BZDs and BZD-like hyp-
notics. Qualitative comparison was performed based on the
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identification of BZDs. Quantitative comparison was performed
using Bland–Altman analysis. The inherent imprecision of both
methods (CVMethod) was used to calculate acceptance limits on
the observed differences (20):

0 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CVMethod SPEð Þ2 þ CVMethod IL�DLLMEð Þ2

q
� 1:96 � mean

Both SPE and IL-DLLME methods complied with bioanalyti-
cal validation guidelines (21,22). Therefore, inherent imprecision

for both methods was set at 15% and 20% (near LOQ). The fol-
lowing acceptance criteria were obtained for Bland–Altman
analysis (20):
LOW concentrations: 0 � 0.416 � mean
MED/HIGH concentrations: 0 � 0.554 � mean
The Bland–Altman analysis was graphically presented as a dif-

ference plot; % difference as a function of average concentration.
% Difference was calculated as (100*(A – B)/average), where A
and B are, respectively, concentrations determined using IL-
DLLME-LC-MS/MS (17) and SPE-LC-MS/MS (19).

TABLE 1––IL-DLLME and SPE analysis results of 11 forensic postmortem whole blood cases.

Benzodiazepine
(-like hypnotic)

IL-DLLME
Conc.
(ng/mL)

IL-DLLME
Clinical

Interpretation

SPE
Conc.
(ng/mL)

SPE
Clinical

Interpretation

Case 1 Lorazepam 5 <Ther 8 <Ther
Lormetazepam 35 >Ther 40 >Ther
Nordiazepam 756 Ther 429 Ther
Oxazepam 67 <Ther 105 <Ther
Prazepam <50 (LOQ) <Ther 18 <Ther

Case 2 Alprazolam 18 Ther 15 Ther
Diazepam <50 (LOQ) <Ther 20 <Ther
Lorazepam 4 <Ther <2 (LOQ) <Ther
Lormetazepam <0.19 (LOD) <Ther <2 (LOQ) <Ther
Nordiazepam 2166 Tox 1318 >Ther
Oxazepam 214 Ther 220 Ther
Temazepam <10 (LOQ) <Ther 3 <Ther

Case 3 Ethyl loflazepate <10 (LOQ) ? 8 ?
Flurazepam 117 >Ther 369 Tox
Lorazepam <2 (LOQ) <Ther <2 (LOQ) <Ther
Lormetazepam 20 Ther 26 Ther
Tetrazepam NIM x 6 <Ther

Case 4 Diazepam 362 Ther 287 Ther
Lorazepam 41 Ther 89 Ther
Lormetazepam 5 Ther 6 Ther
Nordiazepam 288 Ther 337 Ther
Oxazepam <50 (LOQ) <Ther 24 <Ther
Temazepam 43 Ther 77 Ther

Case 5 Diazepam <50 (LOQ) <Ther 13 <Ther
Nordiazepam <10 (LOQ) <Ther 9 <Ther
Temazepam <10 (LOQ) <Ther <2 (LOQ) <Ther

Case 6 Zolpidem 14 <Ther NIQM x
Case 7 Flurazepam <2 (LOQ) <Ther 2 <Ther

Zopiclone 3 <Ther NIQM x
Case 8 Diazepam 347 Ther 261 Ther

Lorazepam 282 >Ther 425 Tox
Nitrazepam <10 (LOQ) <Ther 2 <Ther
Nordiazepam 334 Ther 411 Ther
Oxazepam <50 (LOQ) <Ther 60 <Ther
Temazepam 54 Ther 50 Ther

Case 9 Bromazepam <10 (LOQ) <Ther 2 <Ther
Flurazepam 3 <Ther 7 <Ther
Lorazepam 29 Ther 47 Ther

Case 10 Alprazolam 3 <Ther 2 <Ther
Clonazepam <2 (LOQ) <Ther < 2 (LOQ) <Ther
Diazepam <50 (LOQ) <Ther < 2 (LOQ) <Ther
Lorazepam 77 Ther 106 Ther
Nordiazepam <10 (LOQ) <Ther < 2 (LOQ) <Ther
Oxazepam <50 (LOQ) <Ther 21 <Ther
Zolpidem 203 >Ther NIQM x
Tetrazepam NIM x 8 <Ther

Case 11 Alprazolam <2 (LOQ) <Ther < 2 (LOQ) <Ther
Lorazepam <2 (LOQ) <Ther 2 <Ther
Lormetazepam 8 Ther 7 Ther
Nordiazepam 1051 >Ther 353 Ther
Oxazepam <50 (LOQ) <Ther 17 <Ther

IL-DLLME-LC-MS/MS method: De Boeck et al. (17); SPE-LC-MS/MS method: Verplaetse et al. (19); <LOQ: detected, but not quantified, as lower than
limit of quantification; <LOD: not detected, as lower than limit of detection; NIM: compound not included in method; NIQM: compound not included in quanti-
tative method; x: no clinical interpretation was possible, since no concentrations were determined. Clinical interpretations were determined according to Regen-
thal et al. (24); ?: no information was found in literature regarding plasma concentrations and clinical interpretation.
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Results and Discussion

Of 11 analyzed postmortem samples, 51 BZDs and BZD-like
hypnotics were observed using the SPE-LC-MS/MS method.
IL-DLLME-LC-MS/MS was able to detect 48 of 51 BZDs.
Moreover, lormetazepam concentration (case 2) was below the
limit of detection and was not detected using IL-DLLME-LC-
MS/MS. However, it should be noted that the observed concen-
tration was subtherapeutic and of limited forensic relevance. Fur-
thermore, tetrazepam was not detected (case 3 and 10), as it was
not included in the IL-DLLME method, due to its suspension
from the European market in 2013 (23). Overall, qualitatively,
both methods gave comparable results. Table 1 shows all 51
BZD observations: alprazolam (n = 3), bromazepam (n = 1)
clonazepam (n = 1), diazepam (n = 5), ethyl loflazepate (n = 1),
flurazepam (n = 3), lorazepam (n = 8), lormetazepam (n = 5),
nordiazepam (n = 7), nitrazepam (n = 1), oxazepam (n = 6),
prazepam (n = 1), temazepam (n = 4), tetrazepam (n = 2), zolpi-
dem (n = 2), and zopiclone (n = 1).
Twenty-four of 51 BZD observations were quantified, as they

were within calibration ranges of both methods. Figure 1 shows
the associated difference plot. The following outliers were
detected: flurazepam (case 3 and 9), lorazepam (case 4 and 9),
nordiazepam (case 1,2 and 11), and temazepam (case 4). Loraze-
pam and nordiazepam were only included in the semiquantitative
method due to deviations during IL-DLLME validation experi-
ments (17), which is a possible explanation for the observed dif-
ferences compared to SPE-LC-MS/MS. However, flurazepam
and temazepam also showed deviating values, despite acceptable
validation data for both methods. Deviating results can be
explained by the absence of postmortem samples in IL-DLLME-
LC-MS/MS matrix effect validation experiments. In this case, it
is difficult to predict how postmortem matrix composition will
affect quantification, especially when high variability in sample
composition is expected, owing to chemical and biological
degradation processes (16). Another explanation for the deviat-
ing flurazepam and temazepam results could be the choice of the
ISTD. Selecting an appropriate ISTD should ideally compensate
for matrix effects associated with different types of analyzed

samples. However, in the SPE-LC-MS/MS method, only one
nondeuterated ISTD was chosen to correct for a large group of
compounds. This may indicate that complex samples (such as
case 3 and 4) can have a significant impact on BZD quantifica-
tion. Especially in case of flurazepam, the choice of ISTD can
be a potential issue, as flurazepam and ISTD have a 2.5 min
retention difference. The IL-DLLME-LC-MS/MS method uses
16 deuterated analogs, which should be more effective in com-
pensating matrix effects.
Once more, these findings proof that caution is needed when

analyzing postmortem samples. Additionally, it seems valuable
to include complex postmortem samples during linearity and
matrix effect validation experiments. Furthermore, it should be
noted that the SPE method was unable to quantify zolpidem and
zopiclone concentrations as they were excluded from the quanti-
tative method. This was attributed to the inability of the ISTD to
compensate for high SPE sample preparation variability (19).

Conclusion

A validated IL-DLLME-LC-MS/MS method (17) for the
quantification of BZDs and BZD-like hypnotics was evaluated
for its applicability in forensic toxicology, moreover, for the
analysis of 11 relevant postmortem blood samples. The IL-
DLLME-LC-MS/MS method was cross-compared to a validated
SPE-LC-MS/MS method (19) via Bland–Altman analysis. In
total, 51 BZDs and BZD-like hypnotics were detected. Both
methods gave comparable qualitative results. Quantitative results
also showed a high level of agreement for both methods, except
for flurazepam (case 3 and 9), lorazepam (case 4 and 9), nor-
diazepam (case 1, 2 and 11), and temazepam (case 4). Loraze-
pam and nordiazepam were not included in the full-quantitative
IL-DLLME method. Based on flurazepam and temazepam devia-
tions, it can be concluded that care should be taken when com-
plex biological matrices are analyzed. Several biomolecules such
as lipids, proteins, and sugars can alter matrix effects and thus
influence quantification. Especially, the assessment of post-
mortem samples can be very challenging, as several degradation
mechanisms are involved. The inclusion of postmortem samples

FIG. 1––Bland–Altman analysis of benzodiazepine measurements in 11 postmortem blood samples. % Difference was calculated as (100*(A – B)/average),
where A and B are, respectively, concentrations determined using IL-DLLME-LC-MS/MS (17) and SPE-LC-MS/MS (19). Horizontal dotted lines indicate accep-
tance limits for LOW and MED/HIGH concentration samples. Deviating observations are indicated in red. In between brackets, case numbers are indicated.
FLU: flurazepam LOR: lorazepam; NORD: nordiazepam; TEM: temazepam. [Color figure can be viewed at wileyonlinelibrary.com]
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during validation should be advised for forensic analytical meth-
ods. Furthermore, appropriate deuterated ISTDs should be
selected to compensate for possible matrix effects. Overall, it
can be concluded that the published IL-DLLME method has
shown promise for its application in forensic toxicology. It
should be noted that this is the first paper that focusses on post-
mortem blood samples, using the IL-based liquid–liquid
microextraction technique.
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