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Raúl González-Martín a,b,1, Sirintorn Jullakan a,c,1, María J. Trujillo-Rodríguez a,b,*, 
Nabeel Mujtaba Abbasi d, Shashini De Silva d, Jared L. Anderson d,**, Verónica Pino a,b,e 

a Laboratorio de Materiales para Análisis Químico (MAT4LL), Departamento de Química, Unidad Departmental de Química Analítica, Universidad de La Laguna (ULL), 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

" New generation of bimetallic magnetic 
ionic liquids for liquid microextraction. 

" Bimetallic magnetic ionic liquids possess 
ultra-low viscosity. 

" Microextraction method does not 
require dispersive solvents or back- 
extraction. 

" Magnetic-based extraction method can 
be directly coupled to HPLC. 

" Microextraction method successfully 
performed in complex urine samples.  
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A B S T R A C T   

Background: The incorporation of bimetallic magnetic ionic liquids (MILs) in microextraction methods is an 
emerging trend due to the improved magnetic susceptibility offered by these solvents, which relies on the 
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Dispersive liquid-liquid microextraction 
Liquid chromatography 
Monohydroxylated polycyclic aromatic 
hydrocarbons 
Urine 
Magnetic separation 

presence of metallic components in both the cation and the anion. This feature favors easy magnetic separation of 
these solvents in analytical sample preparation strategies. However, reported liquid-phase microextraction 
methods based on bimetallic MILs still present an important drawback in that the MILs are highly viscous, 
making a dispersive solvent during the microextraction procedure necessary, while also requiring a tedious back- 
extraction step prior to the chromatographic analysis. 
Results: We propose for the 昀椀rst time a new generation of ultra-low viscosity bimetallic MILs composed of two 
paramagnetic Mn(II) complexes characterized by their easy usage in dispersive liquid-liquid microextraction 
(DLLME). The approach does not require dispersive solvent and the MIL-DLLME setup was directly combined 
with high-performance liquid chromatography (HPLC) and 昀氀uorescence detection (FD), without any back- 
extraction step. The approach was evaluated for the determination of 昀椀ve monohydroxylated polycyclic aro-
matic hydrocarbons, as carcinogenic biomarkers, in human urine. Optimum conditions of the MIL-DLLME 
method included the use of a low MIL volume (75 μL), a short extraction time (5 min), and no need of any 
dispersive solvent neither NaCl. The method presented limits of detection down to 7.50 ng L−1, enrichment 
factors higher than 17, and provided inter-day relative standard deviation lower than 11%. Analysis of urine 
samples was successfully performed, with biomarker content found at levels between 0.24 and 7.8 ng mL−1. 
Signi昀椀cance: This study represents the 昀椀rst liquid-phase microextraction method using the new generation of low- 
viscous bimetallic MILs. The proposed MIL-DLLME approach represents 2 important advances with respect to 
previous methods employing bimetallic MILs: 1) no dispersive solvent is required, and 2) direct injection of the 
MIL in the HPLC is possible after minor dilution (no back extraction steps are required). Therefore, the micro-
extraction strategy is simple, rapid, and consumes very small amounts of energy.   

1. Introduction 

Magnetic ionic liquids (MILs) are designer materials derived from 
ionic liquids (ILs) that exhibit paramagnetic behavior [1]. These sol-
vents possess typical IL chemical structures and are composed entirely of 
ions while also incorporating paramagnetic components in the anion [2, 
3], the cation [4,5], or both components [6,7]. The paramagnetic 
component can be a metal ion [8], a metal complex [9], and even a 
radical moiety [10]. 

MILs also have in common many of the physico-chemical properties 
of ILs, including negligible vapor pressure at room temperature, the 
ability to interact with a wide variety of compounds (e.g., ions, non- 
ionic compounds, and biomolecules), and adequate chemical and ther-
mal stability [11]. In this regard, MILs are considered as tunable mate-
rials due to the immense combinations of ions able to generate materials 
with different properties. Additionally, their intrinsic magnetic behavior 
can be exploited in order to control or modulate the motion of the ma-
terial at a macroscopic scale [12] and can also be used to enhance 
permeability to facilitate the trapping of gas molecules [13]. As a result 
of this ability to “react” to external magnetic 昀椀elds, MILs can be included 
within the group of magneto-responsive and smart materials [14]. 

With respect to current trends in the design of MILs, recent efforts 
have been focused on the development of bimagnetic MILs [6,7]. These 
MILs consist of paramagnetic components in both the anion and the 
cation, providing signi昀椀cant enhancement in their overall magnetic 
susceptibility. Two types of bimagnetic MILs have been described until 
now [6,15]. The 昀椀rst group includes MILs with a radical-based cation 
combined with a metal-based anion [6] while the second group com-
bines two different metal ions [7,15–18]. Bimetallic MILs are composed 
by anions consisting of metal ions coordinated with the hexa-
昀氀uoroacetylacetonate (hfacac) ligand combined with different 
metal-based cations and provide magnetic susceptibilities around four 
times higher than analogous MILs possessing a single metal ion. 
Furthermore, they can be designed to have low solubility in water [15]. 

Given the aforementioned properties, applications of MILs in 
analytical microextraction strategies have enabled their use in many 
different types of sample matrices and coupled with various downstream 
detection modalities [19]. Among all approaches involving MILs, 
dispersive liquid-liquid microextraction (DLLME) is the most often 
employed technique [19], mostly due to its overall simplicity and ability 
to achieve high analyte extraction ef昀椀ciency. 

Most of the MILs that have been employed in DLLME are based on 
single paramagnetic components [19]. Despite the improved magnetic 
susceptibility offered by bimagnetic MILs, to the best of our knowledge 

only two studies have reported the use of these MILs in DLLME [16,17]. 
In both cases, the MIL cation was based on a metallic complex with the 
N,N-dimethyl biguanide ligand with the anion featuring the hfacac 
ligand coordinated with either Co(II) [16] or Mn(II) [17]. The two 
DLLME methods clearly bene昀椀t from the higher magnetic susceptibility 
of bimetallic MILs, but also required the use of a dispersive organic 
solvent in the DLLME procedure given the viscosity of the MIL. The 
methods needed a back-extraction step to re-extract the analytes from 
the MIL prior to HPLC analysis making additional vortex and centrifu-
gation steps a necessity, resulting in tedious, lengthy, and 
solvent-consuming procedures. 

This study is the 昀椀rst report describing the use of a MIL from a new 
generation of ultra-low viscosity bimetallic MILs in a DLLME method 
that is directly coupled with HPLC. The MIL possessed a viscosity of 63 
cP, clearly lower than the typical values of previous bimetallic MILs, that 
ranged between 9210 and 28310 cP [7]. The bimetallic MIL in-
corporates two Mn(II)-based complexes with different ligands, namely, 
the hexyl-substituted diglycolic acid ester (DGE) ligand in the cation, 
and the hfacac in the anion ([Mn(C6-DGE)6][Mn(hfacac)3]2) [18]. The 
ultra-low viscosity of the MIL allows it to be easily dispersed during 
DLLME without requiring any dispersive solvent, and clearly favors its 
direct compatibility with HPLC. The developed method performs suc-
cessfully in human urine samples for the determination of mono-
hydroxylated polycyclic aromatic hydrocarbons (OH-PAHs) as 
carcinogenic biomarkers, also constituting the 昀椀rst application of a 
bimetallic MIL for the analysis of complex biological samples. 

2. Experimental 

2.1. Chemicals, solutions, reagents, and materials 

The reagents and the procedure for the preparation the MIL are 
detailed in Procedure S1 of the Electronic Supplementary Material 
(ESM). The target analytes were 昀椀ve monohydroxylated polycyclic ar-
omatic hydrocarbons (OH-PAHs), acquired from Dr. Ehrenstorfer GmbH 
(Augsburg, Germany). Among them, 2-hydroxynaphthalene (2OHnap, 
99.9%), 2-hydroxy昀氀uorene (2OH昀氀u, 98%), and 9-hydroxyphenanthrene 
(9OHphe, 99.9%) were purchased as solid standards, while 2-hydroxy-
phenanthrene (2OHphe) and 1-hydroxypyrene (1OHpy) were supplied 
as standard solutions of 10 mg L−1 in acetonitrile (ACN). The chemical 
structures and several physicochemical properties of the OH-PAHs are 
included in Table S1 of the ESM. Individual standard solutions were 
prepared in ACN (LC-MS grade Chromasolv™, supplied by Honeywell 
Riedel-de Haën™, Seelze, Germany) at concentrations of 1050 mg L−1, 
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1020 mg L−1, and 1190 mg L−1, for 2OHnap, 2OH昀氀u, and 9OHphe, 
respectively. Intermediate standard solutions were prepared by mixing 
the target OH-PAHs in ACN at 1 mg L−1 for 2OH昀氀u, 2OHphe, and 
1OHpy, and at 2 mg L−1 for 2OHnap and 9OHphe. Daily working 
standard solutions were prepared in ultrapure water or diluted urine 
from these intermediate standard solutions. All standard solutions were 
stored in a refrigerator at 4 çC and protected from light. 

Hydrochloric acid (37%, w/w) was purchased from Honeywell 
Riedel-de Haën™. Formic acid (98% w/w) and sodium hydroxide (98%) 
were obtained from Sigma-Aldrich (Steinheim, Germany). Ultrapure 
water with resistivity of 18.2 MΩ cm was obtained with a Milli-Q water 
puri昀椀cation system (Watford, United Kingdom). Millipore 昀椀lters of 0.22 
μm were used to 昀椀lter ACN and ultrapure water for the preparation of 
the HPLC mobile phase. 

Arti昀椀cial urine was prepared by dissolving the following compounds 
in 100 mL of ultrapure water: CaCl2⋅2H2O (0.065 g), MgCl2⋅6H2O 
(0.065 g), NaCl (0.46 g), Na2SO4 (0.23 g), Na3C6H8O7⋅2H2O (0.065 g), 
Na2C2O4 (0.0020 g), KH2PO4 (0.42 g), KCl (0.16 g), creatinine (0.11 g) 
and urea (2.5 g). All of these compounds were purchased from Sigma- 
Aldrich with purities higher than 99%. 

Glass centrifuge tubes of 15 mL (9.5 cm L × 2 cm O.D.) from Pyrex® 
(Staffordshire, United Kingdom), Eppendorf microtubes of 1.5 mL 
(Nümbrecht, Germany), and a 100 μL Hamilton syringe (Reno, Nevada, 
USA), were employed in the microextraction procedure. The magnetic 
separation was accomplished using rod NdFeB magnets (0.5 cm D ×
0.25 cm thick, B = 1.32–1.37 T), which were purchased from Super-
magnete (Gottmadingen, Germany). 

2.2. Instrumentation and equipment 

Characterization of the organic ligands comprising the MIL was 
carried out with 400 and 600 MHz nuclear magnetic resonance (NMR) 
spectrometers from Bruker (Billerica, MA, USA). A Thermo Scienti昀椀c 
FlashSmart 2000 CHNS/O Combustion Elemental Analyzer (Waltham, 
MA, USA) was used for elemental analysis. Viscosity measurements were 
performed with a Brook昀椀eld DV1 cone and plate viscometer with a CPA- 
51Z cone spindle. A magnetic susceptibility balance (MSB, Sherwood 
Scienti昀椀c, Cambridge, UK), and a Quantum Design Superconducting 
Quantum Interference Device (Squid) magnetometer (Mpms XL-7), were 
required for studying the magnetic properties of the MIL. Thermogra-
vimetric analysis (TGA) was performed using a Netzsch Sta 449 F1 
Jupiter thermal analyzer (Selb, Germany). 

A vortex agitation system from Heidolph® (Schwabach, Germany) 
was used in the microextraction procedure. Chromatographic analysis 
was performed on a 1260 In昀椀nity HPLC system from Agilent Technol-
ogies (Santa Clara, CA, USA), equipped with a Rheodyne 7725i injection 
valve and with a 20 μL loop provided by Supelco. The HPLC was con-
nected to a Waters 474 昀氀uorescence detection (FD) system (Milford, MA, 
USA) controlled by a Varian Star 800 module interface. The chromato-
graphic column was an In昀椀nityLab Poroshell 120 EC-C18 (100 mm ×
4.6 mm × 4.0 μm) supplied by Agilent Technologies and protected by a 
Pelliguard LC-C18 guard column from Supelco. 

The statistical analysis of the experimental design was carried out 
using the Statgraphics® Centurion XV software. Excel (Microsoft Of昀椀ce, 
v. 2019) was used for the remaining calculations. 

2.3. Procedures 

2.3.1. Synthesis and characterization of the bimetallic MIL 
The synthesis of the bimetallic MIL was performed following a pre-

viously published procedure [18], summarized in Procedure S1 of the 
ESM. 1H NMR was used to characterize the DGE ligand, while elemental 
analysis and TGA were used to characterize the 昀椀nal MIL. The properties 
of the 昀椀nal MIL were studied through viscosity and magnetic suscepti-
bility measurements. Fig. 1 shows the chemical structure of the bime-
tallic MIL synthesized. 

2.3.2. HPLC-FD method in presence of the bimetallic MIL 
Chromatographic separation of target OH-PAHs in the presence of 

the bimetallic MIL was achieved by using a mobile phase formed by ACN 
and ultrapure water acidi昀椀ed with 0.02% (v/v) formic acid. The 昀氀ow 
rate was kept constant at 1.0 mL min−1. Gradient elution started at 50% 
(v/v) of ACN, and was maintained for 6 min. Then, 100% (v/v) of ACN 
was reached in 4 min and was kept for 5 additional mins. 

The 昀氀uorescence program was carefully optimized to obtain the 
maximum sensitivity for the detection of analytes without any inter-
fering signals coming from the bimetallic MIL. Table S2 of the ESM 
shows the optimum excitation (λex) and emission (λem) wavelengths for 
each analyte, as well as the obtained retention times when using the 
gradient elution program described above. 

2.3.3. Urine samples collection, hydrolysis, and pretreatment 
Urine samples were collected in the early morning from different 

healthy volunteers including a smoker female, a non-smoker female, and 
a non-smoker male, and an informed consent was given to each urine 
donor. They were stored at −80 çC until their analysis. Samples were 
discharged after experiments. 

The study was approved by the ethical committee board and written 
informed consent was obtained from all participants (CHUC B1947). 
This study was conducted in accordance with the Declaration of 
Helsinki. 

The non-smoker female urine (non-subjected to hydrolysis) was 
selected for the validation of the method via matrix-matched external 
calibration. 

The remaining urine samples were subjected to enzymatic hydroly-
sis. PAHs are metabolized in the human body through hydroxylation, 
which is enzymatically catalyzed. This way, PAHs are not urinary 
excreted as they originally entered the organism but as hydroxylated 
derivatives (OH-PAH compounds). Therefore, the monitorization of the 
levels of exposure to the PAHs through urine analysis require an enzy-
matic hydrolysis of the urine to obtain these OH-PAHs derivatives [20]. 
The hydrolysis was performed following the enzyme manufacturer 
recommendations. Brie昀氀y, 15 mL of urine were mixed with 2 mL of 
acetic acid/sodium acetate buffer solution at pH 5. Subsequently, 50 μL 
of the β-glucoronidase/arylsulfatase enzyme were added, and the sam-
ple was incubated during 24 h at 37 çC. 

All urine samples (hydrolyzed or non-hydrolyzed) were diluted 
before DLLME. Optimum dilution (20%, v/v) required 2 mL of urine 
sample mixed with 8 mL of ultrapure water. 

Fig. 1. Chemical structure of the bimetallic MIL employed in this study.  
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2.3.4. MIL-DLLME 
The optimum MIL-DLLME procedure is shown in Fig. 2. Under op-

timum conditions, 10 mL of 20% (v/v) diluted urine (an arti昀椀cial urine 
standard, non-hydrolyzed real urine, or hydrolyzed real urine, depend-
ing on the experiment) were added to a 15 mL glass centrifuge tube. 
Then, 75 μL of the bimetallic MIL were added, followed by vortex at 
1000 rpm for 5 min. During this step, small microdroplets of MIL were 
dispersed through the sample/standard solution, promoting the inter-
action between the MIL and the OH-PAHs. Afterwards, magnetic sepa-
ration was performed by introducing a rod NdFeB magnet in the tube. 
This magnetic recovery of the MIL was instantaneous (~1–2 s). Finally, 
the MIL microdroplet (20 ± 5 μL, n = 5) was diluted up to 250 μL with 
ACN, and directly injected into the HPLC-FD system. 

3. Results and discussion 

3.1. Ensuring a direct coupling of the bimetallic MIL with HPLC-FD 

The bimetallic [Mn(C6-DGE)6][Mn(hfacac)3]2 MIL (see Fig. 1) was 
synthesized and properly characterized (see Fig. S1 and Fig. S2 of the 
ESM) to ensure an ultra-low value of viscosity (63.2 cP) [18]. This MIL 
also exhibits high magnetic susceptibility (10.42 μB) [18] due to the 
presence of two paramagnetic centers in its chemical structure. Armed 
with these two desirable characteristics for DLLME applications (simple 
dispersion due to the low viscosity, and lacking requirement of disper-
sive solvents) together with easy coupling with HPLC (avoiding 
back-extraction steps), a complex bioanalytical application was pur-
sued. Thus, 昀椀ve OH-PAHs were selected as representative target analy-
tes. Monitoring of urinary levels for these compounds is of high interest, 
as they are considered biomarkers in human exposure to PAHs, which 
are well-known persistent contaminants with strong carcinogenic effects 
[20]. Due to the native 昀氀uorescence of the target OH-PAHs, HPLC-FD 
was selected as sensitive analytical technique. 

To ensure a successful direct coupling of the bimetallic MIL (used as 
extraction solvent in DLLME) with the HPLC, the following aspects must 
be ful昀椀lled: (1) the bimetallic MIL must be soluble in all mobile phase 
compositions within the HPLC gradient elution program; (2) irreversible 
MIL retention in the HPLC system must be avoided, and (3) as the MIL 
has native 昀氀uorescence, the separation must be optimized to avoid 
signals coming from the bimetallic MIL that interfere in the detection of 
the selected OH-PAHs. 

A mobile phase based on a polar organic solvent (ACN or methanol) 
and ultrapure water containing 0.02% (v/v) of formic acid was selected 
for the study, together with an end-capped RP-C18 column. The acidic 
pH of the mobile phase and the end-capped nature of the column aids in 
decreasing the possibility of irreversible interactions between the 
metallic groups of the MIL and the free silanol groups of the chro-
matographic column [4,19,21]. As previously described, another 
important factor to consider is the solubility of the bimetallic MIL in the 
mobile phase. Indeed, other MILs, comprising the C6-DGE ligand in the 
cation and the hfacac ligand in the anion, only differing in the metal, 
speci昀椀cally Co(II) and Ni(II) [18], were also tested to evaluate their 
suitability for this application. Both presented high requirements of 
methanol or ACN content in the HPLC mobile phase to ensure proper 
solubilization, higher than 70% (v/v), thus limiting HPLC applications 
for them. With respect to the bimetallic MIL with Mn(II) selected in this 
study, it was veri昀椀ed that ACN/ultrapure water mixtures were more 
soluble with the MIL than methanol/ultrapure water mixtures. The 
minimum percentage of ACN in the mobile phase required for complete 
solubilization of the injected MIL (MIL that was previously diluted at 
least 1:1 v/v in ACN) was 45% (v/v). Given these values, a gradient 
elution program starting at ACN percentages higher than 45% (v/v) was 
carefully optimized in order to achieve separation of the 昀椀ve OH-PAHs. 
The optimum gradient was set as described in section 2.3.2, and ach-
ieved proper separation of the OH-PAHs in only 9 min. The MIL was 
completely soluble in both the initial (50/50, ACN/water, v/v) and the 
昀椀nal (100/0, ACN/water, v/v) mobile phase compositions, and no 
pressure problems or any other issues were observed throughout the 
study, and during the further utilization of this HPLC and/or HPLC 
column. 

Finally, the FD conditions were selected to maximize the detection of 
the target OH-PAHs without any interference of the MIL. A 50% (w/v) 
MIL solution in ACN was 昀椀rst directly injected in the HPLC-FD using the 
optimized elution gradient to verify the background signals derived 
from the material. The bimetallic MIL produced background signals 
mostly at the end of the chromatographic run (around 7 min, see Fig. 3 
(A)). In contrast, Fig. 3 (B) shows the injection of a standard of the 昀椀ve 
OH-PAHs in ACN at 60 μg L−1 for 2OH昀氀u, 2OHphe and 1OHpy, and 120 
μg L−1 for 2OHnap and 9OHphe. By comparing both chromatograms, it 
can be observed that the background signals provided by the bimetallic 
MIL did not interfere with the separation and detection of the OH-PAHs 
using HPLC-FD. 

Fig. 2. Scheme of the MIL-DLLME procedure performed under optimum conditions, together with the visual aspect of the MIL once trapped by the magnet after the 
microextraction strategy. 
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Once the HPLC-FD method was optimized in presence of the bime-
tallic MIL, the extraction performance of the MIL in DLLME needed to be 
assessed. In the preliminary approach, the extraction was carried out 
using standards of OH-PAHs prepared in ultrapure water in order to 
purely evaluate the extraction capability of the MIL without considering 
possible interferences originating from the urine matrix. Hence, a 

volume of 25 μL of MIL was added to 10 mL of an aqueous standard 
containing the OH-PAHs at 1.5 μg L−1 for 2OH昀氀u, 2OHphe and 1OHpy, 
and 3.0 μg L−1 for 2OHnap and 9OHphe. After 3 min of vortex, a MIL 
microdroplet was observed to form at the bottom of the extraction tube. 
The MIL microdroplet could be easily attached to a rod magnet intro-
duced into the vial, ensuring its quick isolation. The microdroplet (~14 

Fig. 3. Representative chromatograms of the injection of: (A) the bimetallic MIL dissolved in ACN; (B) a standard of the OH-PAHs dissolved in ACN (concentrations: 
60 μg L−1 for 2OH昀氀u, 2OHphe and 1OHpy, and 120 μg⋅L−1 for 2OHnap and 9OHphe); (C) a diluted MIL microdroplet (1:13, v/v) obtained after subjecting an 
aqueous standard containing the OH-PAHs (concentrations: 1.5 μg L−1 for 2OH昀氀u, 2OHphe and 1OHpy, and 3.0 μg L−1 for 2OHnap and 9OHphe) to the entire MIL- 
DLLME method; (D) a diluted MIL microdroplet (1:13, v/v) obtained after analyzing a real urine spiked with OH-PAHs (the urine corresponded to a non-smoker 
female and was not subjected to hydrolysis); (E) a diluted MIL microdroplet (1:13, v/v) obtained analyzing a real urine from a non-smoker male (the urine was 
subjected to hydrolysis prior analysis); and (F) a diluted MIL microdroplet (1:13, v/v) obtained after analyzing a real urine spiked with OH-PAHs (the urine cor-
responded to a non-smoker male and was not subjected to hydrolysis). The concentration level for the spiked urine samples D & F was 0.30 μg L−1 for 2OH昀氀u, 
2OHphe and 1OHpy, and 0.60 μg L−1 for 2OHnap and 9OHphe. 
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μL) was then diluted up to 250 μL with ACN to reduce its viscosity, and 
directly subjected to HPLC-FD analysis. Fig. 3 (C) shows the chromato-
gram obtained after injection of the diluted MIL microdroplet. A com-
parison of this chromatogram with the one shown in Fig. 3 (B) (standard 
of OH-PAHs in ACN at a concentration 40 times higher than that of the 
aqueous standard subjected to the MIL-DLLME) reveals preconcentra-
tion of the 昀椀ve OH-PAHs in the MIL microdroplet. These preliminary 
studies demonstrated the feasibility of the MIL-DLLME method to be 
successfully combined with HPLC-FD for the determination of this group 
of biomarkers, while also showing compatibility with HPLC. 

3.2. Optimization of the MIL-DLLME method for urine analysis 

The main variables affecting the extraction performance of the MIL- 
DLLME method were assessed. The volumes of sample and 昀椀nal extract 
subjected to HPLC-FD analysis were evaluated to ensure high pre-
concentration and proper sensitivity. With respect to the volume of 
sample, it was maintained at 10 mL, intending to use the maximum 
volume possible without sacri昀椀cing miniaturization. Additionally, this is 
desirable volume for urine samples. The volume of the 昀椀nal extract (the 
MIL microdroplet diluted with ACN) was 昀椀xed to 250 μL, as this was the 
minimum volume required to obtain a clear and non-viscous solution 
completely compatible with RP-HPLC. If considering the ratio between 
the volume of sample and the volume of the 昀椀nal extract, the maximum 
enrichment factor (EFmax) possible with this method was found to be 40, 
which is highly adequate. With this group of 昀椀xed parameters, the 
remaining variables that have an in昀氀uence in the MIL-DLLME method 
were properly optimized. 

3.2.1. In昀氀uence of the dispersive solvent and the pH of the sample 
The type of dispersive solvent and the pH of the sample were assessed 

following a one-factor-at-a-time optimization, given the simplicity of 
these variables. While the purpose is to avoid the use of a dispersive 
solvent, it is important to demonstrate that the resulting method works 
adequately when it is not used. Therefore, it was necessary to evaluate if 
the incorporation of a dispersive solvent could enhance the mass transfer 
of analytes from the sample to the MIL in the DLLME method. The pH is 
also an important variable, particularly when dealing with urine 
samples. 

For these 昀椀rst optimization studies, the concentration of the aqueous 
standards subjected to the MIL-DLLME method was 1.5 μg L−1 for 
2OH昀氀u, 2OHphe and 1OHpy, and 3.0 μg L−1 for 2OHnap and 9OHphe. 
The extraction ef昀椀ciency was monitored by calculating the ratio be-
tween the peak areas obtained after the injection of the diluted MIL 
microdroplet and the peak area obtained when directly injecting in the 
HPLC-FD a standard of the OH-PAHs in ACN at the concentration that 
could be achieved if the EFmax is reached (in other words, 40 times the 
spiked level: 60 μg L−1 for 2OH昀氀u, 2OHphe and 1OHpy, and 120 μg L−1 

for 2OHnap and 9OHphe). 
With respect to evaluating the need of dispersive solvent, extraction 

ef昀椀ciencies obtained in the MIL-DLLME method using ACN as dispersive 
solvent (300 μL) were compared with those achieved without using any 
dispersive solvent. In all cases, extractions were performed in triplicate 
using 25 μL of MIL and 3 min of vortex. It was observed that the addition 
of ACN as dispersive solvent increased the time required for proper 
sedimentation of the MIL microdroplet, hindering the procedure in 
terms of timing. With respect to the obtained MIL microdroplet volume 
after DLLME, it was lower when adding the dispersive solvent (i.e., ~8 
μL when using ACN versus ~14 μL when no dispersive solvent was 
added) indicating partial solubilization of the MIL in the aqueous solu-
tion due to the ACN. Furthermore, there was no signi昀椀cant improvement 
in the extraction ef昀椀ciencies when ACN was used (Fig. S3 of the ESM). 
With all these considerations, it was clear that the MIL-DLLME method 
with the ultra-low viscosity MIL not only did not require a dispersive 
solvent but actually performed better without any dispersive solvent. 
This not only minimizes organic solvent consumption during the 

microextraction stage, but also ensures a simpler procedure. 
With respect to the in昀氀uence of pH of the sample in the performance 

of the MIL-DLLME method, it relies on the following two aspects: (1) the 
requirement of having the OH-PAHs in their neutral form (non-ionized) 
to favor the partitioning to the MIL; and (2) stability of the MIL at 
different pH values. As observed in Table S1 of the ESM, the OH-PAHs 
have basic pKa values ranging from 9.40 to 9.94. In this sense, pH 
values lower than these values (from 4.0 to 8.0) were studied. The MIL- 
DLLME method was performed in triplicate using aqueous standards at 
these pH values, with the abovementioned conditions 昀椀xed. No change 
in the MIL was visually observed at any of the evaluated pH values, and 
the volume of MIL microdroplet obtained was the same for all the pH 
values (i.e., ~14 μL), thus ensuring the stability of the MIL when per-
forming the DLLME method with the studied pH range. Furthermore, 
there were no signi昀椀cant differences in the extraction ef昀椀ciencies at the 
assessed pH range (Fig. S4 of the ESM), so no adjustment of pH was 
required in further experiments when dealing with urine samples (with 
common pH values between 4.6 and 8.0). Indeed, the pH of all urine 
samples utilized in this study, originating from different healthy male 
and female volunteers, was measured, and had values ranging from 5.0 
to 8.0. 

3.2.2. In昀氀uence of the urine matrix 
Although the pH of the urine did not signi昀椀cantly in昀氀uence the 

microextraction process, other components of the urine may result in 
matrix effects given the high complexity of this biological matrix. Thus, 
before proceeding with the optimization of other variables, the effect of 
the urine matrix on the extraction performance of the MIL-DLLME 
method was studied. 

A healthy non-smoker female urine was subjected to the MIL-DLLME 
approach without performing any hydrolysis (to ensure that the sample 
was free of OH-PAHs) or dilution. Under these conditions, the MIL 
microdroplet did not form. Thus, the urine was diluted at different 
proportions with ultrapure water and subsequently tested. The results 
indicated that the maximum content of urine to ensure the proper for-
mation of the MIL microdroplet was 50% (v/v). Under these conditions, 
the diluted urine sample was analyzed, and the results con昀椀rmed that 
the sample did not contain any OH-PAH. Subsequently, the urine sample 
was spiked with the target OH-PAHs, and the extraction ef昀椀ciency of the 
MIL-DLLME approach was compared with that obtained with OH-PAHs 
standards in ultrapure water and in arti昀椀cial urine (the latter, also 
diluted to 50% v/v). As was expected given the high complexity of the 
urine, lower extraction ef昀椀ciencies were obtained in the real urine 
sample, thus demonstrating a signi昀椀cant matrix effect (see Fig. 4 (A)). 
Furthermore, the use of arti昀椀cial urine was not useful for the optimi-
zation, as it did not properly mimic the composition of the real urine 
despite the high complexity of the urine recipe (see section 2.1). In fact, 
the extraction ef昀椀ciencies in arti昀椀cial urine were ~8 times higher than 
those obtained in real urine. 

Aiming to overcome the strong matrix effect observed, non- 
hydrolyzed real urine was selected as matrix for developing the MIL- 
DLLME method in order to ensure proper optimization and adequate 
extraction ef昀椀ciency. Different dilutions of the real sample were carried 
out with amounts of urine ranging from 10 to 50% (v/v) being assessed. 
The value of 50% (v/v) was shown previously as the maximum content 
of urine allowed to observe the MIL microdroplet. Thus, the purpose was 
to decrease as much as possible the matrix effect and to minimize the 
intensity of the background signals of the urine in the chromatogram, 
while also ensuring enough preconcentration for the proper detection of 
the OH-PAHs. An amount of urine of 10% (v/v) in the solution was 
subjected to DLLME and provided the highest extraction ef昀椀ciencies 
(Fig. 4 (B)). However, this high dilution unavoidably entailed signi昀椀cant 
losses in the overall preconcentration and sensitivity of the method. 
Hence, it was necessary to select a urine amount of 20% (v/v) in the 
solution that was subjected to DLLME in order to compromise a high 
preconcentration and decreased matrix effects (to obtain adequate 
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extraction ef昀椀ciencies). 
Fig. 3 (D) shows a representative chromatogram from the diluted 

MIL microdroplet obtained after analysis of the female urine (solution 
containing 20% (v/v) of such urine) spiked with the OH-PAHs. The 
background signals from the urine matrix appeared in the 昀椀rst 2 min of 
the chromatogram and did not interfere with the detection of the target 
OH-PAHs. Therefore, optimization and subsequent validation of the 
MIL-DLLME method were directly performed in a healthy non-smoker 
female urine with a content of 20% (v/v). 

3.2.3. Box-Behnken experimental design 
Optimization of the remaining variables affecting the MIL-DLLME 

method (MIL volume, vortex time, and ionic strength of the sample) 
was accomplished using an experimental design. A Box-Behnken design 
(BBD) was selected, as it was the approach that allowed optimization 
with the minimum number of experiments. 

Table S3 of the ESM includes the values of the assessed variables for 
each experiment of the BBD. A total of 15 experiments were conducted 
with the center point performed in triplicate. The MIL volume (variable 
A) was evaluated between 25 μL and 75 μL. No more than 75 μL were 
included in the design, as it was observed that higher volumes of MIL 
required also higher volumes of ACN to completely dissolve the MIL 
microdroplet, thus hindering the procedure in terms of preconcentra-
tion. With respect to the vortex time (variable B), it was evaluated be-
tween 1 min and 5 min. 1 min was selected as the minimum time 
required to properly disperse the MIL in the sample, while no more than 
5 min were assessed to shorten the procedure as much as possible. The 
ionic strength (variable C) was controlled with NaCl, as % (w/v), added 
to the sample. It was evaluated given the positive effect that the addition 
of salt might exert in the extraction ef昀椀ciency (salting-out effect). 

Table S4 of the ESM includes the regression parameters of the 
polynomial equation obtained in the BBD, using the chromatographic 
peak areas of each analyte as the response variables. The R2 statistics 
ranged between 82.4% and 97.9%, showing a good adjustment of the 
experimental data to the mathematical model of the BBD. In general, the 
higher the coef昀椀cient associated to a speci昀椀c variable (or to an inter-
action between variables), the most signi昀椀cant the effect of this variable 
(or this interaction) in the response. Thus, according to the values shown 
in Table S4 of the ESM, the vortex time (coef昀椀cient B) was the variable 
with the highest effect on the peak areas for most OH-PAHs. This agrees 
with the obtained Pareto graphs and the main effect graphs included in 
Fig. S5 and Fig. S6 of the ESM, respectively. Indeed, vortex time is the 

only variable with a signi昀椀cant and positive effect for the analytes, while 
the MIL volume is signi昀椀cant only for 2OH昀氀u, 9OHphe, and 1OHpy. It 
can also be observed that the graphic pro昀椀le in Fig. S6 of the ESM is 
similar for the vortex time and all analytes (with increased response at 
the highest values evaluated), but differences can be observed among 
OH-PAHs with respect to the MIL volume. On the contrary, the effect of 
the ionic strength was not statistically signi昀椀cant for any OH-PAH. 

Table S5 of the ESM includes the individual optimum conditions for 
each of the OH-PAHs. All OH-PAHs exhibited the highest response when 
using a vortex time of 5 min. With respect to the MIL volume, 75 μL was 
adequate for all, except for 9OHphe (in this case requiring 25 μL). With 
respect to the ionic strength, there was not a common value, but its effect 
was negligible according to the smooth pro昀椀le shown in Fig. S6 and the 
Pareto chart included in Fig. S5. Fig. S7 of the ESM shows the individual 
response surfaces obtained in the BBD for each of the OH-PAHs studied. 
These graphics were plotted by 昀椀xing the ionic strength (the non- 
signi昀椀cant variable) at 0.0% (w/v), thus assessing the effect of the two 
signi昀椀cant variables on the peak areas of each analyte individually. In 
general, all of these statistical data showed that the optimum values of 
the variables were different depending on the analyte, and thus it was 
necessary to achieve a compromise solution to select the same experi-
mental conditions for all OH-PAHs. 

The optimum compromised conditions were obtained by applying 
the multiple response methodology (see Table S5 of the ESM and Fig. 5). 
The desirability function was used as a tool to assess the effect of the 
three variables on a combined response involving simultaneously all 
OH-PAHs. The optimum conditions from the desirability were adopted 
as optimum compromise conditions: 75 μL of MIL, 5 min of vortex, and 
no addition of NaCl (0% w/v). Under these conditions, the average MIL 
microdroplet volume obtained after the magnetic retrieval was 20 ± 5 
μL (n = 5). 

3.3. Analytical performance of the MIL-DLLME-HPLC-FD method in 
urine 

Matrix-matched calibrations for the entire MIL-DLLME-HPLC-FD 
method were performed in real urine free of OH-PAHs. Calibrations 
were accomplished in the same real urine (coming from the same 
volunteer) that was used during the optimization (i.e., healthy non- 
smoker female urine that was not subjected to any hydrolysis step, 
with the solution subjected to DLLME containing 20%, v/v, of such 
urine). Table 1 includes several quality analytical parameters of the 

Fig. 4. (A) Extraction ef昀椀ciencies obtained after performing the non-optimized MIL-DLLME procedure in different matrices. The spiked level was in all the cases 1.5 
μg L−1 for 2OH昀氀u, 2OHphe and 1OHpy, and 3.0 μg L−1 for 2OHnap and 9OHphe. Experiments (n = 3) required 10 mL of aqueous or diluted urine standard (50%, v/ 
v), 25 μL of MIL, 3 min of vortex time, no addition of dispersive solvent, and no adjustment of pH. (B) Effect of the amount of urine in the solution subjected to the 
MIL-DLLME procedure. The spiked level was in all the cases 1.5 μg L−1 for 2OH昀氀u, 2OHphe and 1OHpy, and 3.0 μg L−1 for 2OHnap and 9OHphe. Experiments (n = 3) 
required 10 mL of diluted urine standard solution (with amount of urine of 10, 25, or 50%, v/v), 25 μL of MIL, 3 min of vortex time, no addition of dispersive solvent, 
and no adjustment of pH. 
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calibrations. All calibration curves showed good linearity, with deter-
mination coef昀椀cients (R2) higher than 0.997 for all OH-PAHs. Limits of 
detection (LODs) and limits of quanti昀椀cation (LOQs) were estimated as 3 
and 10 times de signal-to-noise ratio, respectively, and veri昀椀ed experi-
mentally by preparation of urine standard solutions at those levels. LODs 
ranged from 7.50 ng L−1 for 1OHpy to 100 ng L−1 for 9OHphe. 

The method was also evaluated in terms of precision, extraction ef-
昀椀ciency (ER), enrichment factor (EF), and relative recovery (RR) using 
urine standard solutions at two different concentration levels included 
within the calibration range, but not used for obtaining the calibration 
curves (see Table 2). The intra-day precision, as relative standard de-
viation (RSD, %) ranged from 1.0% to 5.8% for the low concentration 
level (values of 0.3 or 0.6 μg L−1, depending on the OH-PAH) and from 

1.4% to 5.9% for the intermediate concentration level (values of 1.5 or 
3.0 μg L−1, depending on the OH-PAH), depending on the day. With 
respect to the intermediate precision, it was evaluated during three non- 
consecutive days, with a maximum RSD value of 11% being obtained for 
the low concentration level. It is noteworthy that, according to the 
Horwitz equation [22], a maximum RSD value of 45.3% is allowed for a 
concentration level of 1 μg L−1, and even the accepted RSD is 32% at 10 
μg L−1. Considering that the RSD values obtained with the 
MIL-DLLME-HPLC-FD were much lower than those accepted following 
the Horwitz criterium, the precision of the method was highly adequate, 
despite the high complexity of the urine matrix. 

With respect to ER and EF, they were obtained as described in the 
Procedure S2 of the ESM. The obtained values are included in Table 2. 
The results clearly showcase the adequate preconcentration achieved 
with the MIL-DLLME approach, with EF values ranging between 19 and 
27 for the low concentration level, and from 17 to 24 for the interme-
diate concentration level. With respect to ER values, they ranged from 47 
to 68% for the low concentration level, and from 42 to 59% for the in-
termediate concentration level. These values are highly acceptable for a 
microextraction approach, particularly if considering that the MIL- 
DLLME method entails a non-exhaustive extraction due to the use of a 
low volume of MIL with respect to the large volume of sample involved. 
Indeed, ER values of 20% are considered adequate for a microextraction 
method if the method has good precision and enough sensitivity for the 
intended application [23]. 

The average RR values obtained in three non-consecutive days are 
also included in Table 2. Procedure S2 of the ESM includes all details 
regarding the calculations for obtaining RR. RR values obtained with the 
MIL-DLLME-HPLC-FD method ranged between 85% and 119% despite 
the high complexity of the urine matrix. 

Compared to previously reported methods devoted to the determi-
nation of OH-PAHs in human urine samples, the analytical features of 
the proposed MIL-DLLME-HPLC-FD method are similar in terms of 
sensitivity and precision, despite the variety of extraction techniques 
and extractants used in the literature studies (see Table S6 of the ESM). 

Fig. 5. Overall multiple response surfaces obtained in the Box Behnken experimental design for the set of assessed OH-PAHs. Each graph has one of the variables 
昀椀xed at its optimum value: (A) ionic strength; (B) vortex time; (C) MIL volume. 

Table 1 
Several quality analytical parameters of the MIL-DLLME-HPLC-FD method, 
using a matrix-matched calibration approach and urine from a healthy non- 
smoker female as matrix (with the optimum established conditions).  

OH- 
PAHs 

Calibration 
range 
(μg⋅L−1) 

(Slope 
± t⋅Sba)⋅ 
10−5 

R2b Sy/ 
xc⋅10−5 

LODd 

(ng⋅L−1) 
LOQe 

(ng⋅L−1) 

2OHnap 0.20–20 1.2 ± 

0.1 
0.998 0.4 50.0 200 

2OH昀氀u 0.10–5.0 8.0 ± 

0.5 
0.998 0.8 25.0 100 

2OHphe 0.10–10 5.5 ± 

0.3 
0.999 0.9 25.0 100 

9OHphe 0.40–20 1.3 ± 

0.1 
0.997 0.6 100 300 

1OHpy 0.025–2.5 27 ± 1 0.999 0.8 7.50 25.0  
a Standard deviation of the slope within the calibration range (n = 6) for a 

con昀椀dence level of 95%. 
b Determination coef昀椀cient. 
c Standard deviation of the residuals. 
d Limit of detection. 
e Limit of quanti昀椀cation. 
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All the studies of Table S6 of the ESM reached LODs at the ng⋅L−1 level, 
obtained by coupling the extraction technique with liquid chromatog-
raphy either with tandem mass spectrometry [24,25] or 昀氀uorescence 
detection [26,27]. In all cases, the sensitivity is enough for determining 
the OH-PAHs at their most common levels found in urine [20]. 
Furthermore, the precision of the MIL-DLLME-HPLC-FD approach is also 
in agreement with the RSD values reported by previous studies, ranging 
from 8.10% [24] to 17.0% [26]. 

The improved features of the proposed method with respect to the 
literature articles rely on its short extraction time, simplicity, and 
extraction ef昀椀ciency. Indeed, it is important to highlight the short 
sample preparation time of approximately 6.5 min that was required in 
the MIL-DLLME method. Reported studies ranged from ~11 min [24] to 
19 min [27]. Clearly, in most of those studies, centrifugation is the 
limiting step in terms of time and in terms of simplicity. In fact, most of 
the reported methods that separated the liquid extraction solvent by 
centrifugation also used a Hamilton syringe to isolate the 昀椀nal extrac-
tion phase, a procedure that is tedious and requires training. This step is 
avoided in the proposed method by using the magnetic separation step. 
Furthermore, this method also provides an impressive average ER of 
61%, almost three times higher than the one reported in a previous study 
that involves the use of a non-magnetic IL as extractant in DLLME [26]. 

Finally, the greenness of the proposed MIL-DLLME method was 
assessed by applying recent metrics, such as the Sample Preparation 
Metric of Sustainability (SPMS) [28]. Fig. S8 of the ESM includes the 
SPMS clock diagram of the MIL-DLLME method, together with the dia-
grams obtained for all reported methods from Table S6 of the ESM, with 
comparative purposes. Among all assessed studies, the proposed 
MIL-DLLME approach has obtained the highest score (7.16), and this is 
despite not having used the greenest material (given the non-degradable 
character of the MIL due to the presence of metals in its structure). 
Clearly, the magnetic features of the solvent contribute to this high score 
in the sustainability of the method. The key parameters justifying the 
score are: (1) requirement of only 4 steps to perform the method 
(addition of the MIL to the sample, vortex, magnetic separation, and 
dilution of the MIL microdroplet); (2) low extraction time (only 5 min); 
(3) requirement of only a minor dilution prior the chromatographic 
analysis; and (4) avoiding centrifugation. 

Another recent metric was tested, the Blue Applicability Grade Index 
(BAGI) [29]. As it can be observed in Fig. S9 of the ESM, the MIL-DLLME 
method achieves the same score (52.5) than several reported studies 
from Table S6 of the ESM, thus supporting its adequate analytical per-
formance for determining OH-PAHs in urine, while possessing addi-
tional advantages conferred by the magnetic properties of the MIL. 

3.4. Analysis of urine samples using the optimum MIL-DLLME-HPLC-FD 
method 

The MIL-DLLME-HPLC-FD method was applied to the analysis of 
other human urine samples (different from that used for the analytical 
optimization and performance) in a healthy non-smoker male and a 
healthy smoker female. 

Both samples were 昀椀rst subjected to hydrolysis, and then to the 
entire method to evaluate their content of OH-PAHs. Fig. 3 (E) shows a 
chromatogram of the diluted MIL microdroplet obtained after the 
analysis of the hydrolyzed male urine sample. As it can be observed, the 
chromatographic pro昀椀le was similar to the one obtained after the 
analysis of the female urine used for method validation (see Fig. 3 (D)), 
without any interfering signal from the matrix that may hinder detection 
of the OH-PAHs. Table 3 shows the results obtained with the analysis of 
the hydrolyzed urine samples. 2OHnap and 2OH昀氀u were quanti昀椀ed in 
both samples, 2OHphe was detected in the smoker female urine, and 
1OHpy detected in both samples. These results are in agreement with the 
occurrence of OH-PAHs in human urine samples. Indeed, the 

Table 2 
Analytical performance of the entire MIL-DLLME-HPLC-FD method in terms of precision, extraction ef昀椀ciency, and relative recovery, using standard solutions of real 
urine.  

OH- 
PAHs 

Low concentration levela Intermediate concentration levelb 

Intra-day RSD 
rangec (%) 

Intermediate precision 
RSDd (%) 

EFe ERf 

(%) 
(RR ± SD)g 

(%) 
Intra-day RSD 
rangec (%) 

Intermediate precision 
RSDd (%) 

EFe ERf 

(%) 
(RR ± SD)g 

(%) 
2OHnap 2.8–5.0 11 19 47 94 ± 5 3.1–4.9 4.7 17 42 103 ± 4 
2OH昀氀u 4.4–4.7 5.2 26 65 86 ± 9 1.8–4.9 4.6 22 55 100 ± 2 
2OHphe 3.0–5.8 6.9 27 68 85 ± 7 1.4–5.4 5.0 22 56 89 ± 2 
9OHphe 1.3–5.0 9.0 25 62 110 ± 8 3.6–5.1 6.2 23 57 119 ± 8 
1OHpy 1.0–1.6 8.9 25 63 104 ± 2 3.5–5.9 6.7 24 59 116 ± 9  
a 0.30 μg L−1 for 2OHnap and 9OHphe; 0.60 μg L−1 for 2OH昀氀u, 2OHphe and 1OHpy. 
b 1.5 μg L−1 for 2OHnap and 9OHphe; 3.0 μg L−1 for 2OH昀氀u, 2OHphe and 1OHpy. 
c Range (day 1 to day 3) of relative standard deviation for intra-day precision (n = 3). 
d Relative standard deviation for intermediate precision (n = 9, 3 non-consecutive days). 
e Enrichment factor. 
f Extraction ef昀椀ciency (considering EFmax = 40). 
g Average relative recovery and standard deviation (n = 9). 

Table 3 
Analytical performance of the MIL-DLLME-HPLC-FD method when analyzing 
non-hydrolyzed urine samples from different individuals, as well as the analysis 
of hydrolyzed urine samples.  

OH- 
PAHs 

Healthy non-smoker male urine Healthy smoker female urine 
Hydrolyzed 
urine 

Non-hydrolyzed 
urine 

Hydrolyzed 
urine 

Non-hydrolyzed 
urine 

Content ±
SDa (μg⋅L−1) 

RSDb 

(%) 
RR ±
SDc 

(%) 

Content ±
SDa (μg⋅L−1) 

RSDb 

(%) 
RR 
±

SDc 

(%) 
2OHnap 8.50 ± 0.90 3.5 99 ±

3 
7.81 ± 0.01 10 98 ±

10 
2OH昀氀u 0.24 ± 0.01 3.4 80 ±

3 
0.34 ± 0.01 7.3 73 ±

7 
2OHphe <LOD 3.3 69 ±

2 
<LOQ 4.6 59 ±

5 
9OHphe <LOD 6.0 101 

± 5 
<LOD 13 88 ±

13 
1OHpy <LOQ 6.6 85 ±

5 
<LOQ 8.5 69 ±

10  
a Concentration found, together with their standard deviation (n = 3). 
b Intra-day precision, as relative standard deviation (n = 3), for a spiked level 

of 0.30 μg L−1 for 2OH昀氀u, 2OHphe, and 1OHpy and 0.60 μg L−1 for 2OHnap and 
9OHphe. 

c Average relative recovery and its standard deviation (n = 3), for a spiked 
level of 0.30 μg L−1 for 2OH昀氀u, 2OHphe, and 1OHpy and 0.60 μg L−1 for 
2OHnap and 9OHphe. 
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hydroxylated metabolite of naphthalene has been identi昀椀ed as the most 
common biomarker in the urine of people with high exposure to PAHs 
[20], and thus 2OHnap is the analyte with the highest concentration in 
both female (7.81 ± 0.01 μg L−1) and male (8.50 ± 0.90 μg L−1) urine 
samples. The results also agree with the smoking habits of the in-
dividuals. Smoking individuals are generally exposed more to PAHs and, 
therefore, higher concentrations of hydroxylated metabolites are ex-
pected [20]. It can be observed that the female smoker presented more 
OH-PAHs than the male non-smoker (with the 2OHphe only detected in 
the urine sample of the smoker), and in general, higher concentrations of 
the biomarkers were found in the female smoker sample (see Table 3), 
except for 2OHnap. Furthermore, it has been reported that males nor-
mally present higher levels of OH-PAHs than females [20], which may 
explain why the concentration of 2OHnap is higher in the male urine 
than in the female despite their smoking habits. It is also important to 
consider that the male individual may be a passive smoker, which 
contributes to his high urinary levels of the OH-PAHs. 

In order to study the in昀氀uence of urine matrices, different from the 
one used for the matrix-matched calibration in the precision and RR, 
both non-hydrolyzed non-smoker male and smoker female urine sam-
ples were spiked with the OH-PAHs (at 0.30 μg L−1 for 2OH昀氀u, 2OHphe 
and 1OHpy, and 0.60 μg L−1 for 2OHnap and 9OHphe), and subjected to 
the entire method. Fig. 3 (F) shows a chromatogram obtained after 
analysis of non-hydrolyzed male urine spiked with OH-PAHs as repre-
sentative example. There were no differences between this chromato-
gram and that obtained with the non-smoker female used for the 
validation (see Fig. 3 (D)). The results of the precision and RR studies are 
also included in Table 3. The precision was adequate in both samples, 
with RSD values lower than 13%. With respect to the RR values, they 
ranged from 69% to 101% for the male non-smoker urine, and between 
59% and 98% for the female smoker urine. 

4. Conclusions 

A new generation of bimetallic MILs was successfully incorporated 
for the 昀椀rst time in DLLME. The MIL is composed by two metallic 
complexes of Mn(II), and was characterized by its ultra-low viscosity, 
improved magnetic susceptibility, and RP-HPLC compatibility. Due to 
these features, the DLLME approach involving this MIL did not require 
any dispersive solvent, and the 昀椀nal MIL microdroplet after extraction 
was directly injected in the HPLC-FD after a minor dilution. These fea-
tures were not possible in the only two previous DLLME methods 
involving bimetallic MILs [16,17]. 

As proof-of-concept, the method was successfully applied for the 
determination of a group of OH-PAHs in urine. After optimization and 
validation, the overall MIL-DLLME-HPLC-FD method showed high 
sensitivity and enrichment factors, high extraction ef昀椀ciencies, and 
adequate intermediate precision despite the complexity of the matrix 
analyzed. The analysis of different urine samples allowed quanti昀椀cation 
of several OH-PAHs at the most common concentrations that have been 
reported for these biomarkers in urine, considering the gender and 
smoking habits of the individuals involved. This approach also consti-
tutes the 昀椀rst application in which a bimetallic MIL is used in the 
analysis of complex biological samples. 

Ongoing work will focus on the incorporation of other MILs from this 
new generation of solvents within different liquid-phase micro-
extraction techniques, as well as on the design of novel bimetallic MILs 
with improved properties for the analysis of other relevant biological 
昀氀uids. 
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Raúl González-Martín: Writing – original draft, Methodology, 
Investigation, Formal analysis. Sirintorn Jullakan: Methodology, 
Investigation, Formal analysis. María J. Trujillo-Rodríguez: Writing – 

review & editing, Supervision, Project administration, Funding 

acquisition, Conceptualization. Nabeel Mujtaba Abbasi: Methodology, 
Investigation. Shashini De Silva: Methodology, Investigation. Jared L. 
Anderson: Writing – review & editing, Supervision, Project adminis-
tration, Funding acquisition, Conceptualization. Verónica Pino: 
Writing – review & editing, Supervision, Project administration, Fund-
ing acquisition, Conceptualization. 

Declaration of competing interest 

The authors declare that they have no known competing 昀椀nancial 
interests or personal relationships that could have appeared to in昀氀uence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

This work was developed within the scope of the project ref. 
PID2020-115004RB-I00, funded by the Spanish Ministry of Science and 
Innovation (MCIN); the project ref. PID2022-137822NA-I00, funded by 
MCIN/AEI/10.13039/501100011033 and the European Regional 
Development Fund (ERDF); the project ref. ProID2020010089 of the 
Research Canary Agency “ACIISI”; and the project ref. 2021ECO11 of 
Fundación CajaCanarias. J.L.A. acknowledges funding from the Chem-
ical Measurement and Imaging Program at the National Science Foun-
dation (Grant number CHE-2203891). 

R.G.-M. thanks the Spanish Ministry of Universities for his FPU 
fellowship. S.J. was supported by the Royal Golden Jubilee PhD Pro-
gram (PHD/0224/2561), the Thailand Research Fund (TRF), and the 
National Research Council of Thailand (NRCT). M.J.T.-R. thanks her 
current Ramón y Cajal contract (ref. RYC2021-032502-I) at Universidad 
de La Laguna, contract with funding of the Spanish Ministry of Science 
and Innovation MCIN/AEI/10.13039/501100011033 and the European 
Union « NextGenerationEU»/PRTR. This article is based upon work from 
the Spanish Network for Sustainable Sample Preparation (RED2022- 
134079-T) funded by the MCIN/AEI. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.aca.2024.342448. 

References 
[1] M. Silva Alves, L.C. Ferreira Neto, C. Scheid, J. Merib, An overview of magnetic 

ionic liquids: from synthetic strategies to applications in microextraction 
techniques, J. Separ. Sci. 45 (2022) 258–281, https://doi.org/10.1002/ 
jssc.202100599. 

[2] M.A. Abdelaziz, F.R. Mansour, N.D. Danielson, A gadolinium-based magnetic ionic 
liquid for dispersive liquid–liquid microextraction, Anal. Bioanal. Chem. 413 
(2021) 205–214, https://doi.org/10.1007/s00216-020-02992-z. 

[3] A. Elik, H. Sarac, H. Durukan, A. Demirbas, N. Altunay, Vortex assisted magnetic 
ionic liquid based dispersive liquid–liquid microextraction approach for 
determination of metribuzin in some plant samples with UV–Vis 
spectrophotometer, Microchem. J. 181 (2022) 107809, https://doi.org/10.1016/j. 
microc.2022.107809. 

[4] M.J. Trujillo-Rodríguez, J.L. Anderson, In situ formation of hydrophobic magnetic 
ionic liquids for dispersive liquid-liquid microextraction, J. Chromatogr. A 1588 
(2019) 8–16, https://doi.org/10.1016/j.chroma.2018.12.032. 

[5] A.N. Bowers, M.J. Trujillo-Rodríguez, M.Q. Farooq, J.L. Anderson, Extraction of 
DNA with magnetic ionic liquids using in situ dispersive liquid–liquid 
microextraction, Anal. Bioanal. Chem. 411 (2019) 7375–7385, https://doi.org/ 
10.1007/s00216-019-02163-9. 

[6] C.-X. Miao, J.-Q. Wang, B. Yu, W.-G. Cheng, J. Sun, S. Chanfreau, L.-N. He, S.- 
J. Zhang, Synthesis of bimagnetic ionic liquid and application for selective aerobic 
oxidation of aromatic alcohols under mild conditions, Chem. Commun. 47 (2011) 
2697–2699, https://doi.org/10.1039/c0cc04644b. 

[7] N.M. Abbasi, V.R. Zeger, A. Biswas, J.L. Anderson, Synthesis and characterization 
of magnetic ionic liquids containing multiple paramagnetic lanthanide and 
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