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Analysis imposes substantial challenges, especially when dealing with analytes present at trace
levels in complex matrices. Although modern instrumentation has simplified analyses and made them
more reliable, its use is only the last step of the whole analytical process. On the other hand, sample
preparation still represents the bottleneck in many analytical methods and often requires the use of
extensive protocols before instrumental analysis.

The research field of microextraction gained significance with the invention of solid-phase
microextraction (SPME) in 1990 [1], which later, in 1993, became commercially available. In this
technique, a small amount of extracting phase dispersed on a solid support, normally a fused-silica
fiber or a metal core, is exposed to the sample, or its headspace, for a well-defined time [2,3].

Since then, SPME has become a well-established sample-prep technique for simultaneous extraction
and preconcentration of compounds from a variety of matrices [4-7]. Given the simplicity, versatility,
and availability of different formats, SPME addresses several challenges associated with the traditional
sample preparation approaches and allows for a substantial streamlining of the analytical workflow.

Over the decades, its remarkable evolution has led to new in vivo applications [8-10], development
of methods for the analysis of complex matrices [4,11-14], use of new coating materials [15-19], but also
development of new devices and geometries [20,21]. Although it has been recently utilized in ambient
mass spectrometry, its use in conjunction with the chromatographic approaches is now consolidated,
while experimental design techniques are recommended for efficient multivariate optimization of the
working variables which affect the SPME performance [3,22-24].

The Special Issue described below includes six contributions provided by some of the world’s
leading research groups and focuses on recent advances in solid-phase microextraction.

In publication time sequence, the first contribution was submitted by Prof. Rosa Herraez-Hernandez
and is an article from the MINTOTA Research Group lead by Prof. Pilar Campins-Falcé at the University
of Valencia [25]. In this work, the authors explore a new material functionalized with nanoparticles
as a coating for in-tube SPME. They synthesized a polymer of tetraethyl orthosilicate (TEOS) and
methyltriethoxysilane (MTEOS) modified with SiO; and TiO, NPs and used for the extraction of a
variety of water pollutants, including pesticides and PAH, using both Capillary-LC and Nano-LC.
The extraction efficiencies found with the synthesized coating were compared to those obtained with
commercially available capillaries.

The second contribution is by Professor Verénica Pino and coworkers from the University of
La Laguna, which present a review article focused on metal-organic frameworks (MOFs) as novel
sorbent materials in solid-phase microextraction (SPME) [19]. This review offers an overview of the
current state of the use of MOFs in different SPME configurations, in all cases covering extraction
devices coated with (or incorporating) MOFs, with emphases in their preparation. Because of their
outstanding properties, MOFs have been used in an increasing number of applications and the authors
foresee a rise in their applicability in a variety of SPME devices in the next years.
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The third published contribution is an article by Professor Kenessov and coworkers from the
Al-Farabi Kazakh National University [26]. This work is based on a method previously proposed by
the same research group for the analysis of BTEX in air using 20 mL headspace vials and standard
addition calibration and SPME-GC-MS instrumentation. The research aimed to expand this method
to the quantitation of more than 20 VOCs in ambient air, which is the least addressed environmental
matrix with the use of SPME. The developed method is low-cost and demonstrated its effectiveness for
the assay of the chosen analytes in urban air.

The fourth contribution is a review article from the editors of the special issue and is the result
of the extensive collaboration between Dr. Naccarato from CNR-Institute of Atmospheric Pollution
Research Professor Tagarelli from University of Calabria [4]. This paper aims to describe the recent and
most impactful applications in pollutant analysis using solid-phase microextraction (SPME) technology
in environmental, food, and bioclinical analysis. The purpose of this review is to highlight the role
that SPME is having in contaminant monitoring through the path that goes from the environment to
humans. The covered papers were published in the last five years (2014-2019), thus, providing the
reader with information about the current state-of-the-art and the future potential directions of the
research in pollutant monitoring using SPME.

The last two published papers are review articles regarding two SPME cutting-edge topics such
as the use of natural products as sorbent material and in vivo sampling.

The former is the result of a transcontinental collaboration between Professor Carasek’s group
in Brazil and the Spanish group with Professor Lucena and Professor Cardenas as senior members.
This paper reviews the potential of natural products as sorbents in extraction and microextraction
techniques from the synergic perspectives of the two research groups working on the topic. The reuse
of materials complies with the basic principles of green analytical chemistry (GAC), which provides for
the reduction/minimization of the sample treatment and the use of renewable sources when possible.
The article covers the use of unmodified natural materials and the modified ones to draw a general
picture of the usefulness of the materials [15].

The latter paper was submitted by Professor Bianchi and is an interesting contribution from
a noteworthy Italian research group [8]. In this review, the authors provide a survey of in vivo
SPME applications, which cover the state-of-the-art from 2014 up to They went through the use of
miniaturized devices characterized by both commercial and lab-made coatings for in vivo SPME tissue
sampling, targeted to biomarker discovery or metabolomics studies. The paper pointed out how
this approach can minimize adverse effects commonly present when tissue sampling is performed
by ex vivo procedures, and how the use of portable instruments and the hyphenation with sensitive
techniques like ambient mass spectrometry will increase the applicability of in vivo SPME.

Thope readers will judge attractive the topics covered in this Special Issue. In this specific historical
moment, we wish to conclude this editorial with a quote from Seneca:

“Honores, monumenta, quicquid aut decretis ambition iussit aut operibus exstruxit cito subruitur,
nihil non longa demolitur vetustas et movet; at iis quae consecravit sapientia nocere non potest;
nulla abolebit aetas, nulla deminuet” (Seneca, De brev. vit., 15,4)

Itleads us to ponder how the material desires of human ambition are deteriorated by the passage of
time, while wisdom and knowledge cannot be harmed, time does not erase it, nothing can diminish it.
Enjoy reading.
Funding: This research received no external funding

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: In-tube solid-phase microextraction (IT-SPME) coupled on-line to miniaturized liquid
chromatography (LC) has emerged as a powerful tool to address a variety of analytical problems.
However, in order to expand its applicability, the development of new sorbents that enhance the
efficiency and specificity of the extraction is highly desirable. In this respect, the employment
of capillary columns coated with sorbents functionalized with nanoparticles (NPs) replacing the
loop of the injection valve (in-valve IT-SPME) is one of the most attractive options. In this work,
polymers of tetraethyl orthosilicate (TEOS) and trimethoxyethylsilane (MTEOS) modified with
SiO; and TiO; NPs have been synthetized and used for the extraction of a variety of water
pollutants, using both Capillary-LC and Nano-LC. Compounds with different chemical structures
and polarities such as the artificial sweetener saccharine, the polycyclic aromatic hydrocarbons
(PAHs) naphthalene and fluoranthene, and some phenylurea and organophosphorous herbicides
have been used as target analytes. The extraction efficiencies found with the synthetized capillaries
have been compared to those obtained with commercially available capillaries coated with
polydiphenyl-polydimethylsiloxane (PDMS), nitroterephthalic acid modified polyetilenglicol (FFAP),
and polystyrene-divinylbenzene (PS-DVB) phases. The results obtained in this preliminary study
showed that, although PS-DVB phase has the strongest affinity for compounds with two or more
aromatic rings, the extraction with TEOS-MTEOS coatings modified with NPs is the best option for a
majority of the tested compounds. Examples of application are given.

Keywords: in-tube solid phase microextraction (IT-SPME); SiO; nanoparticles; TiO, nanoparticles;
capillary liquid chromatography; nano-liquid chromatography

1. Introduction

High extraction efficiencies, although always desirable, are essential in techniques that integrate
on-line sample preparation and LC. This is the case of IT-SPME. In this modality of microextraction, the
extractive phase is typically the coating of a capillary column used in replacement of the injection valve
inert loop, so that the extraction takes place simultaneously with the sample loading. A subsequent
change in the valve position allows the desorption and transfer of the retained analytes to the separative
column by means of the mobile-phase. Today, IT-SPME is a well-established technique that has been
successfully used in many fields of applications [1-3]. This technique is especially well-suited for
miniaturized LC systems such as Capillary-LC (Cap-LC) and Nano-LC. This is because relatively large
sample volumes can be loaded into the extractive capillary for on-line analyte enrichment overcoming

Separations 2019, 6, 12; doi:10.3390/separations6010012 5 www.mdpi.com/journal/separations



Separations 2019, 6, 12

the lack of sensitivity derived from the fact that only low volumes of the samples can be injected
in miniaturized LC systems. The utility of IT-SPME in Cap-LC has been demonstrated through
a wide variety of applications mainly in the environmental and biomedical fields [4-7] and, very
recently, IT-SPME has been coupled to Nano-LC [8,9]. Substantial progress in the area can be expected
through the development of new sorbents for the improved extraction of a wide variety of analytes
and matrices.

In recent years, several materials have been used as sorbents for extraction and microextraction of
organic compounds. Successful examples have been reported using a variety of polymers, ionic liquids,
metal organic frameworks, covalent organic frameworks and different types of NPs such as carbon,
metal or metal oxide NPs [10,11]. Among them, nanostructured sorbents have gained significant
interest due to their inherent advantages, especially their high specific surface for interaction with the
target compounds and the possibility of increasing the affinity for the analytes through a variety of
interactions [12,13].

As regards solid-phase microextraction, most of the efforts made have been focused on the
development of coatings for fibres [14], whereas only a few sorbents with nanomaterials for IT-SPME
have been reported so far. Examples are the employment of titanium [15] or silica [16] capillaries
chemically treated to produce nanostructured internal surfaces. From a different perspective, a
polymeric phase can be reinforced with NPs. For example, in previous studies, we demonstrated
that the functionalization of commercial polydimethylsiloxane (PDMS) coated columns with different
types of carbon nanotubes (CNTs) may improve the extraction efficiency for a variety of compounds
such as drugs and pollutants [5,6]. More recently, polymeric coatings of tetraethyl orthosilicate (TEOS)
and trimethoxyethylsilane (MTEOS) were functionalized with S5iO, NPs and used for the extraction of
herbicides of different polarities. The presence of SiO, NPs increased the extraction efficiency for most
of the compounds tested [7].

As a continuation of those studies, in the present work we have synthetized a TEOS-MTEOS
polymer modified with TiO, NPs. This type of NPs has been extensively investigated in SPME
with fibres and other forms of microextraction [17]. However, their application to IT-SPME is still
very limited [15]. The new TEOS-MTEOS/TiO, NPs composite has been tested for the IT-SPME
of variety of organic pollutants, and the results have been compared with those obtained with
the polymer modified with SiO, NPs, as well as with different commercially available capillaries
coated with polymers. The commercial capillaries tested were TRB 35, FFAP and PS-DVB, with
coatings of 35% polydiphenyl-65% polydimethyl siloxane (PDMS), nitroterephthalic acid modified
poly (ethyleneglycol) (PEG) and polystyrene-divinylbenzene (PS-DBV), respectively.

The proposed phases were tested for different types of substances. IT-SPME coupled to Cap-LC
with fluorescence detection was used for the analysis of compounds with aromatic rings in their
chemical structure, more specifically the artificial sweetener saccharine (emerging pollutant), and
the PAHs naphthalene and fluoranthene, all of them with native fluorescence. IT-SPME coupled
to Nano-LC with UV detection has been used for the study of a variety of phenylurea and
organophosphorous herbicides. The chemical structures of the tested compounds and their respective
octanol /water partition coefficients (Kow) are listed in Table 1.
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Table 1. Chemical structures and log Koy of the tested compounds.

Compound Chemical Structure Log Kow
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2. Materials and Methods

2.1. Chemicals

All the reagents used throughout the study were of analytical grade. Saccharin, fenitrothion
bifenox, TEOS, MTEQOS, PEG, SiO, NPs (5-15 nm), TiO, NPs (21 nm), NaOH and NH;OH were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Naphthalene, fluoranthene, fluometuron,
isoproturon, metobromuron, linuron, fenthion and fenamiphos were obtained from Dr. Ehrenstorfer
(Augsburg, Germany). Acetone was obtained from Romil (Cambridge, UK). Acetonitrile was of HPLC
grade (MWR Radnor, Philadelphia, PA, USA).

Stock standard solutions of the analytes (100 j1g/mL) were prepared by dilution of the commercial
reagents in acetonitrile and kept at —20 °C until use. Working solutions were prepared by dilution of
the stock solutions with ultrapure water.
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2.2. Apparatus and Chromatographic Conditions

2.2.1. Cap-LC

The chromatographic system consisted of an isocratic capillary pump, a high-pressure six-port
valve (Rheodyne, Rohnert Park, CA, USA), a LC-Net II/ADC interface and a programmable
fluorescence detector (Jasco Corporation Micro 21PU-01, Tokyo, Japan). The detector was coupled to a
data system (Jasco ChromNAV Chromatography Data System) for data acquisition and calculation.
The excitation/emission wavelengths were 235 nm/335 nm, 265 nm /475 nm and 250 nm /440 nm for
naphthalene, fluoranthene and saccharine, respectively.

A Zorbax SB-C18 (150 mm x 0.5 mm i. d., 5 pm) column was used for the separation of the
analytes. The mobile-phase was a mixture of acetonitrile-water in isocratic mode, and the flow rate
was 25 uL./min. Under optimized conditions, the run times were 8 min and 10 min the analysis of
saccharine and the PAHs, respectively. Solvents were filtered through 0.22 um nylon membranes
(Teknokroma, Barcelona, Spain) and degassed in an ultrasonic bath before use.

2.2.2. Nano-LC

Chromatographic analysis was performed using a Agilent 1260 Infinity nanoLC chromatograph
equipped with a quaternary nano-pump, a six port micro-scale manual injector (Rheodyne), and a
UV-Vis diode array detector with 80 nL nanoflow cell (Agilent, Waldbronn, Germany). The detector
was coupled to a data system (Agilent, ChemStation) for data acquisition and treatment. The analytical
signal was recorded between 190 nm and 400 nm and monitored at 254 nm. A Zorbax 300SB C18
(50 mm x 0.075 mm i. d., 3.5 um particle size) analytical column (Agilent) was used for separation.

The mobile phase was a mixture of water-acetonitrile in gradient elution mode. The percentage of
acetonitrile in the mobile phase was linearly increased from 30% at 0—2 min, to 100% at 8 min, and
then kept constant until 13 min; finally, the acetonitrile percentage was linearly decreased to reach
a percentage of 30% at 18 min, and maintained constant until the end of the run; the run time was
30 min. The flow rate was 0.5 uL/min. All solvents were filtered through 0.22 um nylon membranes
(Teknokroma) before use.

2.3. Preparation of the TEOS-MTEQS Coated Capillaries

The TEOS-MTEOS coated capillaries were prepared from segments of fused silica capillaries of
30 cm-length and 320 pm i. d. or 15-cm length and 75 um i. d. (Andlisis Vinicos, Tomelloso, Spain)
for the Cap-LC and Nano-LC systems, respectively. The procedure used to synthetize the SiO, NPs
reinforced coatings was previously described in detail in [8]. Briefly, the internal walls of the silica
capillaries were first activated by flushing through them 1 M NaOH for 4 h at 40 °C followed by 0.1 M
HCI for 30 min at room temperature; next, the capillaries were heated at 60 °C for 3 h, and finally
flushed with water and dried with air. For coating of the capillaries, a mixture of 65 mg of PEG, 100 uL
of TEOS (93 mg), 100 uL MTEOS (90 mg), 50 uL of water, 2 mL of 0.1 M NH4OH (catalyst) and the
Si0; or the TiO; NPs were placed in a glass vial; the amount of NPs in the resulting mixture was
0.05 mg/mL. After vortexing for 1 min, the resulting homogenous dispersion was used to fulfill the
preconditioned capillaries. Then, the capillaries were heated at 40 °C for 2 h and aged overnight
(14-15h) at 120 °C.

2.4. IT-SPME Conditions

For IT-SPME coupled to Cap-LC, segments of different commercially available GC columns of
30 cm length and 320 um i. d. were used as extractive capillaries for IT-SPME, namely TRB 35, ZB-FFAP
and PS-DVB, and the results were compared with those obtained with the synthesized TEOS-MTEOS
reinforced with SiO, or TiO, NPs capillaries. The TRB 35 capillaries, coated with a 35% diphenyl-65%
PDMS, 3 um coating thickness, were purchased from Teknokroma (Barcelona, Spain). The ZB-FFAP
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(nitroterephthalic acid modified PEG), 1 um film thickness, was supplied from Phenomenex (Torrance,
CA, USA). The PS-DBV, 20 um coating thickness, capillary was obtained from Agilent Technologies.
The extractive capillaries were used as the loop of the six-port injection valves. Samples were
manually loaded into capillaries using a 500 uL precision syringe; then, the valve was changed to
the injection position, so the analytes retained in the capillary were desorbed with the mobile-phase
and transferred to the analytical column for separation and detection. For connecting the extractive
capillaries to the valve 2.5 cm sleeve of 1/6i. n. (340-380 um . d.) polyether ether ketone (PEEK) tubing,
1/6i. n. PEEK nuts and ferrules were used. All assays were made by triplicate at ambient temperature.

2.5. Analysis of Water and Soil samples

Samples were collected at the Comunitat Valenciana region (East Spain). Water samples were
river water (Xuquer river, coordinates: 39.151469, —0.239126) and ditch water (coordinates: 39.500606,
—0.384912). Once collected, samples were kept at 4 °C, and filtered through 0.22 um nylon filters
(Teknokroma) just before their analysis. Aliquots of 200 uL of the filtered samples were processed by
Cap-LC under the optimized conditions.

For the analysis of soil, a soil sample collected from agricultural zone was dried at ambient
temperature and then sieved (<2 mm). Accurately weight portions (0.3 g) were spiked with a mixture
of naphthalene and fluoranthene at concentrations of 15 and 12 ug/g, respectively, and extracted
with 1.3 mL of acetone at 30 °C in an ultrasonic bath for 30 min. After centrifugation at 5000 rpm for
10 min, the supernatant was removed and filtered with 0.22 pm nylon filters (Teknokroma). The filtered
extracts were evaporated to dryness and then reconstituted with 1 mL of ultrapure water. Finally,
200 puL of the reconstituted extracts were processed by under the optimized conditions. All assays
were made by triplicate at ambient temperature.

3. Results
3.1. IT-SPME Coupled to Cap-LC

3.1.1. Mobile Phase Composition

Different extractive phases were evaluated for the extraction of three fluorescent compounds
differenig in the number of benzene rings in their structure, sacharine, naphtalene and fluoranthene,
with 1, 2 and 4 rings, respectively (see Table 1). Capillary columns with different kinds of coatings are
commercially available which are compatible with the dimensions of Cap-LC. Among them, in this
study columns with coatings containing phenyl groups were selected, as these phases have proved to
be effective in the retention of aromatic compounds via 7-7t interactions [7]. Capillary columns coated
with PDMS modified with diphenyl groups (TRB-35), PEG modified with nitroterephtalic acid (FFAP)
and polystyrene-divinylbenzene (PS-DVB) were tested, and the results were compared with those
obtained with the TEOS-MTEOS reinforced with the SiO, or TiO; NPs coated capillaries.

Preliminary assays carried out under a variety of conditions demonstrated that not only the
extraction efficiencies (evaluated as the corresponding peak areas) but also the retention times and
peak shapes were highly dependent on the composition of the mobile-phase delivered though the
capillary for the desorption of the analytes. For example, saccharine could be rapidly desorbed and
transferred from all the capillaries tested even when water was used as the mobile phase, which can
be explained by its high polarity (see Table 1). In contrast, when eluents with high percentages of
water were used for fluoranthene (the most apolar compound) the desorption from some capillaries
did not take place within suitable times (<5 min) and the resulting peaks were too wide, particularly
with the PS-DVB coated capillary. For this reason, and in order to study separately the extraction
efficiency from the chromatographic separation, the analytical column was removed from the system
(the injection valve was directly connected to the detector). The eluent compositions selected were
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100% water for saccharine in the TRB, FFAP and PS-DVB columns, 100% acetonitrile for fluoranthene
in the PS-DVB capillary, and 50:50 for the rest of assays.

3.1.2. Study of the Extraction Efficiency

The extraction efficiency for the different capillaries tested was studied by processing increasing
volumes of standard solutions of the analytes (50-400 pL), under the elution conditions indicated
above and without the chromatographic column. Although the absolute recoveries were not obtained,
the efficiency of the different capillaries tested was compared though the measurement of the peak
areas obtained for the target compounds with them [5-8]. The peak areas obtained for the three
compounds tested are depicted in Figure 1.
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Figure 1. Effect of the sample volume (or mass of analyte introduced into the system) on the
responses obtained with the different extractive capillary coatings tested for (a) saccharine (125 pg/mL),
(b) naphthalene (20 ug/mL) and (c) fluoranthene (1 pug/mL).

As observed from the above figure, the results obtained for saccharine were significantly different
to those observed for naphthalene and fluoranthene. In all of the extractive phases tested, increasing the
sample volume from 50 uL to 100 pL led to an increment of the peak areas of saccharine, but a further
increment of the sample volume did not increase the responses. In contrast, the peak areas registered
for naphthalene and fluoranthene increased as the volume of sample processed was increased within
the tested interval. For the two compounds, the increment of peak areas was particularly marked with
the capillaries that provided the highest analyte responses, PS-DVB and TEOS-MTEOS modified with
SiO, NPs; with these two extractive phases a nearly linear relationship between the sample volume
and the peak areas was observed. For the rest of the capillaries, the increment was much more modest.

For a given sample volume, highest peak areas were obtained for saccharine with the
TEOS-MTEOQS capillaries modified with SiO, and TiO, NPs; no significant differences between these
two capillaries were found. This suggests that the hydrogen bonding and dipole-dipole interactions
that can be established between the NPs and the amino groups of the analyte are the predominant
mechanisms of interaction between the extractive coatings and the analyte molecules. Among the
phases with aromatic rings, the FFAP coated capillary provided the highest responses. This can be
explained by the electrostatic interactions that can be established between the amino group of the
analyte and the nitro groups of the nitroterephthalic acid coating (with positive charge on the nitrogen
and negative on the oxygen atoms).
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Naphthalene and fluoranthene are expected to interact with the TEOS-MTEOS extractive phase
mainly by hydrophobic interactions, and also by 7-7t interactions with the TRB, FFAP and PS-DVB
phases. As observed from Figure 1, the PS-DVB provided much higher extraction efficiencies than the
TRB and FFAP capillaries. This can be explained by differences on the film thickness, which was much
higher for the PS-DVB. In fact, even the TEOS-MTEOS SiO;, NPs reinforced polymer coating provided
higher responses than the TRB and FFAP coated capillaries. As regards the two types of particles
used for the reinforcement of the TEOS-MTEOS polymer, the SiO, NPs provided higher responses,
which suggested that the resulting composite had a higher specific area for interaction, as neither
naphthalene nor fluoranthene have functional groups capable of establishing interactions other than
hydrophobic interactions.

3.1.3. Reproducibility and Specificity

In order to study the reproducibility, three consecutive injections of the tested compounds were
affected in the chromatographic system (with the separative column placed between the IT-SPME
device and the detector) and using a sample volume of 200 pL. As an example, in Figure 2a are shown
the chromatograms obtained for naphthalene and fluoranthene. The relative standard deviations
(RSDs) were calculated from the peak areas measured for each compound ((standard deviation/mean
area) X 100). The values found with the synthetized capillaries are summarized in Table 2, which also
shows the values obtained for the commercial capillary that provided best extraction efficiency for
each compound.

Table 2. Reproducibility obtained by IT-SPME-Cap-LC with the trimethoxyethylsilane (TEOS-MTEOS)
capillaries functionallized with nanoparticles (NPs) and the commercial capillary that gave the best
extraction rate for each compound (n = 3); volume of sample processed, 200 pL.

Compound Concentration(ug/mL) Extractive Phase RDS (%)

TEOS-MTEOS/SiO, NPs
Saccharine 125 TEOS-MTEOS/TiO, NPs
FFAP

TEOS-MTEQS/SiO, NPs
Naphthalene 20.0 TEOS-MTEOS/TiO, NPs
PS-DVB

TEOS-MTEOS/SiO, NPs
Fluoranthene 1.0 TEOS-MTEOS/TiO, NPs
PS-DVB

N NI | 00O = | O = O

The results of Table 2 show that the synthetized TEOS-MTEOS reinforced with NPs capillaries
provided reproducibility suitable and comparable to that achieved with commercial capillaries.
No significant differences on the reproducibility obtained between the two synthetized capillaries
were found.

The specificity was also tested for two different matrices of interest in the environmental field, in
order to investigate whether matrix components could interfere with the identification or quantification
of the analytes. The samples selected were water (ditch and river water) and the extract obtained from
a soil sample (0.3 g) treated with 1.2 mL of acetone in an ultrasonic bath, and the PAHs naphthalene
and fluoranthene were selected as model compounds. The water samples were filtered before being
loaded into the chromatographic system, whereas the extract of soil was evaporated to dryness,
and then reconstituted with water and filtered before being processed. In Figure 2b are shown the
chromatograms obtained for some of the samples assayed using the optimized IT-SPME conditions
(PS-DVB capillary).
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Figure 2. Chromatograms obtained under optimized conditions for (a) three successive injections of a
standard solution containing 2.5 ug/mL of naphthalene and 0.18 pug/mL of fluoranthene; (b) a blank
(nanopure water), ditch and river water, and for the extract obtained for a soil sample, and the same
soil spiked with naphthalene and fluoranthene. Volume of working solution processed, 200 uL.

As observed in the above figure, no significant differences between the registers obtained for
nanopure water and for the water samples were observed. Thus, the specificity for this kind of samples
was considered satisfactory. A minor peak was observed in the solid extract; the intensity of such
peak was much lower in the spiked soil sample. These differences could most probably be minimized
by reducing the soil particle size. Nevertheless, as the aforementioned peak eluted at a retention
time different to those of the analytes, it was concluded that the specificity for the solid extracts was
also suitable.

3.2. IT-SPME Coupled to Nano-LC

The number of capillaries with suitable dimensions for coupling IT-SPME to Nano-LC is still very
low. For this reason, only the extraction efficiency of TEOS-MTEOS modified with SiO; NPs and TiO,
NPs could be tested and compared. Different herbicides were tested as the target compounds (Table 1).

Preliminary tests showed that the desorption of the extracted analytes from the capillaries could
be effected under a wide variety of eluent compositions; therefore, this study was carried out with
the IT-SPME connected to the analytical column. As for Cap-LC, an increment volume had a positive
effect on peak areas for a majority of the tested compounds; increasing responses were observed up to
sample volumes of 500 uL, although a further increment to 750 uL had no a positive effect on peaks
areas. This is illustrated, in Figure 3, which shows the effect of the sample volume on peak areas when
processing different sample volumes with the TiO, NPs modified coating.
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Figure 3. Variation of the peak areas with the sample volume with the TEOS-MTEQOS extractive phase
reinforced with TiO, NPs. Concentration assayed, 25 ng/mL for linuron and 10 ng/mL for the rest
of compounds.

Consequently, a sample volume of 500 uL was selected to compare the extraction efficiency of the
two capillaries tested. The results obtained are depicted in Figure 4.
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Figure 4. Comparison of the peak areas obtained with the TEOS-MTEOS coated capillaries
functionalized with SiO, NPs and TiO, NPs. Concentrations assayed, 25 ng/mL for linuron and
10 ng/mL for the rest of compounds.

In view of the chemical structures of the tested compounds (Table 1), the retention of the analytes
on the extractive phase can be considered the result of hydrophobic, polar and, in some cases, hydrogen
bonding interactions. Since all the tested compounds have similar Koy, coefficients (see Table 1)
functional groups are expected to play a key role in the extraction. In fact, the results of Figure 4
show that even compounds with very similar chemical structure exhibit quite different affinity for
the two extractive phases. For example, whereas for the phenylureas fluometuron, isoproturon and
metobromuron both phases provided similar extraction rates, linuron showed much stronger affinity
for the TiO, NPs functionalized phase. The main difference between the latter compound and the other
members of the family is the presence of an additional substituent in the aromatic ring. The presence of
two contiguous substituents with partial negative charges was suggested as the reason for the strong
affinity of phthalate esters for TiO, surfaces by Banitaba et al. [18]. The reason given by the authors
was that this conformation allows the establishment of mono and bidentate interactions between the
negatively charged substituents and the TiO; sites. The presence of the two electronegative halogen
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substituents in the linuron molecule would facilitate a similar interaction with the TEOS-MTEOS/TiO,
NPs phase, thus explaining the high extraction rate found for this herbicide.

On the other hand, different studies have demonstrated the strong affinity of TiO, for compounds
containing phosphate groups [15,19]. The results of Figure 4 indicate that TiO, NPs are a better option
for fenamiphos and fenthion. However, the extraction efficiency for fenitrothion is superior with the
SiO, NPs modified phase. This can be explained by the presence of the nitro group on the analyte
molecule, which facilitates their interaction with the ionized silica NPs of the coating via dipole-dipole
interaction mechanism. This is in agreement with the results found for bifenox, also with a nitro
substituent, as the extraction efficiency is also better with the SiO, NPs composite.

4. Discussion

In this work, the extraction capabilities of different commercially available capillaries (TRB 35,
FFAP and PS-DVB) have been tested and compared with those of two polymeric coatings reinforced
with NPs, using different pollutants with aromatic rings and Cap-LC. For the highly polar compound
saccharine, the TEOS-METOS phase reinforced with NPs is the best option. This is because, besides
hydrophobic interactions, the analyte can establish electrostatic interaction with the coating. For the
analysis of the aromatic hydrocarbons naphthalene and fluoranthene the PS-DVB coated capillary is
recommended. This capillary provided extraction rates much higher than those achieved with the
other capillaries; this can be, at least, partially attributed to the thickness of the coating. A relatively
high acetonitrile content in the mobile-phase was necessary for the rapid desorption and transfer of
the retained analytes from the capillary to the analytical column. In principle, the specificity was
also suitable for the analysis of these pollutants in environmental matrices such as water and soil
extracts, but further studies would be required to optimized and validate the entire method. In this
sense, substantial improvement of the sensibility can be expected by increasing the sample volume
(see Figure 1). However, with this extractive capillary, the eluent composition required may be a
limitation for the chromatographic separation if compounds with more than four aromatic rings
(highly apolar) are going to be processed.

Although less effective for the extraction of naphthalene and fluoranthene, the TEOS-MTEOS
capillary reinforced with SiO, NPs is a good alternative, particularly for compounds with functional
groups capable of establishing dipole-dipole or hydrogen bonding interactions.

The number of capillaries that can be used for IT-SPME coupled on-line to Nano-LC is even more
limited. In the present study, we have tested and compared TEOS-MTEOS phases modified with
SiO; or with TiO, NPs. The extraction rates were highly dependent on the chemical structure of the
analytes. The extraction efficiency was generally better with the TiO, functionalized capillary for
most of the tested compounds. However, the SiO, NPs showed stronger interaction with compounds
having nitro groups. Both capillaries allowed the direct analysis of the tested herbicides at ng/mL,
illustrating the potential of IT-SPME-Nano-LC for the analysis of organic pollutants. It has to be noted
that, throughout our study, we used TEOS-MTEOS capillaries synthetized in different batches and no
significant differences in their performance was found, which is in agreement with previously reported
results [8,20].

The results of this study may help to select the extractive phase according to the characteristics
of the targeted compounds. Nevertheless, extending the study to new types of substances is still
necessary, particularly in Nano-LC systems.
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Abstract: Metal-organic frameworks (MOFs) have attracted recently considerable attention in
analytical sample preparation, particularly when used as novel sorbent materials in solid-phase
microextraction (SPME). MOFs are highly ordered porous crystalline structures, full of cavities.
They are formed by inorganic centers (metal ion atoms or metal clusters) and organic linkers
connected by covalent coordination bonds. Depending on the ratio of such precursors and the
synthetic conditions, the characteristics of the resulting MOF vary significantly, thus drifting into a
countless number of interesting materials with unique properties. Among astonishing features of
MOFs, their high chemical and thermal stability, easy tuneability, simple synthesis, and impressive
surface area (which is the highest known), are the most attractive characteristics that makes them
outstanding materials in SPME. This review offers an overview on the current state of the use of
MOFs in different SPME configurations, in all cases covering extraction devices coated with (or
incorporating) MOFs, with particular emphases in their preparation.

Keywords: solid-phase microextraction; metal-organic framework; crystalline nanostructures;
nanomaterials; analytical chemistry; coatings; microextraction devices; sample preparation

1. Overview on Metal-Organic Framework

Metal-organic frameworks (MOFs) are solids constituted of inorganic metal ions (or metallic
clusters) and organic linkers connected by coordination bonds. The metal ions act as nodes or
centers and the organic linkers act as a bridge between them, forming a complex bi-dimensional or
three-dimensional net. Nodes and ligands are termed secondary building units (SBUs). Depending
on the coordination sphere of the inorganic SBU, the organic SBU used, and their connectivity, the
topology, geometry, and properties of the resultant material will vary significantly [1-4]. Metal-organic
frameworks are a subclass of the more general coordination polymers, because they include only those
materials with permanent porosity.

The design and synthesis of MOFs rely on reticular chemistry. This approach allows the design of
specific structures by the selection of the inorganic and organic SBUs identifying how the nodes and
the linkers interact to form the network [4,5]. While the inorganic SBU dictates the node connectivity
(usually as a polyhedron where the vertices are the connectivity points), the organic linker indicates the
number of nodes that will be interconnected, being necessary, at least, the use of a ditopic linker (linear
connector). Figure 1 shows several representative examples of MOFs structures and their respective
SBUs. One of the most representative examples is the family of isoreticular metal-organic frameworks
(IRMOFs). This group of MOFs present the same topology and skeleton but different functionalization
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and pore dimensions due to changes introduced in the organic linker, such as increasing its length or
by the incorporation of different functional groups [6].

The design of a MOF implies smart selection of the SBUs. Clearly, the number of possible
metal-linker combinations are countless. In fact, the Cambridge Crystallographic Data Center contains
more than 75,000 different registered MOF structures [7]. There is still a variety of abbreviations to refer
to different classes of MOF, without any kind of unified nomenclature: MILs—Materials of Institute
of Lavoisier [8], HKUST—Hong Kong University of Science and Technology [9], UiO—University
of Oslo [10], CIM—Canary Islands Material [11], or DUT—Dresden University of Technology [12].
Other nomenclatures relate with the structure and organic linker nature used, such as ZIFs—Zeolitic
Imidazolate Frameworks [13] or PCN—Porous Coordination Network [14]. Given this nomenclature
gap, several MOFs have more than one name, i.e., HKUST-1 = MOF-199. Taking into account
the increasing number of applications of these materials, we believe that a common and unified
nomenclature will arise necessarily.

The characteristics of MOFs mainly depend on the nature of the selected inorganic and organic
SBUs and their connectivity. These three factors will define the geometrical disposition of the network,
the pore size, the morphology of the cavities, and the channels distribution. Nevertheless, other
parameters related to the synthetic conditions such as the amount of each precursor, ratios, solvents,
modulators, and the synthetic method followed also exert a noticeable influence on the network [1].

The preparation of MOFs follows common strategies to obtain crystalline structures such as slow
diffusion or solvent evaporation [1,3]. In the generic procedure, a solution containing the precursors
(organic and inorganic SBUs) gets under favorable conditions to ensure the integrity of the SBUs and
their assembly to form a network. Specifically, the slow diffusion synthesis consists on the preparation
of two solutions containing each one of the MOF precursors (the metal and the linker). The two
solutions get in contact and slowly diffuse forming the crystals at the interface. The evaporation strategy
utilizes a saturated solution of the SBUs mixture, followed by heating to remove the solvent slowly,
thus forcing the formation of the crystals. Although both methods are easy to perform, sometimes,
MOF preparation requires an energy input to form the product. Therefore, the solvo(hydro)thermal
synthesis emerged as a common method to obtain MOFs [1]. This procedure utilizes a solution of
inorganic and organic SBUs in a Teflon-lined stainless steel autoclave, followed by heating at the
adequate temperature. The reached temperature while maintaining a constant volume in the reactor
generates an autogenous pressure that facilitates the formation of the crystals [3]. This method is the
most common strategy to prepare MOFs. However, it is an energy intensive procedure if the MOF
requires high temperature, and most of the solutions are prepared with high polar toxic solvents to
ensure the solubility of the precursors such as N,N-dimethylformamide, N,N-dimethylacetamide,
N,N-diethylformamide, etc. Nowadays, other procedures such as electrochemical, microwave-assisted,
mechanochemical-assisted, and sonochemistry synthesis have emerged as environmentally friendly
alternatives to prepare MOFs, while increasing the final amount obtained [15].

MOFs have become a trendy material due to their excellent properties. Most of these compounds
possess a high thermal, chemical, and mechanical stability. Several MOFs present a flexible behavior,
being able to expand or contract their structures as a response to an external stimulus: electromagnetic
radiation, temperature, or mechanical stress. Most of these interactions relate with a host-guest
phenomenon, depending if the initial synthetic solvent fills the pore (expanded) or if the pores are
empty (contracted) [2].

Their current success in analytical chemistry directly links to their impressive surface areas.
MOFs have the highest surface area known, with values ranging from ~150 up to ~7,000 m?-g~! [16].
Nowadays, the MOF DUT-60 holds the world record regarding the highest surface area and pore
volume. This MOF has a surface area of 7,800 m?-g~! and a pore volume of 5.02 cm®-g ™1 [17]. It is formed
by Zn 0% clusters and an expanded tritopic ligand 1,3,5-tris(4’-carboxy[1,1’-biphenyl]-4-yl)benzene in
combination with a ditopic linker 1,4-bis-p-carboxyphenylbuta-1,3-diene. In general, MOFs with surface
areas over 6,000 m?-g~! are termed ultrahigh porosity crystalline frameworks. Their applicability is

18



Separations 2019, 6, 47

still challenging despite this property because their activation is quite complex [16]. The activation
of a MOF refers to any procedure shifted to clean the non-reacted chemicals while evacuating the
remaining synthetic solvent from the pores of the material. The purpose is to obtain vacant space in
the crystal. This procedure can be accomplished by different strategies such us heating, application of
vacuum, or even using a solvent exchange [18]. In the case of ultrahigh porosity MOFs, this evacuation
can render the structure useless due to the collapse of the structure after the removal of the solvent
molecules. The linkers used in these materials as organic SBUs are extended-ligands (to ensure the
obtaining of larger porous), which cannot hold on the complex node-linker network once they get
empty. In fact, once the cavities and pores are empty, there is more free space than material [16].
For this reason, conventional MOFs (which also have high surface areas but not comparable to those
termed ultrahigh porous MOFs) have been more widely used in the majority of applications, such as
gas storage [19], heterogeneous catalysis [20], sensors [21], drug delivery systems [22], energy storage
devices [23], and in analytical chemistry applications [24-27].
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Figure 1. Examples of different metal-organic frameworks structures with their corresponding metallic
clusters and organic linkers. Adapted from [18], with permission from American Chemical Society, 2017.

2. Metal-Organic Frameworks in Analytical Separations

Regarding their use in analytical chemistry separations, MOFs have been employed as stationary
phases in chromatography and as sorbent materials in analytical sample preparation methods, taking
advantage of their surface area, stability, and tuneability [24,28]. Figure 2 summarizes the evolution
of the use of MOFs in analytical chemistry separations, focusing the attention in analytical sample
preparation approaches.

The advantages offered by MOFs as stationary phases in chromatography include the pore size
selectivity, the possible use of functional organic ligands as linkers that increase the specificity of
the material (favoring interactions with analytes), and the separation of species due to metal affinity
events. Furthermore, it is possible to achieve chiral chromatographic separations by using chiral
MOFs [28]. However, their non-spherical morphology, nanoscale particle size, and (for several MOFs) a
limited working pH range stability are issues requiring polishing to expand the application of MOFs as
chromatographic stationary phases. Recent developments in the field focus the efforts on the synthesis
of silica-based core—shell MOFs to increase the particle size while improving the homogeneity of the
chromatographic stationary phase [28,29].
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analytical separations, particularly in analytical sample preparation methods. For the definition of the
abbreviations, refer to the list of abbreviations at the end of the article.

The use of MOFs as novel sorbent materials in a variety of analytical sample preparation methods
somehow directly relates within the trends of green analytical chemistry [24]. Conventional extraction
methods are time consuming and require the use of large volumes of toxic organic solvents and
sample volumes. As improvements, there has been a high applicability of miniaturized analytical
sample preparation methods. These novel miniaturized approaches require outstanding materials to
perform with the same analytical performance as conventional materials in non-miniaturized methods.
Among miniaturized sorbent-based microextraction strategies incorporating MOFs it is possible to
cite: miniaturized solid-phase extraction (u-SPE) [30], dispersive solid-phase microextraction (u-dSPE)
and its magnetic-assisted version (m-pu-dSPE) [25,31], and solid-phase microextraction (SPME) [24,32],
each of which are also susceptible to be performed under different operational strategies, as shown in
Figure 2.

In all cases, MOFs are utilized as porous materials to somehow ensure trapping those target
molecules able to get inside their pores while interacting with the metal nodes [27,33]. Once trapped
by the material, proper desorption (thermally induced or aided by desorption solvents) is performed
to accomplish the analytical determination.

Another recent trend of incorporating MOFs in analytical sample miniaturized methods pursue
the use of low cytotoxic MOFs, prepared following the criteria of green synthesis [34].

Initial studies of MOFs as sorbent materials were in on-line and off-line u-SPE methods. Thus,
Zhou et al. prepared a copper (II) isonicotinate MOF powder packed precolumn (1.5 cm X 4 mm) to
perform an on-line extraction of polycyclic aromatic hydrocarbons (PAHs) in environmental waters [35].
Yang et al. also used a similar strategy packing ZIF-8(Zn) into a stainless-steel column for the on-line
u-SPE determination of tetracyclines in water and milk samples [36]. Regarding off-line u-SPE, the first
application reported a pu-SPE column prepared by packing MOF-5(Zn) in a polypropylene cartridge,
which was used for the extraction of PAHs [37]. In a different approach, the device consisted on a
polypropylene membrane bag filled with ZIF-8(Zn) powder (similar to a tea bag) instead of the most
conventional cartridge. One of the most attractive characteristics of this device is the possibility of
performing a vortex-assisted extraction without requiring any centrifugation step [38]. Since then,
MOFs have been packed as powder into disks, cartridges, and micro-columns for their use in different
analytical sample preparation applications of u-SPE [27,39].
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The success of MOFs as sorbent materials in the microextraction variant that disperses the material
(without utilizing any device) in the sample, 1-dSPE, lies in the simplicity of the approach. MOFs as
net crystals experience dispersion (by agitation) into the sample containing the analytes. Once the
MOF traps the target analytes, they are desorbed and analytically determined [25]. In addition to
simplicity, the resulting method presents high extraction efficiency (given the strength of the interaction
analyte-MOF during MOF dispersion), adequate preconcentration, reproducibility, and accuracy.
This leads not only to the expansion of the use of neat MOFs in p-dSPE but also to the development of
novel MOF-hybrid materials and composites [25]. However, considering the use of net crystals not
confined in any device of easy manipulation, in all cases a final step of centrifugation, decantation, or
magnetic separation with an external magnet is required, in turn requiring more steps than expected
for a truly miniaturized approach.

Pawliszyn et al. developed the first SPME device in the early 1990s. The first SPME device utilized
asilica wire of 1 cm coated by polyimide as sorbent material [40]. Although the extraction of the analytes
was successful, the device suffered a lack of strength and robustness. Out of this first design, different
SPME configurations have been developed progressively to improve this technique [41]. This includes
mainly the following SPME modes: on-fiber solid-phase microextraction (f-SPME) [42], arrow fiber
solid-phase microextraction (af-SPME) [43], in-tube solid-phase microextraction (it-SPME) [44], thin-film
solid-phase microextraction (tf-SPME) [45], and stir-based solid-phase microextraction, including
stir-bar (sb-SPME) [46] and stir-cake solid-phase microextraction (sc-SPME). The introduction of MOFs
as sorbent materials in the different SPME devices and configurations has been gradual. Thus, Figure 3
shows a timeline of the introduction of MOFs in the main different SPME configurations developed up
to date [47-52].

2019

Stir—cake‘

SPME

2013
Stir-bar

SPM E&

Figure 3. Timeline covering the introduction of MOFs as sorbents in the different solid-phase
microextraction devices and configurations. (A) Adapted from [47], with permission from Elsevier,
2016. (B) Adapted from [48], with permission from Elsevier, 2016. (C) Adapted from [49], with
permission from American Chemical Society, 2016. (D) Adapted from [50], with permission from
Elsevier, 2018. (E) Adapted from [51], with permission from Elsevier, 2017. (F) Adapted from [52], with
permission from Springer Nature, 2019.

This review includes a general overview on the state of the art of the use of MOFs as sorbent
materials in different SPME devices (Figure 3), paying particular attention to their preparation for the
different configurations.
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3. MOFs in On-Fiber Solid-Phase Microextraction (f-SPME)

3.1. Overwiev on Commercial f-~SPME Devices

In its more common configuration, the SPME device involves a fiber-shaped support coated
with the extracting phase leading to the on-fiber SPME (f-SPME), as shown in Figure 4A. This SPME
configuration normally performs in two main extraction modes: headspace (HS) SPME, in which the
fiber exposes to the headspace over the sample, and direct immersion mode (DI-SPME), where the
fiber immerses completely in the aqueous sample. The final desorption step can be accomplished
either by placing the fiber in the inlet of a gas chromatography (GC) system (the coating resists high
temperatures and the analytes volatilize and get into the GC) or by exposing the fiber to a small amount
(<1 mL) of organic solvent (solubilizing analytes while preserving the coating). The thermal desorption
approach is the most desirable since it leads to a solvent-free extraction method.

Currently, several brands, including Supelco (Merck) [53] and PAL from CTC Analytics
(Restek) [54], supply SPME fibers coated with stationary phases of different polarities and
thicknesses. All commercial stationary phases for f-SPME contain a liquid polymer, which is the
main component of the coating in the case of absorbent-type fibers (polydimethylsiloxane (PDMS),
polyacrylate, and polyethyleneglycol), or is the liquid bulk material in which the solid sorbent is
suspended in the case of adsorbent-type stationary fibers (carboxen/PDMS, PDMS/divinylbenzene,
and divinylbenzene/carboxen/PDMS).

For the preparation of commercial {-SPME devices, fused silica fibers and metal wires act as the
core to support the coating material, with diameters of 100 and 128 um, respectively [55]. Despite the
fragility of fused silica, it is the preferred core for most -SPME devices since the diameter can be highly
controlled and long fibers can be coated precisely with absorbent materials during the manufacturing.
Stableflex cores, consisting of fused fibers coated with a thin layer of an inert polymer, and metallic wires,
composed of a flexible and thermally stable non-ferrous metal alloy, were introduced to overcome
this stability issue [55]. The use of these novel substrates as cores improves the bonding of the
adsorbent-type materials during the coating process, which also helps in improving the robustness
and reproducibility between batches of the resulting device.

Regarding the size of the f-SPME devices, commercial fibers consists of coated cores of 1 cm.
The thicknesses of the coating are up to 100 um depending on the composition of the sorbent
material [53,54]. Despite thicker coatings possibly leading to an improvement on the extraction
capability of the SPME fiber, they may also require long extraction times to reach equilibrium when
operating [41]. These coated cores assemble in a device that resembles a syringe to facilitate its
manipulation and the automation of the methodology. It allows exposing the extracting phase to the
sample by pushing the plunger forward, while the fiber experience retraction and protection by pulling
the plunger back.

The f-SPME mode is the most widely-exploited approach within all the SPME configurations
reported up to date (Figure 2). This success relates to its huge trade expansion in the analysis
field [56-58], the existence of standard methods proposing this technique [59,60], together with the
simplicity of its operation and the easiness in the preparation of these fibers in comparison with other
SPME devices.

Despite the commercially available coatings allow the application of this technique for extracting
a broad range of compounds, they still lack selectivity and present relatively low thermal stability [41].
In this sense, considering the interesting properties of MOFs, they have been explored as sorbent
coatings for f-SPME [32].

3.2. Preparation of MOF-Based f-SPME Devices

Table ?? includes several representative examples of the reported MOF-based coatings for this
SPME geometry together with other configurations [48-51,61-76]. The vast majority of reported
MOFEF-based f-SPME devices uses the most common MOFs, such as: HKUST-1—composed of copper
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nodes and 1,3,5-benzenetricarboxylate struts [61,65,77-79]; UiO-66—formed by the combination of
Zr clusters and 1,4-benzenedicarboxylate ligands [62,67,80,81]; MIL-type MOFs, synthesized using
1,4-benzenedicarboxylate ligands and different metal ions, including Cr [68,69,82,83], Fe [84-87], and
Al1[66,88]; and MOFs composed of Zn metal centers, including MOF-5 with 1,4-benzenedicarboxylate
as ligand [64,89-92], and the family of ZIF MOFs containing imidazolate-based ligands [63,70,93-96].
The selection of these MOFs over others (particularly considering the vast list of possible MOFs) lies on
their easy preparation and inter-batch reproducibility of their preparation, together with the fact that
their characterization is thorough. To sum up, MOFs containing Zn, Zr, and trivalent metals in their
structures normally present higher water and thermal stability [97,98], which makes them adequate
candidates for SPME stationary phases.

A) On-fiber SPME | B) Multiple on-fiber SPME |

Closed Open

Fiber

Assembly — bundle

Monolith
Fiber core

Stationary
phase ]

MOF-based monolithic f-SPME

MOF-based f-SPME

Figure 4. (A) Scheme of a generic f-SPME device and image of a MOF-based f-SPME. Adapted from [78],
with permission from Elsevier, 2019. (B) Scheme of a generic multiple {-SPME device and image of the
MOF-based monolithic f-SPME. Adapted from [70], with permission from Springer, 2019.

Given the solid nature of MOFs, different strategies arise for their immobilization on the f-SPME
device. The most common approach is the in-situ growth of the MOF on the surface of the substrate
used as core [61-63,79,84,94,99-104]. In this method, the support is immersed in a solution containing
the reagents required to synthesize the MOF by the solvothermal method. The surface of the support
offers nucleation sites in which the MOF starts growing to form the coating. Among the studies using
this coating method, it is worth mentioning the f-SPME based on HKUST-1(Cu) prepared by Sun et
al. [79]. In this case, the reaction solution contains the organic ligand and an oxidizing agent since
the copper wire used as f-SPME core acts as source of copper ions itself to synthesize the MOF. In
other cases, once the MOF attaches to the support (by the in-situ growth), there is an incorporation of
additional materials to improve the efficiency of the final coating. Thus, it is interesting to mention
the layer-by-layer deposition method of an ionic liquid (IL) and coating with PDMS after the in-situ
growth of the MOF IRMOF-3(Zn) reported by Zheng et al. [100]. The PDMS layer helps to protect
the coating, while the IL plays an important role on the extraction efficiency of the resulting f-SPME
device. The in-situ growth approach has also been reported for the preparation of f-SPME devices
coated with composites containing MOFs and carbon-based materials [92,105]. In these cases, the
carbon-based material requires dispersion in the reaction solution together with the starting materials
for the synthesis of the MOF. In the study reported by Wu et al. [92], an IL is also included in the
resulting coating by the functionalization of graphene prior to its addition to the reaction solution.
The incorporation of the IL leads to a better bonding between the graphene and the MOF-5(Zn) used
for the preparation of the extracting phase, which also improves the uniformity and stability of the
f-SPME device.

Other supporting methods base on the electrodeposition of the MOF [64,91]. In this strategy,
the working electrode is also the core of the f-SPME device, and cyclic voltammetry ensures that
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the MOF coats its surface. In the examples reported, the electrodeposition step ensures that
triethylamine-modified MOEF-5 coats the stainless-steel rod by including triethylamine hydrochloride
in the electrolyte solution together with the metal salt and the organic acid used as ligand.

A simpler coating method involves the immersion of the support in a dispersion of the MOF
or directly in the MOF powder [93,106], using always the as-synthetized MOF by any of the usual
routes (usually the solvothermal method). This procedure needs repetition several times with heating
steps between the dipping cycles until reaching the desired thickness. Despite its simplicity, it is
hardly used to include neat MOFs in the fibers but to prepare f-SPME devices with hybrid phases
composed of MOFs together with carbonaceous materials [65,77,87,90]. For their preparation, the
initial powder contains a mixture of the MOF with the carbon-based additive at a specific proportion
and the fiber dips in the suspension or powder. MOF-based sorbents benefit from the incorporation
of graphene derivatives and carbon nanotubes to improve the extraction performance of the device
towards aromatic compounds.

Taking into account that all MOFs (including the abovementioned composites) appear as solid
particles in contrast to the high viscous liquid-like polymers used in the preparation of commercial
f-SPME devices, the fiber core for MOFs (and MOFs composites) must comply several requirements to
avoid detachment of the solid coating from the support [32]. Thus, most reported MOF-based SPME
fibers use stainless steel wires as core, with the same diameter as commercial fibers [61,63,64,84,87,90—
93,99,100,102-104,106]. To increase the contact area between the core and the solid during the coating
process there is a cleaning step of the metallic rod with different solvents and/or treating steps with
acid solutions to obtain a rough surface. With the aim of amending the link of the stationary phase to
the core while using a robust metallic support, the functionalization of the stainless-steel wires with
silanization agents results are also quite interesting [63,87,90]. In this case, a microstructured silver
layer on the surface of the wire solves the non-reactive character of the stainless steel.

Fused silica and quartz have also been used for the development of MOF-based coatings for
this SPME configuration [62,65,77,94,101,105]. Despite the fragility exhibited by these supports, their
composition allows an easy functionalization of the surface with amino or carboxylic groups by dipping
the fibers in a solution containing the silanization agent, after pretreating them with acids and bases
to expose the silanol groups. This step may ensure a chemical link between the support and the
MOF-based extracting phase, and consequently upgrade the stability of the coating, since these groups
can react with the organic ligands used for the synthesis of the MOF [32].
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As mentioned in Section 3.1, commercial f-SPME devices with solid materials require a liquid
polymer to attach the stationary phase to the core. This justifies the use of glues to attach the MOF
coatings to the stainless-steel wires in a high number of studies [47,66,67,81,82,85,86,88,89,107-113],
or even to fused silica [68]. The sealant is used in an amount that it does not block the pores of the
solid sorbent and it does not participate in the extraction process [32,55]. In general, the support is
first dipped in the sealant and then in the MOF powder to obtain the coating. The immersion of the
fiber in the glue has also been accomplished as the final step of the coating procedure [82], with the
glue acting as a protective layer; or even the glue is previously added to the MOF powder and the
fiber is immersed in the mixture to obtain the f-SPME device [109,112]. In some cases, the procedure
requires repetitions to control the thickness and obtain thicker coatings. Silicone and epoxy sealants
are commonly used, but other adhesives consisting of different polymers have also been proposed,
such as polyimide [47,109], polydopamine [86], polyethersulfone [112], and polyacrylonitrile [68].

More sophisticated methods have been described for the preparation of polymeric coatings
containing MOFs, such as the sol-gel approach [69,78,83,95,96,114,115]. In these studies, the MOF
particles need dispersion in the sol-gel solution, where the stainless-steel support is dipped to obtain
the coating after letting it dry at room or high temperatures. This preparation method provides
stationary phases that easily bond to the core, also ensuring a homogenous distribution of the MOF
through the coating. In the study reported by Bagheri et al. [116], a MOF-polyaniline composite is
electro-polymerized on the fiber core by applying a constant potential to the monomer solution, which
contains the MOF particles dispersed.

Despite the widely use of -SPME configurations, the enhancement of the extraction rate to reduce
the time to reach the equilibrium in f-SPME applications can be accomplished by using a SPME device
composed of multiple fibers, as recently proposed. These fibers have low diameters and are spaced in
a way that the gap between the fibers is bigger than the boundary layer formed around the coatings, as
shown in Figure 4B [41,117]. Mirzajani et al. reported MOFs in this approach [70]. The SPME device
involves a fiber bundle prepared by combining four polymeric monoliths with a diameter of 0.35 cm.
The composite consists of a molecularly imprinted polymer doped with graphene oxide and the MOF
ZIF-8(Zn), which helps generating a highly selective material due to its pore topology. The use of
monoliths yields a highly stable and flexible device that can be easily prepared using molds, which
also provide high inter-batch reproducibility.

3.3. Analytical Performance of MOF-Based f-SPME Devices

Most of the MOF-based coatings reported have lengths of 1 cm, while their thicknesses, estimated
by obtaining scanning electron microscopy micrographs of the resulting f-SPME device, ranged
from 2 um to 150 pum regardless of the composition of the stationary phase and the coating
method. The as-prepared MOFs coatings in f-SPME are commonly incorporated into a 5 uL
GC syringe [47,61,62,65-67,69,70,77,81,83-85,87,88,90,93-96,101-104,106,108,114,115], are mounted in
a commercial f-SPME assembly [82,89,100,109,112], or into a lab-made device [68,78,116]. The average
lifetime of the MOF f-SPME devices is around 100-120 extractions, with the exception of the fiber
prepared with the MOF MAF-66 (Zn as metal center and 3-amino-1,2,4-triazole as organic ligand)
for which the extraction performance was still the same after 270 extractions [106]. Regarding the
inter-fiber precision, which provides information of the reproducibility of the preparation method
despite evaluating the fibers for a specific application, it was always lower than 14%, being even lower
than 5.2% for the multiple fiber device [70].

As expected, taking into account the characteristics of the SPME technique and the high thermal
stability of MOFs, practically all the f-SPME devices combine with GC analysis. The desorption
temperatures used are in general close to the maximum temperature at which MOFs keep their
crystallinity, thus being always higher than 200 °C, with an average value of 250 °C. The highest
desorption temperature reported was 300 °C for the {-SPME coatings prepared with MIL-88B(Fe) [84],
MOF-5(Zn) [92], UiO-66(Zr) [81], and HKUST-1(Cu) [79].
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MOFs fibers have been evaluated in HS mode in combination with GC for the extraction of
an enormous variety of compounds: from PAHs [66,69,79,82,100,102,103,106,108,111], and benzene
derivatives [47,82,99,101,110,114,116], to phenols [67,89,92,94]. Water is the most common matrix
analyzed, but for example amines have been extracted from urine samples [115] and latex gloves [80],
thus proving the validity of MOF {-SPME fibers when dealing with complex samples. MOF f-SPME
devices are also useful for the determination of benzene homologues in indoor air [61] and aldehydes
in exhaled breath [95].

The DI-SPME-GC methods with these fibers has been used for the analysis of water samples coming
from different sources [62,81,85,88,96,104,105,107,109,113], aqueous extracts of foods [85,87,90], and
aqueous extracts of soils [62,104,105]. PAHs [62,81,85,96,104,105,107,109] and pesticides [90,107,113]
have been the most common analytes determined with the developed methods using the DI mode.

Only four studies reported liquid chromatography (LC) applications with MOFs fibers in the DI
mode [68,70,78,107], and using a small amount of an organic solvent in the desorption step [64,68,78],
or an aqueous solution at a fixed pH value in the case of the multiple fiber device [70]. It is
important to highlight the stability of the triethylamine-modified MOF-5(Zn) coating prepared by
electrodeposition [64,91], since it is stable in polar, non-polar, and even halogenated organic solvents, in
contrast to commercial coatings, which tend to swell in organic solvents. These DI-SPME-LC methods
were intended to the determination of hormones [64,70], and drugs [68,78], in biological and food
samples, respectively. It is important to highlight the application of the MIL-101-NH, f-SPME device
(Cr as metal center and 2-amino-1,4-benzenedicarboxylate as ligand, prepared using polyacrylonitrile
as adhesive) for in-vivo analysis, exhibiting better results than commercial fibers for the extraction of
antibiotics from living fishes [68].

4. MOFs in On-Arrow-Fiber Solid-Phase Microextraction (af-SPME)

SPME arrow fibers (af-SPME) appears as a variation of the f-SPME device to improve the robustness
of the design [43]. In this geometry, a large volume of the sorbent (compared to conventional f-SPME
devices) coats the sharp closed tip of a steel rod, as shown in Figure 5A. As the amount of extracting
phase is quite big in this configuration, higher sensitivity is possible in certain applications, while
protecting perfectly the coating from matrix components thanks to its design.

[ A) Arrow fiber SPME (af-SPME) ] [ B) Atomic layer deposition and conversion coating method ]
Fe-BDC MOF
Open Closed g Organic ligand ¢ coating
T Fe,0; film solution a

Outer needle H

—_—

Chemical vapor

Steel rod H p 4 reaction
| Sorption phase
-, Atomic layer : i

deposition 2
P Conversion

_ Closed tip for

/.~ septa penetration af-SPME

Zr-BDC film Acid as Ui0-66 MOF
modulator coating

Figure 5. (A) Scheme of the af-SPME configuration. Adapted from [43], with permission from Elsevier,
2015. (B) Atomic layer deposition and conversion method proposed for the preparation of MOF-based
af-SPME devices. Adapted from [71], with permission from Elsevier, 2018.

These af-SPME devices are already commercially available, manufactured by CTC Analytics [118].
The available stationary phases are the same as those for f-SPME: polymer-based coatings with different
polarities depending on their composition. The length of the coating is 2 cm, the rods have outer
diameters of 1.1 or 1.5 mm, and the thicknesses range from 100 um to 250 um for the PDMS phase.
Despite the novelty of this configuration, MOFs have also been explored as potential sorbent materials
for the development of af-SPME devices, which were used in combination with GC analysis [51,119].
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The MOFs ZIF-8(Zn) [51] and UiO-66(Zr) [119] in af-SPME have been attached to stainless steel
rods using adhesives. In the case of ZIF-8 af-SPME [51], a suspension containing the previously
synthesized MOF and polyvinylchloride is prepared, and the fiber support (2 cm) is dipped several
times in the mixture and subjected to high temperatures to obtain a thickness of 70 um. These fibers
were tested in the HS extraction of alkylamines from wastewater samples and from aqueous extracts of
fish and mushrooms. For the UiO-66-based device [119], the coating method consisted of dipping the
arrow fiber first in diluted silicone sealant and then in the suspension of the solid material several times
to obtain a thickness of 25 um. In order to increase the extraction capability of the sorbent towards
PAHs, there is a combination of UiO-66 MOF with molybdenum disulfide. The device was evaluated
in HS mode and in combination with GC for the analysis of aqueous extracts of fish samples.

Lan et al. [71] proposed a new coating strategy based on atomic layer deposition (ALD) and
conversion methods. The entire approach permits the preparation of more selective af-SPME
devices coated with different MOFs: the MOF Fe-BDC (composed of Fe metal centers and
1,4-benzenedicarboxylate ligands) was the best for the extraction of benzene-containing polar
compounds, while the UiO-66(Zr) coating exhibited better results for polar and aromatic analytes.
Figure 5B includes a scheme of the experimental procedure followed in this coating method. In the
case of Fe-BDC MOF, ALD permitted the support of Fe;Os films on the surface of the steel rod.
This oxide layer acted then as a source of Fe ions for the synthesis of the MOF. In the conversion
step, the af-SPME assembly was immersed in a solution containing the organic ligand to perform a
simple vapor-solid reaction, thus obtaining the MOF structure. This method was also used for the
preparation of Al-containing MOFs and using similar organic ligands, but the analytical characteristics
of the coating were not satisfactory. For the UiO-66 af-SPME, a thin film of the MOF precursor (Zr-BDC)
was supported directly on the steel wire instead of an oxide layer. This layer then easily transforms
into UiO-66 using the modulator vapor. Despite the small thicknesses obtained for these coatings (~2
and 7.5 um), comparative and even better results were achieved when extracting polar compounds
from wastewaters compared with polymeric commercial coatings.

5. MOFs in In-Tube Solid-Phase Microextraction (it-SPME)

The in-tube solid-phase microextraction configuration (it-SPME) was developed practically after
the development of the conventional f-SPME, mainly to improve the drawbacks related with the
coupling of the technique with LC. Although the high success of f-SPME devices in many analytical
applications, the extraction of non-volatile, semi-volatile, and/or thermo-labile compounds (not
adequate for GC) was a significant hurdle to overcome.

The introduction of it-SPME devices facilitates the online and direct injection in a LC system, and
even more important, its automation [120]. The first it-SPME devices consisted on 60 cm sections of a
GC capillary column, with an internal diameter of 0.25 mm and an internal thin film of the stationary
phase coating the capillary. Depending on the nature of the stationary phase, the film thickness varies,
exhibiting slightly different internal volumes among the devices. Nevertheless, the nature of the film is
the main factor responsible of the difference in the behavior [120]. Nowadays, most developed it-SPME
devices use open tubular fused-silica capillaries, with a thin film of the extractant material on the
inner walls. The development of other capillary modes shifts to the incorporation of novel materials
and the improvement of the technique. Other capillary modes include sorbent-packed, fiber-packed,
and monolithic phases [44,121,122]. Figure 6A compiles a representation of the main four it-SPME
capillary configurations.
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A) In-tube SPME configurations (it-SPME) } B) Operational modes in it-SPME

it-SPME device Sample injection

Pump

Chromatographic
Waste column

Flow-through system
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Chromatographic
Waste . column
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Figure 6. (A) Scheme of generic it-SPME devices reported in the literature. Adapted from [44], with
permission from Elsevier, 2019. (B) Scheme of the two general operation modes of it-SPME devices.
(C) Image of a MOF-based monolithic it-SPME device. Adapted from [123], with permission from
Elsevier, 2016.

There are several operational modes for it-SPME depending on the number of pumps and valves.
Nevertheless, they can be divided mainly into two configurations attending to the introduction of
the sample: the flow-through system and the draw/eject system. In the first one, the injection of the
sample can be performed manually or automated, and the sample is continuously injected into the
device following a unique direction way. In the draw/eject mode, it requires an automatic sample
introduction system (programmable). The sample is injected, flows through the device, and goes back
to the sample vial through the device again completing a cycle. In this modality, it is important not only
to optimize the sample flow, but also the number of required cycles to obtain the maximum extraction
efficiency [44,122]. Figure 6B shows a schematic representation of both configurations.

Up to date, the use of MOFs as sorbent material in it-SPME is not extended, and only few studies
have been reported so far using MIL-101(Cr) [72], MIL-53(Al) [49,123], and ZIF-8(Zn) [124], in all cases
for the determination of environmental pollutants in water.

In the cases of MIL-101(Cr) and MIL-53(Al), the devices consist of a glass capillary filled with a
monolith composed of a polymer and the MOE. Thus, the glass capillary was cut in sections of 4-10
cm length, followed by washing with concentrated NaOH to activate the silanol groups. Then, the
inner walls of the capillary were vinylated to guarantee the attachment of the monolith. [49,72,123].
Afterwards, the mixture suspension containing the necessary amount of MOF (as prepared and
already activated), butyl methacrylate as monomer, ethylene dimethacrylate as cross-linker agent,
azo-bis-isobutyronitrile as radical initiator, and a porogenic solvent fills the capillary. Once the sides of
the capillary are sealed, a microwave-assisted polymerization takes place. It is important to ensure the
correct dispersion and homogenization of the mixture suspension before filling the capillary to get a
homogenous it-SPME device. Finally, there is a clean-up step to remove the unreacted chemicals from
the device [49,72,123]. Figure 6C shows an electronic scanning microscopy image of the MIL-53(Al)
monolith-based capillary it-SPME device [123]. One of the most important factors to optimize in this
kind of devices is the amount of MOF in the monolith. If large amounts of MOF are used, the monolith
structure would be more compact, thus making the diffusion of the sample and solvents difficult (and
in turns resulting in a decreasing of the extraction efficiency of the final device) [123].
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Regarding the ZIF-8-based it-SPME device proposed by Ling and Chen [124], it consisted of a
fiber-packed capillary. In this case, the incorporation of the MOF requires an electrodeposition step
followed by an in-situ crystal growth. The general procedure starts by using a strong acid and a base
in order to activate the surface of carbon fibers (bundle of 13 cm). Then, the electrodeposition of ZnO
takes places by immersing the carbon fibers (as the working electrode on a three-electrodes system) in
a solution of zinc nitrate. The deposition of the oxide takes places by cyclic voltammetry. Once the
ZnO is formed all over the surface of the fibers, the cyclic voltammetry is stopped, and the fibers
bundle is washed and heated at 100 °C to ensure the immobilization of the oxide. This strategy renders
supported ZnO crystals of 30-80 nm. Consecutively, the solvothermal synthesis ensures the growth of
the MOF ZIF-8 by immersing the ZnO-based carbon fibers bundle into a solution of the organic linker
under adequate growing conditions, followed by packing it in a polyetheretherketone (PEEK) tube.
The analytical applications involved the determination of Sudan dyes in environmental waters [124].

6. MOFs in Thin-Film Solid-Phase Microextraction (tf-SPME)

While it is clear that the enlargement of the thickness of the sorbent material in f-SPME devices
implies an increase on the amount of extracted analyte, it also comes with long extraction times
to reach the equilibrium due to the radial diffusion of the analytes [41]. Thin film solid-phase
microextraction (tf-SPME) appears as a solution to increase the sensitivity (using larger sorbent
amounts) without increasing the extraction time. Wilcockson and Gobas were the first to propose the
tf-SPME configuration [125]. This first device consisted of a glass coverslip coated with a 0.33 pum thin
film of ethylene vinyl acetate (acting as sorbent coating). The device was tested in the analysis of toxic
organic chemicals in aqueous extracts of fish samples.

In tf-SPME, the sorbent material covers the surface of a flat material or forms a free membrane
with a reduced thickness, with the increasing amount of sorbent being related to the extension of the
surface, thus maintaining a high surface area to volume ratio. In this mode, higher sensitivities can be
reached given the increased amount of sorbent but requiring shorter times (similar to those of f-SPME)
because there are no extra difficulties in diffusion (same as those in f-SPME) [126,127].

The main challenge for the different sampling formats of tf-SPME is to avoid film folding.
Among formats, it is possible to cite free-membrane, stainless steel rods, cotter pin, and mess holder
configurations. Furthermore, it is possible to automate this extraction technique using 96-blades,
which is a variety of the commercial 96-well plates system [128]. Figure 7A shows the main tf-SPME
devices configurations.

A) tf-SPME operation modes B) Flexible tf-SPME device

@Mﬁ%ﬁﬁ?’*c(

Free Stainless Cotter Mesh 96-blades ft-SPME =
membrane steel rod pin holder tf-SPME device SEM image of tf-SPME device

Figure 7. (A) Different tf-SPME sampling formats reported. (B) An example of MOFs incorporated in a
flexible tf-SPME device. Adapted from [50], with permission from Elsevier, 2018.

It is possible to distinguish two different kind of tf-SPME devices attending to their thermal
stability: thermostable and non-thermostable films. Thermostable films can be coupled to a temperature
desorption unit and directly injected in the GC. As disadvantage, there is a limited number of
thermostable films reported in the literature and most of them are the same as the polymeric
coatings used in conventional f-SPME. Regarding thermo-labile films, they are used in solvent-assisted
desorption applications (implying longer sample preparation times due to the slower diffusion of the
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analytes in the liquid phase). In addition, the increased size of the device requires the use of higher
amounts of eluent solvent (in turn requiring a final step of solvent removal and reconstitution) [45].

The tf-SPME modality recently benefited from the introduction of MOFs. The preparation of
MOF-based tf-SPME is easier than other SPME configurations because the increased surface facilitates
the MOF growing.

MOFs reported in tf-SPME devices include MIL-53(Al) [50] and ZIF-67(Co) [129]. Other MOFs
studied as sorbent material in tf-SPME are UiO-66(Zr), MIL-53(Fe), MIL-100(Fe), MIL-101(Cr), and
ZIF-8(Zn) but presented worse analytical performance when compared with the abovementioned
MOFs [50]. There are other thin films incorporating MOFs reported in the literature, but they are used
as sorbent material in u-SPE applications instead of tf-SPME strictly [130-133]. Figure 7B shows an
example of a MOF-based tf-SPME device.

In the case of MIL-53(Al), it is incorporated in the thin-films by embedding the MOF (previously
synthetized) in a polymer. This method involves the dispersion of the MOF in a volatile solvent
(i.e., acetone), and addition of such suspension to a polyvinylidene difluoride (PVDF) solution in
dimethylformamide under sonication to ensure homogeneity. Then, the volatile solvent is evaporated,
and a dense ink is obtained [50]. The bar coating technique forms the thin film by spreading the ink
over a surface. It requires an applicator with an adjustable gap to control the thickness of the film [45],
followed by the aging of the film and solvent removal to ensure solidification of the film. The final
shape of the tf-SPME device can be easily modulated by proper cutting of the solid membrane obtained.
These composites combine the flexibility of the polymers and the high porosity offered by MOFs.
The amount of MOF powder cannot be extremely high into the film because it becomes more fragile
and flakier. The highest charge reported for a MOF into a membrane for tf-SPME application is 67%
(w/w) [50].

Recently, Mohammadi et al. have proposed a method that combines electrospinning and the in-situ
solvothermal growth to prepare a ZIF-67(Co)-based tf-SPME device [129]. The electrospinning implies
forming a composite of polyacrylonitrile and Co304 nanofibers. By heating, the polyacrylonitrile
suffers calcination and the polymer is removed from the film structure. Afterwards, this film gets in
contact with the organic linker required for the preparation of the ZIF-67(Co) (2-methylimidazole) at
adequate conditions to ensure formation of the nanofibers. The main advantage of this method is that
the MOF is self-supported without the use of a mesh or a polymer, but still being a flexible membrane.

Regarding the applicability of the MOF-based tf-SPME devices, just the self-supported ZIF-67(Co)
film permitted a thermal desorption. In this last case, the application was the determination of
pesticides [129]. In terms of analytical performance, they present adequate intra- and inter-device
precision, with reported relative standard deviation values lower than 11.4%. Samples analyzed include
water [129] and biological fluids [50], for the determination of estrogens [50] and pesticides [129].
Table ?? recaps a representative study of tf-SPME using MOFs as sorbents.

7. MOFs in Stir-Bar (sb-SPME) and Stir-Cake Solid-Phase Microextraction (sc-SPME)

Baltussen et al. introduced the stir-bar solid-phase microextraction (sb-SPME) configuration as
an alternative to conventional f-SPME, particularly useful for compounds with low octanol/water
partitioning coefficient (non-polar compounds) [134]. The device consisted of a magnetic stir bar
coated with PDMS. The sample is stirred with the bar at an adequate agitation rate. The bar is
removed after proper extraction time, and a direct thermal desorption step takes place in a specific GC
injection port called thermal desorption unit. In this configuration, part of the sorbent is in contact
with the bottom of the sample container thus blocking possible interactions between the analytes and
a portion of the extractant material. Stir-cake solid-phase microextraction (sc-SPME) emerged as a
solution to this problem. The sorbent (in general a monolith) is located in a cylindrical device avoiding
the contact between the sorbent and the bottom of the vessels thus improving the entire extraction
efficiency [135,136].
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Both configurations follow the same extraction fundamentals as conventional SPME. However,
the amount of the sorbent material in both modes sb-SPME and sc-SPME are ~50-200 times bigger than
the amount used in conventional {-SPME, thus permitting increasing the extraction capacity towards
target analytes [137], but also increasing the extraction time.

Currently, there are only two commercially available sb-SPME devices distributed by Gerstel:
one coated with PDMS and the other with a PDMS/ethylene glycol copolymer [138]. Although
these coatings possess many merits such as high sensitivity and good reproducibility, they also have
low selectivity and require long extraction times to reach the equilibrium conditions. In addition,
recoveries for polar compounds are poor due to the non-polar nature of the sorbent, being necessary
a derivatization step for their extraction. Given these drawbacks, recent developments of sb-SPME
devices focus on the development of more selective coatings with faster extraction kinetics, with MOFs
not being an exception [46].

MOFs used as sorbents in sb-SPME include IRMOF-3(Zn) [73], MIL-53(Al)-NH, [74],
MOF-5(Zn and Fe) [75,139], ZIF-8 [140], MIL-101(Cr) and its amino functionalized version [48,141],
MIL-68(Al) [142], ZIF-67(Co) [143], and UiO-66-NHj [76].

The main procedure followed to incorporate MOFs in sb-SPME devices is the sol-gel approach.
The devices prepared by this procedure have three components: an iron wire or metallic rod of ~1-3
cm length, a glass jacket, and the sorbent. The iron wire or metallic rod is the responsible of the
agitation under the magnetic field while the glass jacket isolates the metallic wire form the water
sample, avoiding its corrosion. The glass jacket also offers a homogeneous tunable surface for the
immobilization of the coating when immersing the bar into the sol-gel solution containing the MOF
dispersed into a polymeric solution. Then, the device is removed from the sol-gel solution and the
self-assembly of the coating finishes by heating [48,73,74].

An alternative to sol-gel is the synthesis of monoliths by polymerization. The general procedure
implies filling a template with a pre-polymeric solution (containing the MOF powder dispersed or its
precursors), polymerization, removal of the template, and a final wash to clean the monolith [76,140,141].
Thus, the shape and dimension of the devices depends on the template and not on the support.
Even the use a support is not required if magnetic nanoparticles are dispersed in the pre-polymeric
suspension [76]. Recently, Du et al. took advantage of this strategy for the preparation of the first
MOF-based sc-SPME device by dispersing Fe304@HKUST-1 core-shell particles in a pre-polymeric
solution of 2-ethylhexylacrylate/divinylbenzene/methyl methacrylate [52]. Although the MOF
composite monolith does not utilize a classical sc-SPME support, its visual geometry and shape
resembles that of the classical sc-SPME device.

Another option is the in-situ solvothermal growth of the crystals onto other type of supports.
Hu et al. used this strategy with a porous copper foam as support. The foam immersed in the solution
containing the precursors of MOF-5(Zn) and, after impregnation, the support and the solution are
set on the Teflon-lined autoclave, which is heated to form the MOF [139]. In this case, the sb-SPME
device is used in the HS mode and using a lab-made rotor to stir the device. As the direct growth of
crystals over the support surface is not easy in terms of ensuring homogeneity, a similar approach to
ALD strategy has been used, promoting the crystal growth out of the metal nanoparticles previously
electrodeposited all over the surface of the support [143]. The main disadvantage of these devices is
the weak union MOF-support. The friction between the stir bar and the sample container causes a
progressive loose of the MOFs, thus reducing the lifetime of the device. Wang et al. developed the use
of a dumbbell-shaped PEEK jacket to improve the mechanical strength. However, PEEK material is
a highly inert material, requiring several aggressive pretreatment steps to obtain an activate surface
before the in-situ growth [142].

Paradoxically, although the main attractive property of MOFs in this configuration is their thermal
stability to perform direct thermal desorption, most of the studies published used a solvent desorption
followed by LC [73,74,76,141-143].
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8. Comparison with Other MOF-Based Extraction Methods

The number of studies that report the use of MOFs as extraction sorbents in u-dSPE, m-pu-dSPE,
and SPME (in all their variations), is similar. The reason behind the selection of any of these solid-phase
strategies over others relies on the specific requirements for a certain application. Therefore, it is
difficult to compare the analytical performance and features of the different solid-based extraction
methods using MOFs from a generic point of view.

Trying to establish certain parallelism, specific analytical applications have been targeted with the
intended comparison purpose. Thus, Table 2 includes some operational characteristics and analytical
parameters of different solid-based extraction methods using MOFs for two representative applications:
the determination of pesticides (including organochlorine and organophosphorus pesticides) and
drugs (covering antibiotics and anti-inflammatory drugs) in waters [48,65,72,78,129,141,144-147].
These specific applications were selected for being those most commonly reported in the literature
using the different SPME devices discussed in the present review article. It is important to highlight
that the MOF used in each study is different (with MIL-101(Cr) and HKUST-1 the most used) and,
therefore, the comparison of analytical performance must be taken into account only in a qualitative
manner. In the same manner, the limit of detection (LOD) is not a reliable parameter to compare the
proposed methods due to the variety of detection systems used in the selected applications, which
present different selectivity and sensitivity towards the target analytes (not the same MS versus UV in
terms of LOD). To sum up, LODs are not always calculated in the same manner by the different authors.

In any case, an important (if not main) advantage of the SPME approach over the remaining
solid-based extraction methods lies in the extremely low amount of MOF used for the preparation
of the SPME devices, which also provides impressive enrichment factors. MOFs amounts between
0.5 [145] and 40 mg [144,146] have been reported for p-SPE, pu-dSPE, and m-pu-dSPE methods, while
in the case of SPME, depending on the size of the device (length and thickness of the coatings), the
maximum volume of sorbent used is around 2 L. As for the volume of sample required, small volumes
(10 mL as average) are required in all cases except for p-SPE, for which a volume of 60 mL of water
sample is needed to reach low LODs for the determination of drugs in waters, and this is despite the
use of LC-MS/MS [146].

Regarding the operational features of each extraction method, it is worth mentioning the simplicity
of the SPME approaches. The extraction procedure in these cases is accomplished in two steps: the
extraction and the desorption. p-SPE, u-dSPE, and m-u-dSPE strategies require more tedious and
laborious steps during the process, such as washings, decantation, or centrifugation and filtration.
Moreover, practically in all of the studies using non-SPME strategies, the desorption of the analytes
from the MOF is accomplished using a solvent, which is then evaporated followed by reconstitution
to ensure preconcentration and compatibility with the analytical system. The increasing number of
steps is a potential source of errors, and the use of organic solvents is still required in the analysis,
leading to environmental issues. SPME devices easily couple to GC systems (thermal desorption), thus
permitting the development of greener methods [65,129].

As it can be also observed in Table 2, the extraction methods dealing with SPME devices require
longer extraction times to reach similar results than those obtained with the other approaches. However,
as it was mentioned before, the SPME extraction process involves only two steps, which is still simpler
than p-SPE or p-dSPE methods despite their possibly being faster. Given this simplicity, the automation
of SPME regardless of the configuration of the device has been already reported for many applications.
In any case, the greatest appeal of SPME is the reusability of the extraction device, which is never
recommended for p-SPE [146] and has been barely proven for p-dSPE applications [144]. All these
facts contribute to reduce the costs of the analysis per sample in the case of SPME.
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In summary, SPME (in all configurations) with MOF-based coatings is a promising alternative
among reported solid-based extraction methods for routine analysis given the following advantages:
high enrichment factors, the possibility of tuning the MOF for a certain application, the reduced
number of steps in the process, and the possibility of reusing the device (up to more than 100 times in
some cases) together with the ease of automation for the entire procedure (from the introduction of the
device in the sample to the desorption or injection in the analytical system).

9. Concluding Remarks

The success of SPME methods within analytical laboratories is evident nowadays, given advantages
such as the simplicity of its operation and the high sensitivity and preconcentration achieved due to
the design of the different SPME devices. Considering the outstanding properties of MOFs—such as
synthetic tunability, versatility, high chemical and thermal stability of MOFs, and impressive surface
area—together with the advances on the different synthetic and deposition routes to prepare MOFs
and MOF-coated surfaces, the increasing number of applications of MOFs in the SPME field is not
surprising. Indeed, we foresee a rise in their applicability in a variety of SPME devices in the years
to come. In any case, more efforts are still required within the MOFs-analytical community to have
MOFs as any common extraction sorbent in analytical chemistry laboratories. Among them: scalable
processes to ensure the production of high amounts of MOFs, the need of increasing research on
green MOFs and greener ways to prepare MOFs, together with increasing studies with comparison of
performance with other sorbents and with conventional (micro) extraction methods.
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Abbreviations

af-SPME arrow fiber solid-phase microextraction
ALD atomic layer deposition

BMA-EDMA  butyl methacrylate-ethylene dimethacrylate
CE capillary electrophoresis

CEC capillary electrochromatography
d-p-SPE dispersive solid-phase microextraction
DAD diode array detection

DI direct immersion

ECD electron capture detection

f-SPME on-fiber solid-phase microextraction
FID flame ionization detection

GC gas chromatography

FPD flame photometric detection

HS headspace

IL ionic liquid

IRMOF isoreticular metal-organic framework
it-SPME in-tube solid-phase microextraction

LC liquid chromatography

LOD limit of detection

m-d-u-SPE magnetic-assisted miniaturized solid-phase extraction
MIP molecularly imprinted polymer

MNP magnetic nanoparticle
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MOF metal-organic framework

MS mass spectrometry

MS/MS tandem mass spectrometry

OCP organochlorine pesticide

OorpP organophosphorus pesticide

PAH polycyclic aromatic hydrocarbon
PAN polyacrylonitrile

PCB polychlorinated biphenyl

PDMS polydimethylsiloxane

PEEK polyetheretherketone

PS polystyrene

PVC polyvinylchloride

PVDF polyvinylidene difluoride

sb-SPME stir-bar solid-phase microextraction
SBU secondary building unit

sc-SPME stir-cake solid-phase microextraction
SESI secondary electrospray ionization
SPME solid-phase microextraction

tf-SPME thin-film solid-phase microextraction
u-SPE miniaturized solid-phase extraction
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Abstract: Current standard approaches for quantitation of volatile organic compounds (VOCs) in
outdoor air are labor-intensive and/or require additional equipment. Solid-phase microextraction
(SPME) is a simpler alternative; however, its application is often limited by complex calibration,
the need for highly pure gases and the lack of automation. Earlier, we proposed the simple, automated
and accurate method for quantitation of benzene, toluene, ethylbenzene and xylenes (BTEX) in air
using 20 mL headspace vials and standard addition calibration. The aim of present study was to
expand this method for quantitation of >20 VOCs in air. Twenty-five VOCs were chosen for the method
development. Polydimethylsiloxane/divinylbenzene (PDMS/DVB) fiber provided better combination
of detection limits and relative standard deviations of calibration slopes than other studied fibers.
Optimal extraction time was 10 min. For quantification of all analytes except n-undecane, crimp top
vials with samples should not stand on the autosampler tray for >8 h, while 22 most stable analytes can
be quantified during 24 h. The developed method was successfully tested for automated quantification
of VOCs in outdoor air samples collected in Almaty, Kazakhstan. Relative standard deviations (RSDs)
of the responses of 23 VOCs were below 15.6%. Toluene-to-benzene concentration ratios were below
1.0 in colder days, indicating that most BTEX originated from non-transport-related sources.

Keywords: SPME; gas chromatography; air monitoring; volatile organic compounds; fiber selection

1. Introduction

The pollution of ambient and indoor air are the main sources of risk to human health in the
world [1]. Air pollution leads to destruction of ecosystems and creates huge economic and social
damages to society. There is a direct relationship between a level of air pollution and risk in the
development of cancer, cardiovascular, respiratory and other diseases [1]. The most difficult and
important process in quantification of chemical pollutants in ambient air is sampling. Sampling must
be representative taking into account physicochemical properties of analytes and their concentrations
in air [2].

Current standard sampling approaches for quantification of VOCs in air [2-4] are mainly based on
collecting air samples into evacuated canisters [2,5] or trapping analytes onto sorbent tubes [3,6] followed
by the analysis on a gas chromatograph (GC) with a chosen detector, mostly being flame-ionization
(FID) or mass spectrometry (MS). Despite good reliability, these sampling techniques [4] are quite
complex, labor- and time-consuming, as well as requiring additional equipment. Air sampling by
standard methods based, e.g., on sorbent tubes [2,3], requires additional equipment such as an air
sampling pump and a thermal desorption system connected to a gas chromatograph. Before air
sampling, it is necessary to thoroughly clean sorbent tubes from possible contaminants and residues
from previous sampling by highly pure helium. In order to solve these problems, it is necessary
to reduce the volume of organic solvents used for extraction, or completely exclude them; fully or

Separations 2019, 6, 51; doi:10.3390/separations6040051 47 www.mdpi.com/journal/separations
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partially automate the sampling process; integrate the sampling and measurement stages; and reduce
laboratory work and time costs. Additional problems may include carryover of analytes and clogging
of the cryogenic focusing system [7], which considerably limit the application of standard methods.
Therefore, low-cost, simple and solvent-free methods for quantification of VOCs in the air combining
sampling and sample preparation in one step are needed. Solid-phase microextraction (SPME) that
is based on extraction of VOCs by a micro coating, followed by desorption in a GC injection port,
meets these requirements [8]. SPME is widely used for the determination of VOCs in ambient air
(Table 1), indoor air and different emissions [9-18]. Methods based on SPME do not need a pump
and a thermal desorption system. Desorption of analytes is fast resulting in narrow peaks of analytes
without a cryogenic focusing.
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Despite the high efficiency of the described methods for determination of VOCs in air by SPME
(Table 1), there are still challenges limiting their application in routine and research environmental
laboratories. Some authors report limitations due to labor-intensive calibration, i.e., requirements
for construction of gas generation system with a known concentration of analytes [19,21,24,26].
Most methods require using high-purity gases for preparation of calibration samples, which can be
difficult to purchase and prepare. Baimatova et al. [25] developed a very simple, automated and
accurate method for quantification of BTEX using SPME and successfully applied it for the analysis of
ambient air in Almaty, Kazakhstan. Sampling was conducted with 20 mL crimp top vials, which were
transported to the laboratory, located on the Combi PAL (CTC Analytics, Switzerland) autosampler
tray and automatically analyzed using GC-MS. To simplify the method, the authors used standard
addition calibration, which did not require any additional equipment and pure gases. The only major
drawback of this method was that it allowed quantification of only four analytes [25], while more
than 100 organic compounds are present in outdoor air of Almaty [27]. Lee et al. [24] developed the
method for determination of 36 VOCs. However, the sampling was done into Tedlar bags, which did
not allow automation. In addition, the calibration was carried out with a standard gas mixture of
VOCs in pure nitrogen.

The objective of this study was to improve the method developed by Baimatova et al. [25] for
quantitation of >20 VOCs in 20 mL ambient air samples using SPME and GC-MS. During this study,
SPME fiber, extraction, desorption and storage times were optimized. The developed method was
applied for quantification of chosen VOCs in outdoor air of Almaty, Kazakhstan.

2. Materials and Methods

2.1. Chemicals

Analytes of interest were chosen according to the literature review of VOCs determination in
ambient air in different cities [28-33] and previous studies of compounds detected in the exhausts of six
arbitrarily chosen cars of different models and production years [27]. Chosen analytes belong to several
classes of pollutants having various physicochemical properties (Table S1 in Supplementary Materials).
All solutions were prepared in methanol (purity > 99.9%) that was obtained from Sigma-Aldrich
(St. Louis, MO, USA). Helium (purity > 99.995%) was obtained from “Orenburg-Tehgas” (Orenburg,
Russia).

2.2. GC-MS Conditions

All analyses were conducted on a 7890A/5975C Triple-Axis Detector diffusion pump-based
GC-MS (Agilent, Wilmington, DE, USA) equipped with a split/splitless inlet and MPS2 (Gerstel,
Miilheim an der Ruhr, Germany) autosampler capable of automated SPME. The inlet was equipped
with a 0.75 mm ID SPME liner (Supelco, Bellefonte, PA, USA) and operated in splitless mode.
For separation, a 60 m x 0.25 mm DB-WAXetr (Agilent, Santa Clara, CA, USA) column with a film
thickness of 0.50 pm was used at the constant flow of He (1.0 mL min~!). Oven temperature was
programmed from initial 35 °C (held for 5 min) to 150 °C (held for 5 min) at the heating rate of
10 °C min~?, then to 250 °C (held for 7 min) at the heating rate of 10 °C min~!. Total GC run time of
the analysis was 38.5 min. The MS detector worked in selected ion monitoring (SIM) mode. All ions
were divided into six consequently detected groups for better shape of peaks and lower limits of
detection (Table 2). An example of a chromatogram is shown in Figure S1 in Supplementary Materials.
Peaks were identified using retention times of each analyte, which were preliminarily determined by
analyzing standard solutions of pure analytes and confirmed in full scan (1 z~! 10-250 amu) mode of
the MS detector. Optimal dwell time for each ion was 50-100 ms. The temperatures of MS interface,
ion source and quadrupole were 250, 230 and 150 °C, respectively.
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2.3. Selection of the Optimal SPME Fiber

Standard addition calibration plots were obtained for all 25 analytes using the four most
common commercially available SPME fibers: 85 pum Carboxen(Car)/polydimethylsiloxane(PDMS),
100 pm PDMS, 65 um PDMS/divinylbenzene(DVB) and 50/30 pm DVB/Car/PDMS (all-from Supelco,
Bellefonte, PA, USA). The calibration process was the same as described by Baimatova et al. [25].
Calibration samples were prepared by adding 1.00 uL of a standard solution of analytes (0.50,
1.00, 2.00 and 4.00 ng uL~! for benzene, toluene and alkanes; and 0.050, 0.100, 0.200 and 0.400 ng
uL~! for other analytes) into the 20 mL crimp-top headspace vial (HTA, Brescia, Italy) filled with
laboratory air. Ranges of concentrations of VOCs added to calibration samples were chosen in order
to cover their real concentrations in ambient air (according to the preliminary screening results).
Added concentrations of benzene, toluene, and alkanes in the calibration samples were 25, 50, 100 and
200 pg m~3. Added concentrations of ethylbenzene, m-, p-, 0-xylenes, polycyclic aromatic hydrocarbons
and other analytes were 2.5, 5, 10 and 20 pg m~3. Extraction was conducted at room temperature
(22 °C) for 10 min; desorption time was 1 min.

From the calibration plots, relative standard deviations (RSDs) of slopes and limits of detection
(LODs) were determined. RSDs of slopes were determined using the LINEST function of Microsoft
Excel software (Microsoft® Excel for Office 365, Version 1909, Redmond, WA, USA). LODs were
calculated using:

(g + Cadd) X 3
S/N
where b is the intercept of a calibration plot; a is the slope of a calibration plot; C,44 is the standard

addition concentration (jtg m~3); and /N is the signal-to-noise ratio.

LOD = @)

2.4. Effects of Extraction and Desorption Times

The experiment was conducted on air samples with standard additions of all analytes at 100 ug
m~3. The following extraction times were studied: 1, 3, 5, 7, 10, 20 and 30 min followed by a 5 min
desorption. Desorption times 1, 3, 5, 7 and 10 min were studied after 10 min extraction of analytes.

2.5. Effect of Storage Time

Effects of storage time on the responses of analytes were studied in crimped 20 mL vials with
concentrations of standard additions of analytes at 100 ug m. Samples were stored at room
temperature (22 °C) on the autosampler tray during 0, 2, 4, 8, 16, 24, 36 and 48 h, and extracted by
65 um PDMS/DVB fiber for 10 min followed by a 1 min desorption. Two replicate samples were
analyzed after each storage time. Significance of differences (p-value) between the initial response of
analytes and its response after a certain storage time was estimated using a two-sample two-tailed

Student’s t-test with a preset relative standard deviation (10%).

2.6. Estimation of the Method Accuracy

Accuracy of the method was estimated using spike recoveries from laboratory air samples.
Concentrations of analytes in laboratory air were determined using a standard addition calibration by
dividing intercepts by slopes. Three replicate laboratory air samples, which were collected at the same
time as samples used for preparing calibration standards, were spiked at C = 100 pg m~2 for benzene,
toluene and alkanes, and at C = 10.0 ug m~3 for other analytes. After analysis, spike recoveries (R, %)

were determined using
Cineas — Cai
R = 801 100%, )
Csp
where Cjje45 is the determined concentration of an analyte in a spiked sample (ug m™3); C,y is the
concentration of an analyte in the laboratory air (g m~2); and Csp is the concentration of the standard

addition of an analyte (ug m™3).
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2.7. Air Sampling and Analysis

The developed method was applied for monitoring of VOCs in ambient air in Almaty on 30 March,
2 April and 4 April 2019. The sampling process and coordinates of sampling locations (Table S2 in
Supplementary Materials) were identical to those used by Baimatova et al. in 2015 [25].

Prior to sampling, all 20 mL vials and septa were washed using distilled water and conditioned
at 160 °C for 4 h. Ambient air samples were collected into 20 mL crimp vials (i.e., by opening the
vial to air and shaking for ~60 sec) and then sealed with aluminum caps and PTFE-silicone septa
(Agilent, Santa Clara, CA, USA). Vials were transported to the laboratory in 1 L clean glass jars to
prevent possible losses of analytes during the transportation. Vials with air samples were placed
on the autosampler tray. Air samples were extracted from the vial using 65 um PDMS/DVB fiber
coating at optimized method parameters. Calibration plots were obtained before each sampling day.
Weather conditions, such as temperature, humidity, wind velocity and pressure, were taken from the
public database Gismeteo (Table S3 in Supplementary Materials).

3. Results

3.1. Selection of the Optimal SPME Fiber

Selection of the optimal SPME fiber for quantification of multiple analytes having different
physicochemical properties is a difficult process. In most cases, the fibers are chosen based on
an experimental or theoretical basis. Experimental fiber selection is straightforward only when one
fiber provides greater responses for all analytes. In other cases, a theoretical approach can be involved
based on known selectivity of the coatings to compounds having different molecular weights and
polarities [34]. In our study, the selection of the optimal fiber was conducted based on the two most
important indicators: limit of detection (LOD) and relative standard deviation (RSD) of a calibration
slope. Lower LODs will allow greater applicability of the method, while lower RSDs would provide
better accuracy and precision. We estimated how many analytes can be determined at different LODs
and RSDs. After determining LOD and RSD for each analyte using the four most common commercial
fibers (Car/PDMS, PDMS, DVB/Car/PDMS and PDMS/DVB), it was checked how many analytes have
LODs below 1, 2, 5 and 10 ug m~3, and RSDs below 1%, 2%, 5% and 10% using each fiber.

LODs < 1 ug m~2 for the greatest number of analytes (20 of 25) were achieved using the
DVB/Car/PDMS fiber (Table 3). Car/PDMS and PDMS/DVB fibers provided such LODs only for
17 analytes. LODs < 2 g m 3 were achieved for 23 analytes using DVB/Car/PDMS and PDMS/DVB fibers.
Such LOD using these fibers was not achieved only for n-hexane and n-hexadecane. LODs < 5 jig m™3
were achieved for 24 analytes using PDMS/DVB fiber. LODs < 10 ug m™ were achieved for all
25 analytes using PDMS, DVB/Car/PDMS and PDMS/DVB fibers. Overall, DVB/Car/PDMS and
PDMS/DVB fibers provide greatest numbers of analytes at most target LODs. At the same time,
PDMS/DVB provides lower LODs for three PAHs, which are considered more toxic compared to
other analytes.

When comparing RSDs of calibration slopes (Table 4), PDMS/DVB fiber also provides better
values. RSDs are below 5% for 17 analytes and below 10%—for 22 analytes, which is greater than
for DVB/Car/PDMS fiber—11 and 20 analytes, respectively. When using PDMS/DVB fiber, RSDs of
slopes above 10% were obtained only for methyl ethyl ketone (25%), 1,2-dichloroethane (20%) and
p-xylene (15%). When using DVB/Car/PDMS fiber, RSDs of slopes for benzaldehyde and n-hexadecane
were 79% and 32%, respectively. Thus, based on these results, PDMS/DVB fiber was chosen as most
appropriate for simultaneous quantification of 25 VOCs.
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Table 3. Limits of detection obtained using different SPME fibers.

Limit of Detection (ug m~3)

Analyte
Car/PDMS PDMS DVB/Car/PDMS PDMS/DVB
2,2 4-Trimethylpentane 3 8 0.7 1.8
n-Heptane 50 9 8 7
Methyl ethyl ketone 15 7 0.8 19
Methylene chloride 1.8 9 1.1 0.6
Benzene 0.6 6 0.5 1.2
n-Decane 3 3 1.2 1.5
1,1,2,2-Tetrachloroethylene 0.04 0.2 0.04 0.04
Toluene 0.5 4 1.6 1.2
1,2-Dichloroethane 0.2 1.2 0.8 1.7
n-Undecane 2 1.0 0.8 1.0
Ethylbenzene 0.010 0.10 0.2 0.03
m-Xylene 0.2 0.2 0.6 0.2
p-Xylene 0.10 0.2 0.2 0.2
Propylbenzene 0.3 0.3 0.2 0.10
0-Xylene 0.04 0.10 0.10 0.04
Chlorobenzene 0.04 0.10 0.05 0.04
1,3,5-Trimethylbenzene 0.3 0.10 0.10 0.10
1,2,4-Trimethylbenzene 0.2 0.04 0.04 0.10
3-Picoline 0.5 0.2 0.10 0.010
Benzaldehyde 0.10 0.10 0.4 0.10
n-Hexadecane - 5 10 5
Naphthalene 0.2 0.10 0.10 0.04
Phenol 0.8 0.10 0.10 0.10
Acenaphthene 0.3 0.10 0.2 0.10
Fluorene 5 0.10 0.6 0.10
Number of analytes with a limit of detection <

1pugm™ 17 16 20 17
2pgm™ 19 17 23 23
5pgm™> 22 20 23 24
10 pg m=3 22 25 25 25

Table 4. Relative standard deviations of calibration slopes obtained using different SPME fibers.

Relative Standard Deviation of a Slope (%)

Analyte
Car/PDMS PDMS DVB/Car/PDMS PDMS/DVB
2,2 4-Trimethylpentane 0.50 2.7 1.7 2.7
n-Heptane 44 11 4.5 5.2
Methyl ethyl ketone 42 14 7.8 25
Methylene chloride 95 200 5.3 42
Benzene 44 94 3.2 11
n-Decane 3.5 5.6 0.50 5.9
1,1,2,2-Tetrachloroethylene 2.6 1.2 0.40 3.1
Toluene 18 34 5.8 6.4
1,2-Dichloroethane 2.1 9.0 10 20
n-Undecane 59 5.7 1.8 4.7
Ethylbenzene 0.50 2.7 4.8 44
m-Xylene 3.8 1.7 9.6 4.6
p-Xylene 1.2 6.8 7.5 15
Propylbenzene 4.0 24 9.6 22
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Table 4. Cont.

Relative Standard Deviation of a Slope (%)

Analyte
Car/PDMS PDMS DVB/Car/PDMS PDMS/DVB
0-Xylene 0.60 13 7.5 3.4
Chlorobenzene 3.8 1.3 1.3 1.3
1,3,5-Trimethylbenzene 0.30 0.80 22 32
1,2,4-Trimethylbenzene 7.6 3.5 6.1 3.8
3-Picoline 51 6.5 15 6.2
Benzaldehyde 8.0 32 79 3.7
n-Hexadecane - 4.5 32 8.3
Naphthalene 5.7 1.8 20 22
Phenol 15 1.4 24 25
Acenaphthene 42 53 43 2.5
Fluorene 55 15 4.0 3.5
Number of analytes with a relative standard deviation of a slope <

1% 4 1 2 0

2% 5 8 5 2

5% 13 15 11 17
10% 19 22 20 22

3.2. Effects of Extraction and Desorption Times

Extraction and desorption times are important parameters of VOC quantification by SPME,
which have an impact on intensity of analyte responses. Speed of equilibration during the extraction
stage depends on a vessel volume, the diffusion coefficient of an analyte and its distribution constant
between the coating and the air [35]. The equilibrium between the fiber and air for almost all analytes
was reached after 5-10 min of extraction (Figure 1). Extraction time did not affect the responses of
methylene chloride, methyl ethyl ketone and 1,2-dichloroethane—their responses varied by 1-13%.
The responses for benzene were stabilized after 3 min of extraction. Based on the obtained results,
an extraction time of 10 min was chosen as optimal.

The increase in desorption time above 1 min had no significant effects on responses of all studied
VOCs (Figure S2 in Supplementary Materials). After this time, the responses varied by 0.43-15%.
Therefore, the desorption time of 1 min was chosen as the optimal.

450 25
(a) * Benzene * Toluene Ethylbenzene (b) = 2,2,4-Trimethylpentane « 1,3,5-Trimethylbenzene
400 = p-Xylene * m-Xylene + o-Xylene Benzaldehyde Naphthalene
Phenol « Acenaphthene
350 t H 20
a e
7300 =)
) S
s %15
< 250 5 4
3 L]
E =
= 200 8
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8 - &
3
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Figure 1. Cont.
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= Heptane » Methyl ethyl ketone Propylbenzene = Chlorobenzene
12 (c) « Decane (x10) » 1,2-Dichloroethane 60 (d) » Hexadecane = 1,1,2,2-Tetrachloroethylene
Undecane (x10) 3-Picoline 1,2,4-Trimethylbenzene * Methylene chloride (x10)
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Figure 1. Effect of extraction time on responses of analytes: (a)—benzene, toluene, ethylbenzene,
m,p,0-xylenes; (b)—2,2,4-trimethylpentane, benzaldehyde, phenol, 1,3,5-trimethylbenzene, naphthalene,
acenaphthene; (c)—n-heptane, n-decane, n-undecane, fluorene, methyl ethyl ketone, 1,2-dichloroethane,
3-picoline, and (d)—propylbenzene, #n-hexadecane, 1,24-trimethylbenzene, chlorobenzene,
1,1,2,2-tetrachloroethylene, methylene chloride.

3.3. Effect of Storage Time

During transportation and storage of air samples, concentrations of analytes can decrease due
to their decomposition, losses via leaks and adsorption to internal walls of a vial and septum.
The approach proposed by Baimatova et al. [25] was used to minimize the losses of analytes. The goal
of this experiment was to estimate losses of analytes during their storage on the autosampler tray.

Figure 2 shows the effect of storage time on responses of analytes. Two-sample two-tailed t-tests
indicated that the changes in responses of n-undecane, acenaphthene and fluorene in relation to initial
values were significant (p < 0.05 at RSD = 10%) after 24 h of storage (Table S4 in Supplementary
Materials), while responses of other 22 analytes were stable. After 48 h of storage, changes in responses
of n-undecane, n-hexadecane, acenaphthene and fluorene were significant. Greater losses of more
hydrophobic analytes could be explained by their adsorption to a hydrophobic surface of a PTFE-lined
septum being in direct contact with air. Despite these septa being considered highly inert, adsorption of
very hydrophobic compounds by PTFE was earlier reported in the literature [36]. For achieving the

greatest accuracy for these analytes, samples should be analyzed as quickly as possible, e.g., during the
first 8 h after sampling.
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Figure 2. Cont.
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Figure 2. Effect of storage time on responses of analytes: (a)—2,2,4-trimethylpentane, chlorobenzene,
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3.4. Estimation of the Method Accuracy

Spike recoveries of all analytes except methyl ethyl ketone, methylene chloride, 3-picoline and
n-hexadecane were 90-105% (Table 5), which is consistent with the results of previous experiments.
Lower recoveries of methyl ethyl ketone, methylene chloride, 3-picoline and n-hexadecane could be
explained by high RSDs in their determined concentrations, which were 7.4%, 17%, 43% and 11%,

respectively. RSDs of other analytes were 1.8-6.5%.

1,1,2,2-tetrachloroethylene,
naphthalene, acenaphthene, hexadecane; (b)—n-heptane, methylene chloride, 1,2-dichloroethane,

Table 5. Spike recoveries of analytes.

1,3,5-trimethylbenzene,

Analyte Cgir (ngm3) Csp (ugm3) Cineas (ng m=3) Recovery (%)

2,2 4-Trimethylpentane 22.3 100 124 102
n-Heptane 55.0 100 158 103
Methyl ethyl ketone 88.4 10 93.6 51

Methylene chloride 20.7 10 29.6 89
Benzene 80.2 100 183 103
n-Decane 17.7 100 117 100
1,1,2,2-Tetrachloroethylene 0.58 10 10.6 100
Toluene 25.7 100 128 102
1,2-Dichloroethane n/d 10 9.3 93
n-Undecane 50.2 100 146 96
Ethylbenzene 1.36 10 114 101
m-Xylene 1.74 10 119 102
p-Xylene 1.92 10 12.0 100
Propylbenzene 1.17 10 11.2 100
0-Xylene 1.57 10 11.7 101
Chlorobenzene 0.60 10 10.6 100
1,3,5-Trimethylbenzene 1.82 10 11.6 97
1,2,4-Trimethylbenzene 4.33 10 14.2 98

3-Picoline 8.63 10 17.2 86

Benzaldehyde 0.83 10 10.4 96

n-Hexadecane 132 100 213 81

Naphthalene 3.80 10 13.6 98

Phenol 3.52 10 135 100
Acenaphthene 1.61 10 12.1 105
Fluorene 4.64 10 14.7 101

58



Separations 2019, 6, 51

3.5. Air Sampling and Analysis

During the monitoring of the atmospheric air in Almaty using the optimized method, all analytes
were detected except methyl ethyl ketone and 1,2-dichloroethane. Mean concentrations of analytes
ranged from 0.2 to 83, from 0.1 to 70 and from 0.1 to 74 ug m~3 on 30 March, 2 April and 4 April,
respectively. The highest concentrations (0.7-89 pg m=3) for 16 of the 23 analytes were detected
on the 3rd day of sampling (Table 6). It can be caused by higher temperatures (14-16 °C) than
on previous sampling days (6-11 °C). The highest concentrations for the rest of the VOCs, such as
benzene, propylbenzene, benzaldehyde and hexadecane, were detected on March 30, which made up
56,0.3, 1.8 and 123 g m~3, respectively. The 2nd sampling day showed the highest concentrations of
naphthalene, phenol and fluorene—2.4, 3.9 and 0.8 jig m~3, respectively. The lowest concentrations of
the greatest number of analytes (16) were detected in sampling point P2 (Table S5 in Supplementary
Materials) located in the upper part of the city close to mountains. The highest concentrations of the
greatest number of analytes (12) were detected in sampling point P3 located in the central part of
the city.

The relative standard deviations of three replicate analyses of the air samples did not exceed
15.6%. From 108 measurements, the greatest numbers of outliers (one out of three replicate
measurements according to Grubbs’ test) were identified for n-hexadecane (19), methylene chloride (14),
n-undecane (13) and acenaphthene (12). No outliers were identified for ethylbenzene and m-xylene.

Toluene-to-benzene (T/B) concentration ratios during the sampling period varied from 0.46 to
1.69. During the first two days of sampling, T/B ratios were below 1 indicating that the main source of
BTEX was not transport. During these two days, the temperatures were 3-7 °C lower than during the
third day of sampling, and the central and domestic heating systems were more active. During the
third day of sampling, T/B ratios were 1.69 and 1.06, and the main BTEX emissions originated from
transport. The same trend was reported for the similar period in 2015 [25]. However, T/B were lower
than 1 mostly in days with negative temperatures. In 2019, such ratios were observed at temperatures
between 6 and 11 °C, which could mean that the fraction of BTEX emissions from transport-related
sources decreased since 2015.
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4. Conclusions

A low-cost method for quantitation of multiple VOCs in ambient air using SPME-GC-MS was
developed. It was proven that 65 um PDMS/DVB fiber provides a better combination of detection limits,
accuracy and precision compared to 85 pm Car/PDMS, 100 pm PDMS and 50/30 um DVB/Car/PDMS.
The increase in extraction time above 10 min did not have a significant impact on the responses of
analytes. Optimal desorption time is 1 min. For quantification of all analytes, except undecane,
vials with samples should not stand on the autosampler tray for more than 8 h. Quantification of 22 of
the most stable analytes can be conducted during 24 h after sampling. Spike recoveries of 21 of the
25 chosen analytes were 90-105%. Recoveries of other analytes were 51-89% at RSDs of 7.4-43%.

The developed method was successfully applied for quantification of chosen analytes in
atmospheric air of Almaty in Spring, 2019. On average, the completely automated analysis of
one sample took 50-60 min, which was enough to analyze 24 (18 air + 6 calibration) air samples
per day. All analytes were detected, except methyl ethyl ketone and 1,2-dichloroethane. RSDs of
the responses of 23 VOCs varied from 0.1% to 15.6%. The use of three replicate samples allowed
identifying outliers. For 18 detected analytes, the fraction of outliers was <18%. Results for the other
five detected analytes contained 10-20% outliers. Mean concentrations of 23 VOCs during all sampling
times ranged from 0.1 to 83 ug m~3. Toluene-to-benzene concentrations ratios were below 1.0 in colder
days of sampling, indicating that most BTEX in these days originated from non-transport-related
sources. The obtained results prove that the method is very simple, automated, low-cost and provides
sufficiently low detection limits, which allow recommending it for monitoring of a wide range of VOCs
in atmospheric air of Almaty and other similar cities. The measured concentrations cannot be used to
generalize the air pollution problem in Almaty because additional research is needed for this purpose.
These data along with the developed method can be useful for improving the air pollution monitoring
program in Almaty.

Supplementary Materials: The following are available online at http://www.mdpi.com/2297-8739/6/4/51/s1,
Figure S1: Chromatogram obtained using the developed method based on SPME-GC-MS of air sample with
Cadqd =100 ug m~3, Figure S2: Effect of desorption time on responses of analytes, Table S1: The list of chosen VOCs
and its physical properties, Table S2: Coordinates of sampling locations, Table S3: Weather conditions on sampling
days, Table S4: Probabilities of difference between initial responses of analytes and their responses after different
storage times, Table S5: Sampling locations where lowest and highest concentrations of analytes were determined
at different sampling times.
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Abstract: The present review aims to describe the recent and most impactful applications in pollutant
analysis using solid-phase microextraction (SPME) technology in environmental, food, and bio-clinical
analysis. The covered papers were published in the last 5 years (2014-2019) thus providing the reader
with information about the current state-of-the-art and the future potential directions of the research
in pollutant monitoring using SPME. To this end, we revised the studies focused on the investigation
of persistent organic pollutants (POPs), pesticides, and emerging pollutants (EPs) including personal
care products (PPCPs), in different environmental, food, and bio-clinical matrices. We especially
emphasized the role that SPME is having in contaminant surveys following the path that goes from
the environment to humans passing through the food web. Besides, this review covers the last
technological developments encompassing the use of novel extraction coatings (e.g., metal-organic
frameworks, covalent organic frameworks, PDMS-overcoated fiber), geometries (e.g., Arrow-SPME,
multiple monolithic fiber-SPME), approaches (e.g., vacuum and cold fiber SPME), and on-site devices.
The applications of SPME hyphenated with ambient mass spectrometry have also been described.

Keywords: solid phase microextraction (SPME); air analysis; environmental waters analysis;
soil analysis; food monitoring; on-site sampling; human biomonitoring (HBM); chromatography;
ambient mass spectrometry; ultra-trace analysis

1. Introduction

The evolution of modern lifestyles due to the development of industrial civilization has influenced
the relationship between humankind and his environment. If, on the one hand, the quality of life has
generally changed considerably during the past decades, we may be facing a turnaround. Indeed,
for many years, the impact that the current living habits have had on the environment has been
underestimated and the receptiveness to topics such as sustainable development has only been recently
established. The impact on the environment occurs in many ways, and with a different extent.
Generally, less evident but equally important is the impact due to the inordinate use of chemical
products. Although their daily use contributes to improving our quality of life, their uncontrollable
dispersion in the environment associated with low biodegradability is undoubtedly the main mode
of introduction of pollutants into the biological cycles, including those involving humans through
nutrition and direct exposure. In this context, the identification and quantification of contaminants in
environmental, food, and bio-clinical matrices find more and more space in both routine and research
laboratories often driven by growing regulatory attention at the national and international level.

Solid-phase microextraction (SPME) is a well-established green technique for simultaneous
extraction and pre-concentration of the compounds from a variety of matrices. Since its introduction
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in the early 1990s, this technique has been experiencing rapid development and growth in terms of
coating materials, geometries and applications. Although SPME is only part of the broad panorama of
microextraction analytical techniques, it plays an important role. Given the simplicity, versatility, and
availability in different formats, SPME addresses several challenges associated with the traditional
sample preparation procedures and we expect a noteworthy impact on the methods of analysis in
the next coming years. The purpose of this review is to highlight the role that SPME is having in
contaminant monitoring through the path that goes from the environment to humans. To this end, we
revised the studies focused on the analysis of persistent organic pollutants (POPs), pesticides, and
emerging pollutants (EPs) including personal care products (PPCPs). We wanted to cover solely the
most impactful advancements published in the last 5 years (2014-2019) giving to the reader a picture of
the aspects towards the research is directed and at the same time highlighting as the broadly available
panorama of SPME strategies can effectively solve even highly complex analytical problems.

2. The Beginning Step: Environmental Matrices

The journey undertaken by contaminants starts from their release into the environment in at least
one of its components, i.e., air, water, soil. As constitutive elements of the biosphere, they are factors in
a continuous dynamic equilibrium characterized by exchanges between them and make up a complex
system with the life forms they host. In the environmental field, the SPME is a technique that includes
a high number of studies: in particular in the analysis of environmental waters, whereas to a less extent
are the applications to air and soil associated matrices (Figure 1 and Table 1).
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— ; * Waste recycled materials
- New coating

Commercial
fibers.

- « Advanced porous maferials A 2  Coatings based on nanoparticles
New costing | Advanced e + Graphene-carbon nanotubes New coating . * Advanced porous materials
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Figure 1. Main solid-phase microextraction—geometries and strategies used in the analysis of
environmental matrices during the covered period (2014-2019).

2.1. Air

Although ambient air may seem a simple matrix for less experienced analysts, it presents important
analytical challenges because of the difficulty in sampling and calibration procedures. The air comprises
many components of both organic and inorganic nature present in the gaseous and particulate phase
which are in continuous mixing. In air can occur complex reactions the may convert the pollutants
into other chemical species. Unlike the other environmental components, in the air, the analytes can
be quickly transported covering even long distances around the world. In addition, phenomena
such as release, volatilization, deposition, and resuspension driven by weather conditions lead to
cycles of reduction and increase of pollutants and contribute to introducing of new contaminants from
soil or water. To further complicate the matrix, due to the presence of suspended particulate matter,
the analytes can be present as gaseous compounds as well as bound to the particles, depending on
their chemical-physical properties.

In air sampling, the SPME has been exploited in different geometries and strategies (Figure 1,
Table 1). The areas in which the research has mainly been addressed during the last five years
have regarded the use of commercially available coatings, as well as the development of new
coatings and their application. Many studies have been conducted in indoor environments in order
to monitor exposure to volatile organic compounds (VOCs) and semivolatile organic compounds
(SVOCs) that are released into the air by many activities [1-3], but also by used furnishing [4,5].
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Commercially available (divinylbenzene/carboxen/polydimethylsiloxane) DVB/CAR/PDMS fiber has
been successfully employed in a method for the simultaneous analysis of trihalomethanes (THMs)
such as trichloromethane, bromodichloromethane, dibromochloromethane, and tribromomethane,
in ambient air [1]. This method was validated for swimming pool air, bearing improvements over
previous methods such as a decrease in instrumental runtime, minimization of sample contamination,
and elimination of the need for harsh chemicals. Similarly, other commercially available SPME fibers,
such as a carboxen/polydimethylsiloxane (CAR/PDMS) and polydimethylsiloxane-divinylbenzene
(PDMS/DVB) fiber, were used in the investigation of some VOCs present in a laboratory environment [2]
and in the implementation of a method for the analysis of trace carbonyls based on on-fiber derivatization
with (pentafluorobenzyl)hydroxylamine (PFBHA) and gas chromatographic (GC) analysis, which was
then applied to the monitoring in dated office rooms [5].

As regards the application in an outdoor environment, among the most interesting applications
there is the use of the SPME fibers in the arrow version (Figure 2). SPME Arrow consists of a steel
rod coated with a larger amount of sorbent material than the traditional SPME fiber, while still
being compatible with desorption in a standard GC liner due to its dimensions and sharp, closed tip.
The sorbent-coated rod can be withdrawn in a steel tube when the device is not in use. Because of the
steel rod, the device is less fragile than a conventional SPME fiber [6].

Open Closed

Outer needle

-~ Steel rod

{— Sorption phase

B Closed tip for
/.~ septa penetration

Figure 2. The Arrow SPME system with sorbent exposed (left) and with sorbent covered by a steel
tube (right) [6].

The SPME Arrow device coated with commercial and self-made functionalized mesoporous silica
materials was used on board an aerial drone, which was used for the simultaneous collection of air
samples in two difficult access places such as boreal forest and wetland [7]. The sampled VOCs were
detected by gas chromatography with a polar column and mass spectrometry. Established pollutants
such as polycyclic aromatic hydrocarbons (PAHs), and other hazardous substances including phthalates,
adipates, vulcanizing agents and antioxidants were successfully analyzed in the air generated above
synthetic turf football fields following heating of the rubber material using a PDMS/DVB as fiber
coating in headspace mode [8]. Benzene, toluene, ethylbenzene, and xylenes (BTEX) in ambient air have
been the target of one research with the aim of developing a simpler, low-budget, and accurate method
for their quantification based on SPME and gas chromatography coupled with mass spectrometry
(GC-MS) [9]. This article shows how in urban areas with highly contaminated air, 20 mL vials can be
used for the collection of air samples, and a 100 um polydimethylsiloxane (PDMS) fiber can be used to
sufficiently preconcentrate the analytes before the analysis with GC-MS. Exposure to ambient HCN
concentration in a residential area close to a gold mine was assessed by SPME using 75 um CAR/PDMS
fiber [10]. Given the low detection limit, this method provides promising results for monitoring
ambient HCN concentrations, and at the same time, minimizes the work for sample preparation,
reducing the time and cost of the monitoring.

SPME is not only exploited for direct sampling in the air but it is also used as a convenient strategy
for the introduction of the analytes into a gas chromatographic system after the sample preparation step.
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This strategy was recently used to quantify a class of largely studied pollutants such as organophosphate
esters (OPEs) [11,12] bound to airborne particulate matter by a green protocol based on the combination
of microwave-assisted extraction (MAE) and SPME followed by gas chromatography coupled with
tandem mass spectrometry (GC-MS/MS) analysis [13]. Similarly, aliphatic and aromatic amines (AA)
in indoor air were investigated by SPME-GC-MS after the ultrasonic extraction of XAD-2 adsorbent
without derivatization [3]. In this paper, the author reached detection limits lower from about a
factor of five in comparison to direct injection. This result, consequence of the solvent-less nature of
SPME injection, is consistent with the improvement in chromatographic performance reported in the
literature, also in the analysis of polar compounds with SPME [14]. The use of commercial SPME
fibers has also recently found space in the quantification of some pesticides in atmospheric samples.
Thirty-one pesticides belonging to different chemical classes (urea, phenoxy acids, pyrethrenoids, etc.)
and commonly used in non-agricultural areas such as public or private gardens were investigated.
After the sampling on glass fiber filters and on XAD-2 resin traps followed by the extraction using the
accelerated solvent extraction (ASE) technique, an 85 um polyacrylate (PA) fiber was immersed in the
ASE extract to preconcentrate the analytes before GC-MS analysis with on-injector derivatization using
N-methyl-N-(tert.-butyldimethylsilyl) trifluoroacetamide (MtBSTFA) [15].

Porous materials are attracting the attention of the scientific community in numerous scientific
fields due to their properties and different possible uses. In this connection, also in the development
of SPME coatings these so-called advanced porous materials and cavitands find space, and their
use for the analysis of pollutants in the air constitutes a robust line of research still growing [16].
In particular, interesting articles have recently been published on the development of new coatings
based on materials such as metal-organic frameworks (MOFs) and covalent organic frameworks
(COFs), and their application in air analysis. These were followed by other papers focused on the
use of microporous organic network (MON), or other hybrids materials with MON, which made it
possible to improve the extraction efficiency by countering the tendency of some competitors such
as water molecules to occupy the pores of MOF [17,18]. Most of the recent applications of these
materials have focused on the analysis of established pollutants in particulate matter after a previous
extraction of the analytes from the solid matrix [17-19], whereas a COFs coated fiber-based with gas
chromatography-mass spectrometric detection was used in the investigation of some volatile and
harmful benzene homologs by exploiting the favorable 7-7r and hydrophobic interactions between the
m-conjugated aromatic groups of the coating and the aromatic rings of the analytes [20]. This material
was followed by the use of functionalized cavitand that, given its molecular structure, allowed to
obtain high enrichment factors, very low detection limits and increased selectivity toward the benzene.
For this reason, this coating was proposed as a selective SPME coating for the determination of BTEX
at trace levels even for the assessment of short-term exposure in workers [21].

Analytical approaches that are not yet fully explored are the needle-trap and cold-fiber SPME,
partly because of the difficulty in commercially obtaining the necessary equipment for the analytic
set-up [22,23]. Recently, some studies have been published on SPME fibers used as a passive sampling
device to get the Time-Weighted Average (TWA) concentration of VOCs. These papers aim to improve
the technique in terms of accuracy, particularly with longer sampling times [24,25]. Advances in
this field could contribute in the coming years to the effective use of the SPME in the environmental
monitoring programs targeted to the chronic exposure or background concentrations.
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2.2. Water

The presence of organic and inorganic pollutants in the environmental waters is a serious
problem for human health and the well-being of ecosystems. Protecting this important environmental
sector involves national and international monitoring interventions along with regulatory legislative
actions, which are necessarily based on the results of analytical studies in the environmental field.
Using microextraction techniques, such as the SPME, have offered a significant contribution to the
identification and quantification of established and emerging pollutants in environmental waters
by offering reliable analysis tools with growing selectivity and sensitivity [26]. In the last 5 years,
the number of published articles in which the SPME is employed to address analytical issues in
environmental waters is remarkable (Table 1). Most of these investigations (over one hundred in the
covered period) were directed on the development of new coating materials and their use in real
case scenarios (Figure 1). These studies, in terms of numbers, are followed by works in which new
strategies in using SPME are presented, e.g., new coupling with mass spectrometer equipment [27-29]
or the development of a new mechanically robust SPME sampler for the on-site sampling [30].
The involved classes of molecules are various and include both pollutants traditionally investigated
such as PAHs [19,31-41] and polychlorinated biphenyls (PCBs) [33,42-45], and new polluting molecules
such as dyes [46], additives for materials [14], new pesticides [47-53], antibiotics [54-57], pollutants
coming from a number of polluting processes including those in industries [58-60], and last but not
least, ultraviolet filters, whose determination in natural water is one of the issues that is attracting
greater interest [37,61-73].

The investigation of PAHs is still current, and despite the numerous studies already present
in the literature, PAHs are the target in many studies because of their high relevance as pollutants,
and for this reason, they are also used as reference compounds to test new SPME uses and coating
materials [74,75]. Some noteworthy applications report the successful analysis in environmental waters
using coating based on polymer materials [31], MOF [19,32-34], mesoporous carbon materials [35],
polyhedral oligomeric silsesquioxanes (POSSs) [36], titanium dioxide-nanosheets [37], coatings based
on nanoparticles [38,75], nanotubes (MONTs) [39,40], and material derived from low-cost waste such
as biochar [41]. The latter analytical strategy seems particularly interesting as it opens new scenarios
involving the recovery of waste materials and their exploitation in an analytical context. Similarly,
BTEX were also taken as a reference for verifying the analytical performance of a new SPME coating in
environmental waters. These studies were mainly carried out by prof. Ouyang’s group, which has
achieved satisfactory results for analysis of river, lake, pond and seawater by developing SPME coatings
that exploit different materials such as tri-metal centered MOFs (tM-MOFs) [76], graphene—carbon
nanotubes (G-CNTs) [77], Prussian blue nanoparticles-doped graphene oxide [75], knitting aromatic
polymers (KAPs) [78] and porous organic polymers (POPs) [79] including Scholl-coupling microporous
polymers [80].

Among the most impactful trends, there is the application of the newly developed geometries to
real environmental case studies. Multiple monolithic fiber solid-phase microextraction (MMF-SPME)
was developed as a new extraction approach for aqueous samples; considering its peculiarities,
it is proposed as an improved alternative to the traditional SPME in terms of extraction capacity,
mass-transfer speed and flexibility [48,81-84]. MMEF-SPME consists of four independent thin fibers
bound together to form a fiber bunch (Figure 3).
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Figure 3. Schematic diagram of MME-SPME (a) and the microscope image of the gap between thin
fibers (b) [81].

Similarly, monolithic fiber has also found application in the in-tube SPME (IT-SPME) through
the development of novel materials such as the MOF-monolithic adsorbent with enhanced surface
area, which was successfully used to detect fluoroquinolones at ultra-trace level in river water [54],
but also the development of new strategies such as magnetism-enhanced monolith-based in-tube
solid-phase microextraction (ME-MB/IT-SPME). This technique used modified absorbent material with
Fe304 nanoparticles and the exertion of a variable magnetic field to overcome the main drawbacks
of the traditional monolith-based in-tube solid-phase microextraction (MB/IT-SPME), that is the low
extraction efficiency; this method was used for the extraction of triazines from river and lake water [85].

Recently, Kabir and Furton proposed the fabric phase sorptive extraction (FPSE) [86] which
is a new promising member of the sorbent-based sorptive microextraction group. This technique
overcomes some of the major shortcomings of traditional SPME related to the sorbent coating technique
and the geometry of the microextraction device such as the small primary contact surface area and
the low amount (typically ~0.5 puL) of sorbent loading that often results in poor extraction sensitivity.
Despite its recent development, FPSE has not only been used for the analysis of pollutants such as
non-steroidal anti-inflammatory drugs [87], and cytostatic compounds in environmental water [88],
but it has already been the topic of some studies focused on its own evolution that suggest interesting
scenarios in the next years [89,90].

2.3. Soil

The monitoring of pollutants in the soil is very important to ensure environmental and food
safety. The main pollutants that are being investigated are pesticides, petroleum hydrocarbons,
PAHs, PCBs, pharmaceuticals, and industrial residuals. Although soil is one of the environmental
compartments together with water and air, unlike them, the presence of pollutants in the soil presents
different analytical challenges determined by the complexity of the matrix. Compared with the
pollution of air and water, soil pollution is very nonhomogeneous and often local because of a slower
diffusion of chemicals. Moreover, soil samples have different physicochemical properties and affinity
to analytes [91]. In fact, the main issue in soil analysis using SPME is certainly related to the matrix
effect, which can affect the reliability of the analysis and lead to the fouling of the fiber coating caused
by irreversible adsorption of macromolecules on the extraction phase. This occurrence can result in the
changes in fiber properties and the extraction performance of the fiber upon subsequent use. Currently,
despite the recent technical developments, the use of SPME in soil analysis is still a challenge and
requires, at least during method development, robust expertise in the field.
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During the last five years, SPME has found a place in the analysis of soil pollutants in several
respects. Similar to what we highlighted for the study in environmental waters, a significant part of the
research is aimed at the development and use of new, better-performing coatings, above all in terms of
sensitivity and specificity (Figure 1, Table 1). A cavitand-based SPME coating was synthesized and
used for the selective determination of nitroaromatic explosives and explosive taggants at ultratrace
levels [92]. Among the most used materials, the MOFs have a leading role. Their application as SPME
coating for soil analysis has been extensively investigated in recent years, both as regards the use of new
structural variants and their synthesis. After their preparation, these SPME fibers were successfully
used in the analysis of trace levels of fungicides [93], PAHs [19,94-96], PCBs [97,98], polybrominated
diphenyl ethers (PBDEs) [99].

As for commercial fibers, their use in soil analysis still has many potentials and they have been
used not only in method development for new harmful contaminants [100-102] but rather as an
analytical tool to carry out other studies, principally with ecological-environmental purposes. Indeed,
given its analytical features, SPME allows for the determination of analyte free concentration and for
this reason it has been used in bioavailability [103], bio-accessibility [104], and soil sorption studies
involving the binding potential of dissolved organic matter (DOM) and the effects of bioremediation
on contaminated industrial and agricultural soils [105,106].

Of particular interest is also the deployment of untraditional SPME approaches including
the fabric-phase sorptive extraction used for alkyl phenols determination [107], MMF-SPME
exploited for the sulfonylurea herbicides assay [47], ionic liquid-coated PTFE tube used for mercury
extraction before cold vapor atomic absorption spectrometry (CV-AAS) determination [108], and
vacuum-assisted headspace solid-phase microextraction (Vac-HSSPME). The latter was recently
reviewed by Psillakis [109] and appears to be a promising route for the analysis of pollutants in solid
matrices such as soil because increasing the volatility of the analytes, it allows the analysis in HS-SPME
with the consequent reduction of the matrix effect and improvement of the fiber lifetime.
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3. The Spread Step: Food Matrices and Drinking Water

Chemical pollution of food is perceived as a global safety issue. Most times, the source of
contaminants is the environment where the food has been produced. This is the situation of several
organic substances coming from industrial processes or, in general, from human activities that persist
in the environment and become globally dispersed in air and water sources, and therefore concentrate
on fruits, vegetables, and animals through the food chain. Because of the type of contamination, some
food products may be more contaminated than others owing to factors such as the specific exposure to
pollutants or the differences in plant uptake systems from the ecosystem.

Food samples are complex matrices which often consist of compounds such as proteins, fats, acids,
bases, and salts that can largely interfere with the analysis. Moreover, for solid foods, SPME is usually
forerun by other previous extraction procedures to get an analyzable liquid extract.

3.1. Drinking Water

Intensive industrialization of the world has resulted in an increased input of organic pollutants,
which may significantly affect the quality of surface waters that are often sources of drinking water for
a large part of the world’s population. Since most water contaminants are toxic and dangerous, not
only to humans but also to animals and plants, these pollutants should be monitored in tap and surface
waters. As with environmental water samples, microextraction techniques and in particular SPME
have been giving a significant contribution to the determination of several contaminants in drinking
water. Given the presence of drawbacks in the use of a traditional commercial coating, such as limited
variety of the fibers available, insufficient thermal or solvent instability and limited selectivity, the
greatest efforts have been made in the development of new coating materials to offer reliable analysis
tools with better selectivity and sensitivity (Figure 4, Table 2).
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Figure 4. Main solid-phase microextraction geometries and strategies used in the analysis of food
matrices during the covered period (2014-2019).

The use of carbon nanotubes (CNTs) has been exploited for the extraction of benzene
derivatives [110,111], and phthalates [112] from drinking water samples. Owing to the carbon
backbone provided by a two-dimensional structure with unique structural and chemical properties,
CNTs are highly hydrophobic and mostly applied to extract hydrophobic analytes, through -7t stacking
interactions. However, the surface of CNTs can be modified by chemical and physical functionalization
to introduce different functional groups, resulting in enhanced dispersibility and accessible surface. In
above-cited papers, CNTs have been combined with a polypyrrole/titanium oxide composite [111],
multiwalled carbon nanotubes (MWCNT) functionalized with polyimidazolium ionic liquid was
coated on an electrodeposited polyaniline film supported by a stainless-steel fiber [110], and MWCNTs
on polystyrene (PS) microspheres have been designed and prepared by layer-by-layer assembly via
electrostatic interaction [112]. In general, these coatings offered excellent thermal stability, high EFs
and low LODs compared with other analytical methods. The MWCNTs composite microspheres could
be of substantial scientific and technological interest with potential applications for the extraction of
pollutants in environmental samples. Conductive polymers (CPs) have been also exploited as SPME
coating for the extraction of contaminants from drinking water. In particular, thermal and mechanical
stability of the polypyrrole-based SPME fibers have been evaluated for the analysis of haloanisoles
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in tap water [113] whereas polyaniline/silver (PANI/Ag) composites were prepared, and fabricated
into SPME coatings for the extraction of bifenthrin from tap water and the following matrix-free laser
desorption/ionization (LDI) of the target analyte [114].

Graphene, functional graphene materials or graphene composites have been successfully used as
SPME coatings to detect various organic contaminants. In particular, several functionalized graphene
coatings have been developed in order to enhance its extraction capacity and, above all, its selectivity
for specific analytes. For example, hydroxy-terminated poly(ethylene glycol) (PEG) grafted onto
graphene sheets was prepared via a covalent interaction and then PEG-g-graphene was coated on the
etched stainless steel wire by a sol-gel process [115]. This coating was tested for the determination
of volatile aromatic compounds (VACs) in tap and mineral waters. In another work, polyethylene
glycol-graphene oxide (PEG-GO) sol-gel coating was successfully applied for the analysis of aromatic
amines in aqueous samples as target compounds [116]. Due to the adsorptive and inherent advantages
of GO nano-sheets as well as the performance of the sol-gel coating technology, this fiber exhibited a
porous surface structure, good precision and accuracy, high selectivity and sensitivity, longer life span
(over 200 uses) and high thermal stability. Similarly, graphene coatings have also found application
in the IT-SPME for the determination of triazines [117,118]. In one case, a method was developed
based on the use of a packed column containing graphene oxide supported on aminopropyl silica
and following analysis by high performance liquid chromatography and tandem mass spectrometry
(HPLC-MS/MS) [117], whereas in the other one a coated column was prepared by the covalent
modification of monolayer graphene oxide sheets onto the inner wall of a fused-silica capillary [118].
Other porous carbons have been selected and developed as novel SPME coatings focusing on the two
key factors for the choice of suitable porous carbons: surface area and pore structure. Li et al. proposed
a C18 composite fiber, prepared with a new method and applied to the analysis of organochlorine
pesticides (OCPs) in drinking water samples [119]. The prepared fiber showed excellent thermal
stability, solvent resistance and extraction performance more than seven times higher than those of
commercial fibers. Ordered mesoporous carbon film [120] and different activated carbon-polymer
monoliths [120] were also used as a coating for the quantification of BTEX and phthalates in drinking
waters, respectively.

MOFs are porous hybrid materials composed of metal ions at their center, and organic linkers.
In the last years, they have become very popular as SPME coatings, due to the easy modification
of their pore surfaces, which can lead to enhanced selectivity toward specific analytes. A wide
variety of MOFs was proposed in the literature depending upon fiber format, the method used
for assembling MOFs onto the fiber surface, the metal ion and ligand in the synthesis of MOFs.
Metal-organic aerogel (MOA)/MIL-53(Fe) was fabricated by gluing them on a nichrome wire using
silicone glue [121] and the resulting fiber was applied to the analysis of chlorobenzenes in tap water.
In another application for the determination of chlorobenzene in HS mode, three types of MOFs
with Zn and Cd as metal centers were synthesized with 4,4-biphenyldicarboxylate, terephthalic acid,
and 2,6-naphthalene dicarboxylate as ligands [122]. MOF coatings were also prepared by using
2-aminoterephthalic acid and Al salts and termed MIL-53 (Al). These MOFs were employed for
the extraction of organochlorine pesticides [123] and PAHs [95]. Experimental results showed that
the NH,-MIL-53(Al) SPME coating was solvent resistant and thermostable, and its efficiency for
organochlorine pesticides was higher than that of commercially available SPME fiber coatings such
as polydimethylsiloxane, polydimethylsiloxane-divinylbenzene, and polyacrylate. A sol-gel coating
technique was applied for the preparation of a solid-phase microextraction fiber by coating the
metal-organic framework UiO-67 onto a stainless-steel wire. The prepared fiber was explored for the
HS-SPME of nitrobenzene compounds from tap water [124]. Again, the sol-gel technique was used for
the preparation of fiber by coating MIL-101 onto stainless steel wires. The prepared fiber was explored
for the HS-SPME of seven VACs [125]. Metal-organic nanotubes (MONTSs) are a novel class of hybrid
materials that bridge inorganic and organic nanotubes and possess the advantages of CNTs and MOFs.
The study conducted by Li et al. investigates the feasibility of using [Cus(p3-O)(n-OH)(triazolate),]*
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MONTs (Cu-MONTs) as an SPME coating material to extract PCBs from water samples for GC-MS/MS
detection [45]. The novel fibers achieved good thermal stability (~340 °C), high enhancement factors
(396-1343), excellent repeatability (2.12-7.22%), wide linear ranges (0.1-500 ng/L) and low LODs
(3.9-21.7 pg/L) for PCBs. A particular subfamily of MOFs, i.e., zeolitic imidazolate frameworks (ZIFs),
was prepared in chemically resistant plastic microtubes for SPME on a polydopamine layer [126].
The extraction efficiency of ZIFs modified microtube was systematically investigated and more than
500-fold enrichment was obtained for analysis of PAHs in tap water.

Ionic liquids (ILs) seem to be an excellent alternative for the currently used SPME fiber sorptive
materials, due to the change of their physical and chemical properties by the selection of appropriate ions.
Several ILs-based SPME coatings have been prepared to achieve enhanced robustness and therefore
a longer lifetime of fiber. A new stationary phase microextraction with physically fixed ionic ILs as
sorptive coatings was proposed by Kang et al. for the determination of phosphorus flame retardants
(PFR) in tap water [127]. Among the four ILs tested, the coating based on 1-octyl-3-methyloimidazole
hexafluorophosphate demonstrated the best performances. Moreover, the prepared fiber has
higher extraction capacity, better mechanical stability, lower cost, and comparable reproducibility
compared with the commercially available SPME fibers. Several crosslinked polymeric ionic liquid
(PIL)-based sorbent coatings of different natures were prepared for the determination of polar organic
pollutants [128]. The PIL coatings contained either vinyl alkyl or vinyl benzyl imidazolium-based
(ViCnIm orViBCnIm™) IL monomers with different anions, as well as different dicationic IL crosslinkers.
In the work proposed by Pena-Pereira et al., three bis(trifluoromethanesulfonyl)imide anion-based
ILs were used to prepare ionogel fibers for the quantification of chlorinated organic pollutants [129].
Ionogels were a family of hybrid materials in which ionic liquids are confined in a sol-gel network. The
ionogel based on 1-butyl-1methylpyrrolidinium bis(trifluoromethanesulfonyl)imide [C4C; Pyrr][TFSI]
exhibited the best performances in terms of extractability of target analytes. Cross-linked PIL
bucky gels were proposed by free-radical polymerization of polymerizable ionic liquids gelled
with MWCNT [130]. The PIL bucky gel sorbent coatings demonstrated higher efficiency for the
extraction of PAHs from tap water respect to the neat PIL-based sorbent coating, due to a significant
enhancement of the m— interaction between the sorbent coatings and the aromatic analytes. Neat
crosslinked PIL sorbent compatible with high-performance liquid chromatography was proposed
by Yu et al. [131]. Six structurally different PILs were crosslinked to nitinol supports and applied
for the determination of phenols, and multiclass insecticides. Superior extraction performance
compared to the other studied PILs was achieved by the PIL-based sorbent coating polymerized
from the IL monomer 1-vinyl-3-(10-hydroxydecyl) imidazolium chloride [VC;iOHIM][CI] and IL
crosslinker 1,12-di(3-vinylbenzylimidazolium) dodecane dichloride [(VBIM),C;,] 2[Cl]. ILs were used
as coatings also for the particular design of the capillary for IT- SPME system, called fiber-in-tube
SPME. In particular, to improve the durability and extraction efficiency of an ionic liquid coating,
1-dodecyl-3-vinylimidazolium bromide was polymerized and grafted onto basalt fibers [132]. The tube
was connected to an HPLC instrument and the system was applied to the extraction of phthalates from
bottled water.

Another extensively exploited strategy in the development of new coating materials is the usage
of metallic and metal oxides nanomaterials. For the analysis of drinking water, a palladium coating
was fabricated on the SPME fiber by a simple in situ oxidation-reduction process to quantify PAHs and
phthalates [133]. Moreover, new materials based on Co-Al bimetallic hydroxide nanocomposites [134]
and gold nanoparticles [135] were proposed for fiber IT-SPME configuration in order to assay PAHs in
tap water. Silica is another kind of inorganic material that has been widely used due to its features,
such as the controllable morphology, excellent stability, and easy modification. VOCs were analyzed
by ionogel fibers prepared by sol-gel processing using methyltrimethoxysilane as the silicon alkoxide
precursor with the IL 1-methyl-3-butylimidazolium bis(trifluoromethylsulfonyl)imide ([C4MIM][TFSI])
confined within the hybrid network [136]. Enrichment factors in the range 275-7400 were obtained
under optimum conditions. Remarkably, IL-rich SPME fibers yielded extractability up to 20-fold
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higher than that of the SPME fiber obtained after removal of the IL by solvent extraction. The very
promising results obtained with ionogel fibers make us consider them as an excellent option for the
preparation of advanced SPME coatings. Another silica-based material was used for the determination
of chlorophenols [137]. In this work, the prepared continuous ordered mesoporous silica film
supported on the anodized titanium wire demonstrated higher extraction efficiency toward the selected
chlorophenols compared to the commercial PA fiber. Electrospinning is the most commonly used
technique for the fabrication of SPME nanofibers from a wide range of materials. A polyetherimide (PEI)
nanofibrous coating was prepared for the assay of PAHs, demonstrating a high filtration capacity and an
increased extraction capacity for the analytes [138]. The applicability of inorganic oxide nanoparticles
on the extraction efficiency of polyethylene terephthalate-based nanocomposites was evaluated by
HS-SPME of BTEX [139]. Four types of nanoparticles including Fe3Oy, SiO,, CoO, and NiO were
examined as the doping agents and, among them, the presence of SiO, in the prepared nanocomposite
was prominent. BTEX were also analyzed by using sol-gel hybrid organic-inorganic materials prepared
in the presence of polyethyleneoxide (PEO) non-ionic surfactants (Triton X-100) [140]. After the
analytical procedure was optimized, the dynamic linear range obtained using PDMS-TX100 and
PDMS-no TX100 fibers was 4-200,000 and 100-200,000 pg/mL and the limits of detection were 1-3 and
30-300 pg/mL, respectively. Molecularly imprinted polymers (MIPs) are typically synthesized from the
copolymerization of a complex (the template and functional monomer), which can form recognition
sites being able to rebind a target molecule. In recent years, MIPs have been prepared as monoliths by
in situ polymerization directly within micro-columns or capillaries. Recently, several kinds of MIPs
have been prepared and used as SPME coatings. For drinking water, a nanostructured molecularly
imprinted fiber based on methyltriethoxysilane as the sol-gel precursor was prepared for the extraction
of simazine [141]. Actually, SPME can also be coupled with MS directly without chromatographic
separation, producing workflows that are not only more robust, sensitive, and selective, but also faster,
cheaper, and cleaner. In 2016, Mirabelli et al. proposed a new strategy for the direct coupling of SPME
with mass spectrometry, based on thermal desorption of analytes extracted on the fibers, followed by
ionization with a dielectric barrier discharge ionization (DBDI) source [142]. The coupling of SPME
with mass spectrometry reported in this study has several novel aspects. The work is the only one
employing a thermal desorption of SPME fibers for a direct coupling with ambient ionization. This
system has allowed to achieve LODs in the low-ng/L range for pesticides belong to various classes
in tap water samples using the commercial PDMS/DVB fiber. The advantage over chromatographic
approaches, in addition to the much shorter analytical procedure, is the absence of suppression effects
from chromatography solvents. Finally, the small overall size of the setup could also allow one to
perform in situ analyses with portable MS instruments.

3.2. Fruits and Vegetables

Fruits and vegetables, as a group of crops from the horticulture class, have very wide importance
both as a source of food and health care. Fruits and vegetables are among the most studied food kind
in terms of both nutritional principles and contaminants. Also for this food category, SPME has been
contributing to the determination of several pollutants in various matrices. As for the water matrix,
in the last five years, most of the studies have been focused on preparing new coating materials to be
used instead of commercial fibers (Table 2).

A crosslinked PIL on a functionalized stainless steel wire through the oxidized MWCNT was
fabricated by Feng et al. for the analysis of naphthol in pomelo and orange samples [143]. The following
SPME extraction was carried out in multiple HS mode involving several consecutive extraction cycles
of the same sample. The CNTs-based coating was also proposed for the determination of carbamate
pesticides in apple and lettuce matrices [144]. In this work, a poly(3,4-ethylenedioxythiophene)-ionic
liquid polymer functionalized multiwalled carbon nanotubes (PEDOT-PIL/MWCNTs) composite
coating was fabricated which was successively dipped in Nafion solution. The outer layer Nafion
enhances the durability and stability of the coating, being robust enough for replicated extraction
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for at least 150 times. Authors reported the direct GC analysis of carbamates without derivatization,
in analogy to other studies [145,146]. Nanohybrids of CNTs/metal oxides have been applied to the
determination of pollutants in vegetables. In particular, the synthesis of CNTs@SiO, nanohybrids
with high surface area as an SPME coating was carried out and the obtained fiber was used for
the assay of four organophosphorus pesticides in pear, grape, and eggplant [147]. The extracted
compounds were detected using gas chromatography—corona discharge ion mobility spectrometry
(GC-CD-IMS), demonstrating that the developed CNTs@SiO;, fiber presented better extraction efficiency
than the commercial SPME fibers (PA, PDMS, and PDMS/DVB). The same instrumental approach
was employed for the analysis of organophosphorus pesticides in cucumber, lettuce, and apple by
extracting the analytes with a polypyrrole/montmorillonite nanocomposites coating directly deposited
on a Ni-Cr wire [148]. Polypyrrole/montmorillonite nanocomposites film provided a high specific
surface due to non-smooth porous structure, resulting in the higher loading capacity and thermal
stability. A comparison of the prepared fiber with commercial fibers revealed that the fabricated
fiber has higher extraction efficiency for the extraction of OPPs relative to commercial PDMS and
PDMS/DVB fibers and pure Ppy. Polypyrrole was also considered for the fabrication of polypyrrole
nanowire (PPy NW) which was utilized for the quantification in headspace mode of bisphenol A in
canned beans, corn, and peas [149]. The developed protocol involves the detection of the analyte by
ion mobility spectrometry (IMS) without chromatographic separation. In a work based on MIP coating,
an SPME fiber was developed on silica fiber via sol-gel using calixarene as a functional monomer for
extraction of organophosphorus pesticides from apple and pineapple samples [150]. A comparison of
MIP-SPME was made with liquid-liquid extraction coupled with gas chromatography demonstrating
that much lower limits of detection and better recoveries were achieved by the SPME approach.
The porous carbon can be directly obtained by the carbonization of different materials to achieve
higher surface area and more abundant pores. In the work carried out by Liang et al., the carbon
precursor was a barley husk biomaterial [151]. The obtained carbon was coated onto a stainless-steel
wire through the sol-gel technique to prepare a solid-phase microextraction fiber for the extraction of
trace levels of twelve multiclass pesticides from vegetable samples. COFs are analogs of metal-organic
frameworks without metal in their structure. Wu et al. have designed a novel hydrazone COF and
developed a polydopamine (PDA) based method to immobilize COF on a stainless steel fiber for
carrying out the HS-SPME quantitative analysis of pyrethroids in apple and cucumber samples [152].
The authors ascribe the very satisfactory performances of this new coating firstly to hydrophobic nature
of COFs and, secondly, to the fact of the hydrazone COF possesses abundant phenyl rings and -C=N
groups, which provide strong 7-7t stacking interaction with pyrehroids. In another study reported
by the same group, cross-linked hydrazone COFs were prepared via the thiol-ene “click” reaction
and applied for the extraction of pesticides in cucumber [153]. The comparison of the cross-linked
hydrazone COFs-based fiber with PDMS (7, 85, 100 pm), Car/PDMS, and PA fibers demonstrated that
the extraction efficiency of the new coating is superior respect to commercial ones.

MOFs represent a suitable material as SPME coatings also in combination with graphene oxide.
In particular, a hybrid material of the zinc-based metal-organic framework-5 and graphene oxide
was prepared as a novel fiber coating material and the prepared fiber was used for the extraction
of five triazole fungicides from grape, apple, cucumber, celery cabbage, pear, cabbage, and tomato
samples [154]. This new fiber was stable enough for 120 extraction cycles without a significant loss
of extraction efficiency. The same authors prepared a new coating material, a zeolitic imidazole
framework-67 (ZIF-67) templated nanoporous carbon, Co-NPC, by one-step direct carbonization of
ZIF-67 without using any other carbon precursors [155]. Successively, the SPME fiber prepared by
coating the Co-NPC onto a functionalized stainless-steel wire was used for the determination of five
organochlorine pesticides.

ILs, as stable coating compounds in SPME, were also employed together with other materials.
For the analysis of vegetable samples, a new ionic liquid 1-vinyl-3-butylimidazolium ditrifluoro methyl
sulfimide -calixarene coated fiber has been synthesized on the surface of quartz fiber by the sol-gel
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method [156]. The fiber was then applied to the assay of triazines in garlic sprout, cherry tomato,
strawberry, cole, cabbage, cucumber, and tomato. Although potato is a common food in many countries
and, as a consequence, is extensively studied [157], only one study is reported about the determination
of contaminants in this matrix [158]. In this application, graphene oxide was firstly chemical-bonded
on the support and then the novel 1-aminoethyl-3-methylimidazolium bromide (C,NH,MIm*Br~) or
polymeric 1-vinyl-3-hexylimidazolium bromide (poly(VHIm*Br~)) was assembled to the surface of
GO by surface radical chain-transfer reaction, respectively. Afterward, C;NH,MIm*NTf, -GO-coated
and poly(VHIm*NTf,~)-GO-coated fibers were obtained through on-fiber anion exchange. Extraction
performance of ILs and PILs coatings with different anions were investigated with PAHs and PAEs as
the model analytes. Finally, the proposed poly(VHIm*NTf,~)-GO-SPME fiber was used to determine
several PAHs and phthalates in potatoes and food-wrap samples, respectively.

The metal oxides can be hybrid with organic/inorganic materials, leading to higher extraction
efficiency and great convenience for the coating preparation. A biocompatible environmentally
friendly SPME fiber coating (halloysite nanotubes-titanium dioxide (HNTs-TiO;)) was prepared by
Saraji et al. [159]. HNTs-TiO, was chemically coated on the surface of a fused-silica fiber using a sol-gel
process and the fiber was evaluated in the determination of parathion in apple, strawberry, and celery.
The HNTs-TiO; fiber was compared in terms of extraction efficiency with bare-silica (sol-gel based
coating without HNTs-TiO,), HNTs, carbon nanotubes and commercial SPME fibers (PA, PDMS, and
PDMS-DVB). The HNTs-TiO, fiber showed the highest extraction efficiency among the studied fibers.
In another application, zinc oxide hybridized with graphite-like C3Ny (ZnO/g-C3Ny) nanoflowers
based SPME coating was fabricated [160]. This fiber was successfully used for the simultaneous
determination of nine pesticides in cucumber, pear, and green tea. The high extraction performance of
ZnO/g-C3Ny nanoflowers fiber towards the pesticide residues may be due to its high dispersion in
solution and to the pesticide hydrogen bonding interaction force and the -7t stacking interaction force
between the analytes and the organic linker of the ZnO/g-C3Ny.

Recently, a new matrix-compatible fiber was developed by Pawliszyn and coworkers by modification
of the solid coating of a commercial SPME fiber with a thin layer of polydimethylsiloxane [161]. In particular,
the outer PDMS layer was employed to protect the polydimethylsiloxane/divinylbenzene (PDMS/DVB),
thereby merging the proven suitability of PDMS for sampling in complex matrixes and the extraction
capability associated with the original solid porous coating. In the last five years, this fiber was tested for
the determination of pesticides and contaminants in various fruits and vegetables in direct immersion
mode [162-164]. In an application of DI-SPME for the extraction of multiclass pesticides and other
contaminants in the avocado pulp, the polydimethylsiloxane-divinylbenzene-polydimethylsiloxane
(PDMS/DVB/PDMS) compared to the DVB/PDMS coating, showed excellent robustness and matrix
compatibility for oily matrices [162]. The optimized extraction conditions involving dilution of
avocado puree with water and cleaning steps pre- and post-desorption extended the coating lifetime,
with enhanced reproducibility for more than 100 consecutive extraction cycles. The robustness and
endurance of this new coating were evaluated for analyses of vegetables (i.e., spinach, tomato, and
carrot) that present different analytical challenges such as pigmentation, water content, interfering
matrix compounds, and vegetable texture [163]. Multiclass pesticides and other contaminants were
selected as target analytes to test PDMS/DVB/PDMS fiber in new challenging analytical scenarios. The
PDMS/DVB/PDMS fiber was shown to be suitable for use for more than one hundred extractions in raw
blended vegetable samples. Moreover, the overcoated fiber was revealed to provide advancements
not only in terms of robustness and durability, but also in cleanability and sensitivity in respect to the
commercial coating (Figure 5).
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Figure 5. PDMS/DVB/PDMS fiber lifetime evaluation in spinach: stereomicroscope images of the fiber
before (left) and after (right) manual cleaning of the coating [163].

In another application, a method for the determination of 40 pesticides, belonging to 21 different
classes, was optimized for extractions from the grape pulp by means of Design of Experimental
(DoE), using the matrix compatible PDMS/DVB/PDMS coating in direct immersion mode [164]. In the
broad area of chemometrics, which plays an important role in many scientific disciplines [165-167]
experimental design is a multivariate approach to achieve the optimization of a procedure by evaluating
the factors simultaneously. The following instrumental analysis was carried out by GC-ToFMS.
Commercial PDMS fiber was used by Abdulra’uf et al. for the assay of pesticides belong to various
classes in apple, tomato, cucumber, and cabbage [168]. In this study, the authors proposed the
sonication of samples for 5 min prior to HS-SPME extraction in order to improve the partition of the
targeted analytes into the sample headspace.

3.3. Juices

Juices are also among the most analyzed food commodities by SPME for safety assessment.
A CNTs-based coating was prepared for in-tube and glass capillary SPME configurations [28,169].
In the first work, IT-SPME directly coupled with DART-MS has been reported [28] and applied to the
determination of triazine herbicides in orange juice samples. The extraction device consisted of a
syringe barrel coupled to one end of the syringe pinhead. A capillary column replaced the other end of
the pinhead. This method greatly improved the detection sensitivity, compared with the offline mode,
because the majority of the desorption solvent was introduced into DART-MS for detection. The limits
of detection (LODs) of the proposed method for the six triazine herbicides were only 0.02-0.14 ng/mL,
and the negative matrix effect was minimized due to the IT-SPME procedures. In the study reported by
Wang et al. a polymer monolith microextraction (PMME) procedure coupled to plasma-assisted laser
desorption ionization mass spectrometry (PALDI-MS) was developed [169]. The extraction device
used a “Dip-it” sampler coated with an MWNT incorporated monolith, and laser effectively desorbed
the triazines adsorbed on monoliths. In another two works, the direct interface of microextraction
technologies to mass spectrometry (SPME-transmission mode, SPME-TM) was proposed and applied
to the analysis of multiclass pesticides in various matrices such as grape juice, orange juice, cow
milk, and surface water [27,170]. These studies demonstrated the great potential of SPME-TM as a
tool for fast concomitant screening and quantitation of agrochemicals in complex matrices. Limits of
quantitation in the sub-nanogram-per-milliliter range were attained and the total analysis time did not
exceed 2 min per sample [27]. Moreover, it was demonstrated the suitability of SPME-TM for on-site
semi-quantitative analyses of target analytes in complex matrices via DART coupled to portable mass
spectrometry [170].
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Inanother application, a poly(methacrylic acid-co-ethylene dimethacrylate) monolith was prepared
and used as the sorbent of multiple monolithic fiber solid-phase microextraction (MMEF-SPME) [82].
The combination of MMF-SPME with high-performance liquid chromatography-diode array detection
(MMF-SPME-HPLC-DAD) showed good analytical performance for the quantification of five
benzoylurea insecticides in grape and orange juice samples. HPLC-UV was also used for the
analysis of parabens in orange, lemon, and peach juices, milk, and waters after the extraction by
an in-tube fiber with a nanostructured polyaniline-polypyrrole composite as a coating [171]. Under
the optimized conditions, part-per-trillion (ppt) level detection limits were achieved for the analytes.
Besides, shorter sample analysis time, more accurate quantification, and satisfactory reproducibility
were achieved by in-tube SPME-HPLC, which are favorable for routine analysis of the parabens in
various matrices.

Molecularly imprinted fibers were prepared by de Souza Freitas et al. to extract triazole
fungicides from grape juice samples followed by gas chromatography-mass spectrometry analysis [172].
This coating, synthesized from methacrylic acid, ethylene glycol dimethacrylate, and triadimenol as a
template, is able to renew its selective binding sites because of the gradual thermal decomposition of
the polymeric network.

Anovel hybrid material incorporating porous aromatic frameworks and an ionic liquid, 1-triethoxy
silyl)-propyl-3-aminopropyl imidazole hexafluorophosphate, was developed and applied to the analysis
of organochlorine pesticides in apple juice, peach juice, and milk [173]. These materials, prepared
in general by combining gel and ionic liquids, are made up of highly conjugated repeating aromatic
monomers that involve a strong enrichment ability for benzene homologs. The work reported by Pelit et
al. describes the novel usage of polythiophene—-ionic liquid modified clay surfaces for fiber production
and the following application to the analysis of multiclass pesticides in grape juice samples [174].
Among the fibers developed, the polythiophene fiber co-deposited with C12mimBr modified clay has
given the best results in terms of recoveries and sensitivities.

The metal-oxide coating was used also for fruit juice analysis. In the study published by Vinas et al.
was described the use of magnetic nanoparticles of cobalt ferrite, with oleic acid as the surfactant
(CoFeyOy/oleic acid) for the determination of alkylphenols in orange, pineapple, apple, peach, and
grapefruit juices [175]. This demonstrated that appropriate modification of the magnetic core with
oleic acid as a surfactant is useful for overcoming some limitations such as the chemical stability and
oxidation of magnetic nanoparticles.

Forty pesticides pertaining to various classes were determined by a fast and sensitive
direct immersion-solid-phase microextraction gas chromatography time-of-flight mass spectrometry
(DI-SPME-GC-ToFMS) method in grapes employing a PDMS/DVB/PDMS fiber (i.e., PDMS-overcoated
fiber) [164]. The validated method yielded good accuracy, precision, and sensitivity. With regard
to the limitations of the proposed approach, the DI-SPME method did not provide a satisfactory
performance toward more polar pesticides and highly hydrophobic pesticides, such as pyrethroids.
The PDMS/DVB/PDMS coating was successfully used for the quantitative determination of multiclass
pesticides in grape juice by direct coupling to mass spectrometry through dielectric barrier discharge
ionization (DBDI) [176]. The use of a matrix compatible SPME coating is critical especially when a
direct-MS analysis is carried out for complex food matrices since the occurrence of matrix effects is
drastically minimized or avoided. Moreover, the throughput of the analytical procedure is extremely
high, since no matrix pre-treatment is necessary due to the anti-fouling properties of the SPME
coating used.
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3.4. Other Foods

Various contaminants were determined by SPME technique in other food commodities (Table 2),
such as milk [29,177-182], fish [183-187], honey [188-190], tea [191-193], coffee [194,195], oil [196,197],
butter [198], rice [199], chili [166,200,201], and seaweeds [202]. In particular, in milk SPME has been
exploited in different coatings. The MOF-based coating was prepared for the analysis of bisphenol
A [177], commercial fibers were used to assay organochlorine pesticides [178] and PAHs [179], whereas
graphene-based fiber was fabricated for the determination of PCBs [180]. A very interesting approach
for the analysis of contaminants in complex matrices was developed by Deng et al. [29]. In this work,
a surface coated wooden tip was proposed and realized for the first time to form a novel SPME probe
that was used for a new SPME and ambient mass spectrometry hyphenated strategy. The proposed
SPME-AMS method was applied to the direct ultra-trace analysis of perfluorinated compounds which
has been recognized as one of the hot research topics in recent years [203,204].

Analysis of several pollutants (i.e., PAHs, anesthetics, trihalomethanes, furan, organophosphorus
pesticides, personal care products, PCBs) in fish was carried out by the conventional ex vivo SPME
extraction by using various coatings [185-187] and by the in vivo SPME approach. In vivo SPME is
introduced as a low-invasive technique that utilizes biocompatible probes and has been used in a
number of animal studies, and the results have shown that it is capable of extracting trace endogenous
components from a living system [205,206]. In the last five years, in vivo SPME was applied to the
analysis in living fish of benzo[a]pyrene in order to examine cellular responses to BaP exposure [183]
and of anesthetics by using a biocompatible custom PDMS fiber [184].

One of the strategies of coupling SPME with ambient mass spectrometry is the surface
desorption/ionization of analytes from SPME for AMS. One of the reported ambient ionization
techniques coupled with SPME via this strategy is the desorption corona beam ionization (DCBI) [207].
SPME coupled with DCBI is performed by placing an SPME in the stream position of reactive species,
and the analytes enriched on SPME was directly desorbed/ionized after the reactive species impacted
on the surface of SPME. The reported SPME coupled with DCBI-MS methods were based on thin-film
microextraction (TFME). This configuration was proposed by Chen et al. for the determination of
Sudan dyes (I-IV) and Rhodamine B in chili oil and chili powder [200]. A small piece of commercial
carbon nanotube film was used for the extraction of 1 mL of the sample solution. After extraction, the
carbon nanotube film was attached to the front end of a glass capillary, and then transferred to the
visible plasma beam of the DCBI source for surface desorption/ionization of the enriched analytes for
MS analysis. In another application, the coupling of SPME with ambient mass spectrometry was again
proposed for the analysis of Sudan dyes in chili powder [201]. In this case, a bifunctional monolith
dip-it, prepared by in situ polymerization of poly(BMA-EDMA-MAA) monolith in the glass capillary
of dip-it, was used as an SPME device for direct analysis in real-time mass spectrometry (DART-MS).
This sample loading device showed a strong affinity to four Sudan dyes through hydrophilic interaction
and hydrogen bond interaction and could be directly analyzed by DART-MS without organic solvent
elution or laser desorption.
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4. The Final Endpoint: Bio-Clinical Matrices

Human biomonitoring (HBM), that is the measurement of chemical and/or their metabolites
in human tissues and fluids, is a significant means for assessing cumulative exposure to complex
mixtures of chemicals and for monitoring chemical hazards in the population. It is also important
for understanding the health effects of environmental pollutions and public susceptibility to these
compounds. HBM can be used in epidemiological studies in combination with other medical data to
show an association between the body burden of pollutants and their consequences on humans [208].
Besides, HBM is a powerful tool for tracking the effectiveness of public health interventions, such as,
for example, restrictions on smoking in public places [209]. Considering its usefulness to perform an
integrated assessment of environmental exposure, there is increasing awareness for HBM in developed
countries that have already started national programs to improve the prevention of disease, injury, and
harmful exposures in populations [209]. For these important screening programs, to develop simple,
rapid, and reliable methods to quantify the markers of exposure in human body tissues and fluids
represents an essential goal. Moreover, it is very necessary to realize automated procedures entailing
the benefit of using a small quantity of toxic chemicals, which are not friendly to the environment.
In this sense, microextraction approaches can provide a significant contribution to achieving this aim.
In fact, many protocols developed in recent years involved the use of microextraction techniques,
mainly SPME (Figure 6, Table 3).

Commercial
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materials / *Ci/PAN
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Figure 6. Main solid-phase microextraction geometries and strategies used in the analysis of bio-clinical
matrices during the covered period (2014-2019).

Generally speaking, urine is undoubtedly the preferred matrix among the analyzed biological
fluids because of its greater biological half-life and its less invasive sampling. This trend is confirmed
in the last lustrum since most of the published works on this topic have been directed, as well as
to the assay of markers of several pathological conditions [210-212], toward the determination of
several contaminants in urine samples [14,74,83,213-219]. Few studies focused on hair [220-222], three
papers were published about analysis in blood/serum [29,223,224], and one regarding meconium [225].
Some studies reporting the application of SPME for the analysis of urine have employed commercially
available coatings such as Car/PDMS [214,216], PDMS/DVB [215], PDMS [217], and PA [14] for the
extraction and further analysis of different contaminants such as VOCs [214,216], aromatic amines [215],
organochlorine pesticides [217], and benzothiazoles, benzotriazoles, benzosulfonamides [14]. In all
these works, except that regarding the analysis of the polar compounds benzothiazoles, benzotriazoles,
benzosulfonamides, SPME was applied in headspace mode in order to minimize the coextraction
of matrix interferences and extend the lifetime of employed coatings. In the DI-SPME application
proposed by Naccarato et al. a six-fold dilution of urine sample was carried out to avoid the
degradation of polyacrylate coating [14]. In another study by Naccarato et al., the overcoated fiber
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(i.e., PDMS/DVB/PDMS) was evaluated as an analytical sampling tool for the first time in human
urine and urinary polycyclic aromatic hydrocarbons with 2—-6 aromatic rings were considered as
target compounds [74]. The satisfactory results achieved in terms of the lifetime of coatings and
validation parameters created not only new alternatives for polycyclic aromatic hydrocarbon exposure
assessment but also opened new perspectives for the application of direct immersion solid-phase
microextraction to the analysis of bio-clinical matrices. As for food analysis, various coatings were
proposed for the analysis of urine, such as C;3/PAN [213], layered double hydroxide/graphene
(LDH-G) [218], inorganic-organic hybrid nanocomposite [219], and cross-linked PIL [83] for the
determination of hydroxylated PAHs as metabolites of PAHs [213,219], organochlorine pesticides [218],
and endocrine-disrupting chemicals [83]. In the study proposed by Yang et al. [213], an improved
low-cost direct SPME-MS technique with glass capillary was further developed for the determination
of five typical OH-PAHs in urine samples using a C18-SPME fiber, which then was inserted into a
prefilled glass-capillary with spray solvent to generate ions for MS analysis.

Human hair as an indicator in assessing exposure to organic pollutants is less considered than
urine. Recently, PAHs [221], multiclass pesticides, DDTs and PCBs [220,222] were determined in hair
by commercial PDMS/DVB fiber [220,222] and a CP-Sil 19CB-based in-tube fiber [221].

As regards other biological fluids, the coupling of SPME with ambient mass spectrometry using
a surface coated wooden-tip probe proposed by Deng for the analysis of PFCs in milk samples and
already cited in the food section [29] was also employed for the analysis in whole blood. For this
matrix, the porous structural surface together with the dual extraction mechanisms demonstrated
that the SPME probe has an outstanding enrichment capacity, enhancing sensitivity by approximately
100-500 folds. In another application regarding the analysis in serum, a novel mesoporous graphitic
carbon nitride@NiCo,O4 nanocomposite-based fiber was prepared and used for sensitive determination
of PCBs and PAHs in headspace mode [224], whereas the commercial PDMS fiber was employed in order
to analyze organochlorine pesticides and PCBs levels again in headspace mode [223]. To investigate
fetal exposure to volatile organic compounds, a method was developed to identify and quantify
BTEX and two chlorinated solvents (trichloroethylene and tetrachloroethylene) in meconium [225].
The protocol is based on SPME extraction in headspace mode carried out by commercial Car/PDMS
fiber and following gas chromatography—mass spectrometry analysis.
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5. Concluding Remarks and Future Directions

This review described the most impactful SPME applications in pollutant analysis published in
the last five years (2014-2019). The goal of our paper is giving to the reader information about the
ongoing research fields involving SPME and its potential future directions. The surveyed papers cover
studies that focused on pollutant determination in the path that goes from the different environmental
comparts to the bio-clinical matrices passing through the foods. We revised the studies aimed to
determine different chemicals including persistent organic pollutants, pesticides, emerging pollutants,
and personal care products. These applications underline the growing demands for green and sensitive
analytical methods, which have also fostered the development of new SPME devices, coatings, and
geometries. As a results, our paper points out how SPME is an analytical approach constantly evolving
in multiple directions, that can satisfy the requirements of green analytical chemistry (GAC) [226],
while providing ease of use, high-throughput, extraction efficiency for trace analysis, robustness,
suitability for in vivo and on-site analysis, and easy coupling to various separation techniques and
direct MS analysis.

Regarding the environmental field, the researchers have mainly focused their efforts on the
analysis of environmental waters followed by a smaller number of applications on soil and air. In these
areas, the SPME has not only been used to set-up new methods, but it was also used as a proper tool in
the analyst’s hands to carry out eco-biological and health control studies driven by its unique features
such as the capability to determine the concentration of the analytes unbound to the matrix and the
advancements in on-site sampling devices and modes.

In food analysis, SPME is a widely used technique particularly for drinking water and in other
water matrices. The development in the last five years of new coatings that allow improving the
fibers in terms of mechanical robustness, selectivity, and resistance to the matrix effect together with
the possibility to perform in vivo and ex vivo analysis opened new research directions for pollutant
analysis for the next years.

As for the monitoring of pollutants in bio-clinical matrices, SPME has not yet expressed its full
potential. The bio-clinical matrices are very complex and although in the last 5 years the SPME was
mainly used for pollutant monitoring in urine, the in vivo mode, and to a larger extent, the new
direct couplings with the ambient mass spectrometry, are expected to open exciting scenarios in the
near future.
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Abbreviations

VOCs volatile organic compounds

SVOCs semivolatile organic compounds
DVB/CAR/PDMS divinylbenzene/carboxen/polydimethylsiloxane
CAR/PDMS carboxen/polydimethylsiloxane

PDMS polydimethylsiloxane

PA polyacrylate

PDMS/DVB polydimethylsiloxane-divinylbenzene
PDMS/DVB/PDMS polydimethylsiloxane-divinylbenzene-polydimethylsiloxane
PAHs polycyclic aromatic hydrocarbons

THMs trihalomethanes

PCBs polychlorinated biphenyls
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PFBHA (pentafluorobenzyl)hydroxylamine

MBSTFA N-methyl-N-(tert.-butyldimethylsilyl) trifluoroacetamide
OPEs organophosphate esters

BTEX benzene, toluene, ethylbenzene and xylenes

PBDEs polybrominated diphenyl ethers

PM particulate matter

TWA Time-Weighted Average sampling

MOF metal-organic framework

cov covalent organic frameworks

IL Tonic liquids

PIL polymeric ionic liquid

MMEF-SPME multiple monolithic fiber solid-phase microextraction
SPME-TM Solid-Phase Micro Extraction-Transmission Mode

SPME-TM-DART/MS

Solid-Phase Micro Extraction-Transmission Mode Direct Analysis in Real-Time
Mass Spectrometry
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Abstract: Green analytical chemistry principles aim to minimize the negative impact of analytical
procedures in the environment, which can be considered both at close (to ensure the safety of the
analysts) and global (to conserve our natural resources) levels. These principles suggest, among other
guidelines, the reduction/minimization of the sample treatment and the use of renewable sources
when possible. The first aspect is largely fulfilled by microextraction, which is considered to be
among the greenest sample treatment techniques. The second consideration is attainable if natural
products are used as raw materials for the preparation of new extraction phases. This strategy is in
line with the change in our production system, which is being gradually moved from a linear model
(take-make—dispose) to a circular one (including reusing and recycling as key terms). This article
reviews the potential of natural products as sorbents in extraction and microextraction techniques
from the synergic perspectives of two research groups working on the topic. The article covers the use
of unmodified natural materials and the modified ones (although the latter has a less green character)
to draw a general picture of the usefulness of the materials.

Keywords: green chemistry; circular economy; natural products; sorbents; cork; cotton; pollen; seeds;
paper; wood

1. Introduction

The irrational fear of chemicals, called chemophobia, is caused by the negative perspective among
the general public of the impact of chemistry in our health and environment [1]. While fighting
this chemophobia by intensive teaching at different levels [2,3] (including the general public as a
target, too) of the benefits that chemistry provides to our societies, chemists must be aware of the
potential risks they deal with, to design effective strategies for their control and minimization. In the
environmental protection context, analytical chemistry plays a role, since it allows the detection of
environmental pollution and permits the monitorization of the remediation protocols. However, this
positive contribution must be complemented by the reduction of the collateral impact of analytical
procedures, which is the primary goal of green analytical chemistry (GAC) [4-6].

In 2012, Professor Namie$nik et al. theorized about the main guidelines of GAC, providing 12
general principles to be followed in order to reduce the potentially deleterious effects of analytical
procedures [7]. The application of these principles is desirable as long as the main aim of analytical
chemistry, providing useful and reliable information, is fulfilled. For example, the first principle
recommends the direct analysis of samples avoiding in that way the sample treatment. Although this
principle identifies one of the trends of current research in analytical sciences, it is difficult to be applied
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when complex samples containing the analytes at very low concentrations are processed. In such
scenarios, the simplification of the sample treatment and the reduction of the sources applied (reagents,
energy) can be a more practical objective, at least currently. Microextraction techniques fulfill the latter
criteria [8], and they are considered among the greenest sample treatment techniques [9].

Microextraction techniques have evolved in the last decade following some key trends.
Among them, the development of new extraction phases can be highlighted, considering the context
of this review article. In this evolution, the tenth (use of renewable resources) and eleventh (replace
or remove toxic reagents) principles of GAC are especially relevant [7]. In the liquid microextraction
context, environmentally friendly solvents [10,11] such as CyreneTM [12] and deep eutectic solvents [13]
are clear examples of this progress.

The paradigm of our production system, which up to now has been based on a linear
“take-make—dispose” model, is progressively changed to a circular model [14] where reusing, repairing,
refurbishing, and recycling appear as key terms. The use of surpluses of natural products as raw
materials for the preparation of new sorbents is an interesting contribution of analytical chemistry
for changing the production model. This review article, which combines the vision of two research
groups working in the topic, tries to draw the general picture of the potential of natural products
for the synthesis of new sorptive phases in solid phase extraction and solid phase microextraction.
The article will cover strategies with different green characteristics, as some of the natural materials
can be used with minimal modifications, but others require a chemical adjustment depending on the
analytes to be extracted.

2. Cork

Cork is defined as the outside bark of the Quercus suber L., which is commonly known as cork oak
tree. This evergreen oak can be found in southwest Europe and northwest Africa and grows up to 20 m
height. Due to its cellular structure and chemical composition, cork exhibits some physical properties
such as a high coefficient of friction, resilience, high energy absorption, excellent insulation properties,
impermeability, low conductivity, and low density, which makes it an excellent material for a variety of
applications. It is mainly used as wine bottle stopper; nevertheless, various other applications have
been attributed to cork and its derivatives such as flooring and walls coverings, acoustic and vibrating
insulation, ecoceramics, and ecodesign [15,16].

Cork has unique microscopic features compared to other lignocellulosic materials. Its hollow
polyhedral prismatic cells may present honeycomb or brick wall structures when observed from radial
or axial directions, respectively. On average, cork cells are 45 mm tall and have 15-20 mm of face
and 1-2 mm of thickness. The chemical composition of cork varies according to seasonality and
territory but mainly consists of hydrophobic biopolymers such as suberin (+40%) and lignin (+24%),
the hydrophilic polysaccharides cellulose and hemicellulose (+20%), and 15% of other extractives
e.g., waxes and tannins. The main cork constituent comprises phenolic, long-chain, and hydroxy
fatty acids, which are linked by ester groups framing a polyester structure [17]. Moreover, granules
and cork powders exhibit surface charge according to the environment pH. The point of zero-charge
values between 2.1 and 4.6 can be reached, corresponding to acidic range. Meanwhile, about 40%
of the total acid groups correspond to strong acids and 50% correspond to the overall phenolic OH
groups. Therefore, its formidable characteristics are promising resources with potential application
on adsorption technologies [18]. Herewith cork is a natural, cheap, renewable, fully sustainable,
and biodegradable raw material with a very relevant advantage over other carbonaceous materials to
be explored as a sorbent in many applications [19].

Since it was first described as an adsorbent in 2005, [20] its use in environmental applications for the
removal of a variety of organic and inorganic pollutants has gained considerable attention, and a large
number of research articles, as well as reviews, covering this approach have been published [17,21-26].
The cork employment in sample preparation for microextraction purposes was firstly reported in
2011 [27] and has been increasing over the years. In the first study, powdered activated carbons (AC)
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from cork waste were supported for bar adsorptive microextraction (BALE) as novel adsorbent phases
for the determination of clofibric acid and ibuprofen in environmental and biological matrices [27]. The
ACs were prepared by the chemical and physical activation of raw waste cork with K,COjz at 700 °C
for 1 h and steam at 750 °C for 1 h, respectively. For the concentrations used in the study, both carbons
completely removed the two target compounds.

Further, cork was successfully applied as a coating for solid phase microextraction (SPME)
devices in the determination of ultra-trace levels of organochlorine pesticides and polycyclic aromatic
hydrocarbons (PAHs) in water samples, respectively, by gas chromatography [28,29]. The preparation
of the fibers was performed as follows: the cork powder (200 mesh) was immobilized into
wires of NiTi (0.2 mm thickness and 2 cm length) containing epoxy glue. Then, the devices
were placed into a heating block for 90 min at 180 °C and conditioned at 260 °C for 60 min
in the gas chromatograph (GC) inlet port before using. The natural features of the cork were
modified due the heating indicating that the biosorbent suffered thermal decomposition at high
temperatures. According to the chemical analysis, at 200 °C the partial decomposition of suberin,
waxes and other extractives occurred. Over 90% of the polysaccharides were degraded at 250 °C,
and lignin started to decompose between 250 and 300 °C. Nevertheless, the cork coatings showed
similar or better extraction efficiencies than polydimethylsiloxane/divinylbenzene (PDMS/DVB) and
divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) commercial fibers.

Regarding the recent publications, raw cork-based approaches have been highlighted in
microextraction methodologies whereas they exhibit some unique analytical features that allow
for “green”, sustainable, and efficient procedures that are relevant to the current environmental
concerns [30-38]. Table 1 points out the analytical features of the recent applications using raw
cork-based methodologies for the extraction of different analytes from various matrices. Raw powder
cork is produced from cork stoppers after cleaning with ultrapure water and overnight drying at
110 °C. Further, the powder is prepared using a sandpaper, and the resulting material is sifted to ensure
200 mesh granulometry. Afterward, the resulting powder is conditioned with acetonitrile, and it is
ready to be applied as sorbent phase.
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Raw cork powder has been successfully applied in different microextraction approaches such
as bar adsorptive microextraction [30,31], disposable pipette extraction [32,35,36], thin film-solid
phase microextraction [33], and rotating disk sorptive extraction [34] as a biosorbent for the
reliable determination of organic micropollutants, toxic metals, UV filters, endocrine disruptors,
and compounds in aqueous samples as well as pharmaceuticals and lung cancer biomarkers in human
urine. Cork exhibits significant hydrophobicity and a number of aromatic rings that can undergo
effective —m interactions with the analytes and substantially enhance the preconcentration ability of
the extraction procedures. The last cork-based applications have been focused on improving the mass
transfer using laminar cork for rotating disk sorptive extraction (RDSE) methodologies, demonstrating
an interesting new configuration for high-throughput procedures [37,38].

Studies comparing the extraction efficiency of cork-based microextraction techniques with
commercial sorbents such as C18, nylon, Oasis® HLB (Hydrophilic-Lipophilic Balance), and DVB
have been proposed in some applications. In a recent study, the recovery results showed that the cork
reaches higher sorption efficiency than C18, DVB, and nylon, and achieves very similar recoveries to
those of Oasis® HLB in which recoveries were between 67% and 98% for Oasis® HLB, while the cork
reached values between 63% and 89% [37]. In another study, on applying the optimized conditions
for all sorbents, positive results were obtained for the cork-based methodology where using the
same amount of sample and sorbent, the renewable sorbent provided better results when compared
with the commercial C18 [34]. Therefore, cork proved to be an excellent alternative to the synthetic
phases, presenting the advantage of achieving similar efficiency with a cost-effective benefit. Moreover,
cork-based devices have been demonstrating an incredible performance regarding reproducibility and
reusability. On Dispersive Pipette Extraction (DPX) applications, studies were conducted to evaluate the
cleaning step of the pipette tip and the cork stability under several extraction cycles. The results showed
that a single DPX cork-based tip maintained around 80% of the extraction efficiency with good precision
(relative standard deviation lower than 20%) for all analytes with up to 15 extraction/desorption
cycles [32]. In addition, an efficient cleaning of the DPX device was achieved after four cycles with the
desorption solvent, enabling the reutilization of the device without carryover [36].

The advances in cork-based techniques have led to remarkable improvements with regard to
environmentally friendly aspects, in particular because cork harnessed as biosorbent is originated from
cork stoppers that would be discarded and are reused for the development of several analytical
methodologies. Moreover, the strategy of combining this cheap and natural biosorbent with
high-throughput strategies [33,38] that are able to perform fast and efficient extractions are promising
trends that should be further investigated.

3. Cotton

Raw cotton fibers are mainly composed of cellulose (about 95% of the naturally occurring material).
Cellulose is a plentiful, inexpensive, and biodegradable material that has been used for many purposes.
The non-cellulosic constituents comprise proteins, amino acids, other nitrogen-containing compounds,
wax, pectic substances, organic acids, sugars, inorganic salts, and a minimal amount of pigments.
Raw fibers may be treated with selective solvents to remove the naturally occurring non-cellulosic
materials, resulting in a material with cellulose content over 99% [39].

Cellulose, found in plant walls, is the most abundant raw material on Earth. Itis a 1—4 linked
linear polymer of 3-p-glucopyranose, which is interlinked with strong intermolecular/intramolecular
hydrogen bonds besides hydrophobic bonds. This fact is possible due to the high content of hydroxyl
groups on the polymer surface, providing a hydrophilic character. For this reason, the functionalization
of the fibers with different groups is compulsory for being used in the microextraction context as
sorbent as well as a support for nanocomposites [40]. The chemical structure indicates that the
2-OH, 3-OH, and 6-OH are the potentially available sites for the same chemical reactions that occur
with alcohols. However, it must be noted that in cotton, not all the OH groups are accessible for
reaction. Besides, the reactivity of the hydroxyl groups of cellulose may change depending on the
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swelling pretreatment, the reagents employed, and the reaction conditions. Some procedures have
been carried out to achieve the correct functionalization of the fibers and therefore the applicability of
the material. Etherification reactions, particularly condensation reactions, produce the most stable
cotton derivatives. Hydroxyl groups of cotton cellulose may be functionalized with carboxylic acid,
acyl halides, anhydrides, isocyanates, and ketenes to produce cellulose esters [41-43]. This variation
provides wrinkle resistance, water repellence, flame resistance, and antimicrobial action, as well
as resistance to alkaline and acidic conditions. In this way, cotton fibers may be modified with
biologically active conjugates such as proteins or peptides by glycine esterification [44,45]. Accordingly,
Edwards et al. employed the peptide-cellulosic material as a biosensor of human serine protease,
monitoring the fluorescence produced by the reaction. Furthermore, cotton fibers have been treated
with 4-formylphenylboronic acid to obtain a boronate affinity adsorbent for the determination of
nucleosides from urine samples. In this case, the microextraction process was simplified drawing upon
the in-pipette-tip solid phase extraction (SPE), exhibiting good selectivity, capacity, and accuracy [46].
On the other hand, cotton has been altered through graft copolymerization with polyacrylonitrile (PAN)
for selective extraction via the imprinting process of copper ions from aqueous solutions [47]. In the
same way, carbon-based nanomaterials such as carbon nanotubes or graphene have been incorporated
into cotton fibers, being the last one employed as sorbent for the determination of multiclass pesticide
residues from water samples [48], along with a large number of applications. Apart from the strategies
mentioned above, many attempts, including sulfonation of the cotton, modification of the cotton
surface with ion-imprinted polymers, organic ligands, and surfactants have been made to overcome
the lack of selectivity of the material [49].

On another note, raw cotton has been commonly employed in the production of activated carbon
fibers (ACFs or CFs) as an alternative to synthetic precursors such as PAN, viscose/rayon, phenolic,
asphalt, and polyamide fibers. Typically, this green and easy modification of raw cotton consists of
the pyrolysis of the cellulose fibers in an inert atmosphere, approximately at 400-700 °C, being used
for many years to remove dyes and oil from environmental samples [50,51]. Figure 1 shows the
macroscopic appearance of raw cotton (Figure 1a) and CFs (Figure 1b), which maintain the fibrous
structure (Figure 1c) of the original substrate. Denoted as carbon fibers aerogels (CFAs) in some
cases, these materials have been employed in various fields including energy storage, adsorption,
thermal insulation, and flame retardancy [52]. In the microextraction context, CFAs are usually
modified following the carbonization process in order to enhance the selectivity of the sorbent material.
For this reason, CFAs coated with chitosan and dopamine-polyethylenimine complex were used to
remove nanopollutants such as citrate-capped gold and silver nanoparticles from water samples [53].
In some cases, activation agents such as ZnCl, [54], H3POy [55], KOH or NaOH [56], K,CO3, AlICl3,
and NapyHPO, [57] are used for the obtention of fibers with better strength, yield, and adsorption
capacities. ACFs were used for the isolation of dyes (methylene blue, crystal violet, or Alizarin Red S)
and nitrobenzene from aqueous samples [58-61], in addition to the determination of chlorophenols
from urine samples [62]. In the last case, the material was immobilized in a syringe barrel allowing the
dispersion of the sorbent in the sample matrix, resulting in good accuracy, sensitivity, and precision
values in a simple extraction procedure. Moreover, magnetic CFs have been employed for the
determination of bisphenol compounds from environmental samples [63]. On the other hand, a relation
between the pyrolysis degree (concerning time and temperature) with the polarity of the resulting CFs
has been recently accomplished. Thereby, the pyrolysis parameters may be tailored according to the
analytical problem, increasing in this way the selectivity of the extraction process [64].
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Figure 1. (a) Raw cotton; (b) Carbon fibers; (c¢) Scanning electron microscopy picture of carbon fibers
where the fibrous structure is observable.

In recent years, cotton waste has been employed as a novel source in the development of
cellulosic-based sorbents in order to obtain a high-added-value product at low cost. A million tons
of cotton cloths are produced annually, increasing at the same time the generation of their waste.
Nowadays, environmental concern has gained great importance, arising the consciousness about
recycling and resource utilization. For this reason, microextraction applications using waste products,
such as cotton cloths waste, are increasingly appearing in scientific publications [65-67]. Cotton cloths
waste has been used for the production of nanocellulose materials [68], including activated and porous
carbon [69,70]. There are two main types of nanocellulose materials arising from cotton fibers, viz.
cellulose nanofibers (CNF) and cellulose nanocrystals (CNC), which differ in their dimensions, functions,
and preparation methods. Generally, the production of CNF consists of mechanical treatments, while
acid hydrolysis is the primary chemical process used to produce CNC [71]. These nanomaterials reveal
a host of advantages such as high surface area-to-volume ratio, large aspect ratio (typically 20-70),
high strength, and thermal stability, due to their nanometric dimensions together with a high degree of
molecular order [72]. For this reason, CNC and CNF have been used in the microextraction context,
among other applications, for isolating fluoroquinolones from egg samples as well as crystal violet
dyes and magnetic nanoparticles from water samples, respectively [73,74].

The main applications of cotton in the microextraction context are summarized in Table 2.
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4. Pollen

Pollen grains are produced by higher plants to contain and spread the male genetic material [75].
The grains, which have a size in the 10-150 um depending on the species, present a very resistant
outer wall (called exine) to protect the genetic content. The resistance to non-oxidative deterioration
procedures is mainly provided by sporopollenin [76]. The particle size, the superficial area, and the
OH-rich surface make pollen grain a sustainable, cheap, and green sorbent.

Although pollen was proposed as a sorbent for environmental application in 2011 [77], its use
for analytical sample preparation was firstly reported in 2014 by Professor Feng’s research group [78].
In this initial approach, pine pollen instead of bee pollen was selected, since it can be obtained in a higher
amount, cheaper, and cleaner (free of hormones and pesticides). The untreated pollen, for which only a
washing step was necessary, was packed in a conventional SPE cartridge. The size (3040 um) allowed
a good but not excessive packaging of the sorbent. The highly hydrophilic surface of pollen made its
application as hydrophilic interaction sorbent possible in such a way that the water that adsorbed over
the outer surface was actually responsible for the analyte extraction. In this initial approach, 16 plant
growth regulators were extracted from different fruit and vegetables. Then, this extraction format was
extrapolated to the extraction of trans-resveratrol in peanut oils [79].

The OH-rich surface of pollen, which is responsible for its hydrophilic nature, opens the door to
their easy chemical modification to include special extractive groups that broaden its applicability as
sorbent. Mohamad et al. have proposed a double derivatization of sporopollenin spores to synthesize
magnetic and selective sorbents [80]. In an initial step, 3-cyclodextrin (3-CD) is immobilized over
the surface of the spore using toluene diisocyanate as the linker. These 3-CDs, which develop a
host-guest interaction mechanism with different compounds according to their chemical structure and
size, provide a selective interaction with several drugs. In addition, the porous surface of sporopollenin,
which is crossed with abundant channels, was exploited to entrap magnetic nanoparticles, which are
synthesized by the simple precipitation of Fe (II) and Fe (III) in an alkaline medium. A similar approach,
but using cyanopropyltriethoxysilane as the extractive group, has been recently proposed for the
isolation of some drugs from water samples [81]. However, in this case, the double derivatization is
done in a different order. The spore (Figure 2a) is initially covered with the magnetic nanoparticles
(Figure 2b), and the sorptive phase is finally coated over the magnetic spore (Figure 2c).

e el

Figure 2. (a) Spore; (b) Spore covered with magnetic nanoparticles; (c) Final composite after the coating
with the sorptive phase. Reproduced from reference [81] with permission of Elsevier, 2019.

The main applications of pollen and related materials in the microextraction context are
summarized in Table 3.
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5. Agricultural By-Products

As previously noticed, the use of biomass as an extractant for inorganic and organic compounds
is considered as a promising alternative to conventional sorbents. Among the existing choices, the use
of natural products usually considered as waste such as fruit peels for cations and anions removal
from waters has been extensively described [82,83]. These sorbents are effective and economical with a
clear beneficial effect on reducing the amount of waste to be eliminated.

The retention is based on the presence of residual hydroxyl, carboxyl, or amine groups of cellulose
or lignin, which exhibit chelating or ion-exchange properties. It has been further demonstrated that
once retained, the metal ions can be removed from the sorbent by an acidic treatment, opening the
door to evaluate their use as extractant phases with analytical aims. This section will describe the
potential of agricultural by-products such as fruit and vegetable peels as a sorbent for the isolation and
preconcentration of inorganic and organic compounds from waters.

Vegetable old cell walls are enriched with lignin, which is a phenolic polymer of hydrophobic
nature whose aromatic moieties have been identified as responsible for interacting with metals [84].
Amine groups of cellulose proteins and glycoproteins synergically contribute to adsorption [85].
Increasing the superficial area of any sorbent results in a better capacity for analytes retention. In the
case of fruit and vegetable peels, chemical treatment such as mercerization can be used to modify
the surface of the peel to increase the number of hydroxyl groups available for interaction, thus
enhancing the chelating/ion exchange capacity [86]. Concerning the solid-phase extraction of cationic
species from waters, banana peel and Sophia seeds have been proposed as sorbents. Cadmium (II)
has been extracted from environmental and industrial wastewaters [87]. In this specific application,
once dried and crushed, the peels were passed through a 120-mesh sieve (125 um). Then, activation
of the superficial carboxylic groups was carried out using acidic methanol. The esterification of the
acidic groups was corroborated by infrared spectroscopy. Only 100 mg of the banana peel was needed
to efficiently preconcentrate cadmium (II) by ion exchange with an up to 10 times reusability cycle.
Untreated banana peel has also been proposed for the solid-phase extraction of copper and lead
from river waters [88]. In this application, dried banana peel was pulverized using a ball mill and
further sieved to select the fraction between 35 and 45 um for metals preconcentration using 20 mg
of solid. To minimize potential interferents, the organic fraction of the sample was eliminated by
oxidation, being the extraction procedure carried out at acidic pH. An enrichment factor of 20 was
achieved in this case, this being value corroborated by the analysis of a standard reference material.
Descurania Sophia seeds have also been proposed as sorbent for the isolation and preconcentration
of cadmium (II) from water and rice flour [89]. Seeds were commercially available and utilized as
received, with the only requirements being washing and sieving. The extraction of cadmium was
accomplished in acidic medium using 150 mg of sorbent. The selectivity study carried out by the
authors demonstrated that no interference from other divalent and trivalent ions was identified.
Electrostatic and coordinative interactions between carboxylic groups and cadmium were responsible
for the isolation. The enrichment factor obtained after the analytical method was 20. Accuracy was
corroborated by analyzing a certified reference material.

The interaction of organic compounds with biopeels has also been described in the literature. In
fact, methylene blue [90] and direct red 12B [91] were removed from water samples using garlic peel.
However, the use of these materials for the solid-phase extraction of organic compounds usually requires
an additional treatment of the biopeel. In this context, Zhao et al. have proposed the oxidation of the
garlic peel with nitric acid to increase the surface acidic functional groups [92]. In this way, the sorption
capacity was increased by a factor of 10 for quinolone antibiotics. The authors systematically studied the
effect of the oxidation of garlic peel in terms of porosity and functional group distribution. Concerning
the superficial morphology, the scanning electron microscopy analysis demonstrated that while the
garlic peel exhibits a compact net structure, the oxidized one showed a corroded one and smaller pore
irregularly distribution on the surface. The infrared spectra pointed out that after the acidic treatment,
some unreactive groups were transformed into carboxylic moieties, while a weaker absorption band
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was observed in the aromatic ring region, which indicates their decomposition during the treatment.
Moreover, the evaluation of the cellulose, hemicellulose, and lignin contents also indicates an increase
of the former in the oxidized garlic peel, this fact correlatating with the higher retention for quinolones
on the modified sorbent.

The elimination of dyes, pigments, and other colorants using activated carbon is probably the
most effective remediation procedure due to the almost irreversible interaction established between the
sorbent and the analyte. Agricultural by-products have been identified as an environmentally friendly
source of activated carbon, which is usually generated by carbonization at high temperatures [93].
Following this idea, several carbon-based sorbents have been prepared using banana and pomelo peels
as starting materials. Four relevant examples will be briefly presented.

Li et al. prepared a hierarchical porous carbon by the treatment of banana peels at 160 °C
and further carbonization at 900 °C under an inert atmosphere [94]. The solid showed an intrinsic
microporous structure with the presence of meso and macropores, which provides a high surface area
(561.8 m?/g). The formation of graphitized carbon during the synthesis allows the interaction with
aromatic compounds via 7-stacking. Therefore, the authors evaluate the potential of the hierarchical
porous carbon synthesized as a sorbent for carbamate pesticides potentially present in cucumber and
watermelon samples. Cartridge SPE was selected as an extraction mode by packing 10 mg of the solid.
The enrichment factors obtained were in the range of 80-114 depending on the carbamate and the
sample, which resulted in detection limits between 0.05 and 0.30 ng/g.

Pomelo peels have also been used as a precursor material to obtain nanoporous carbon [95]. In this
approach, chemical activation with KOH was applied. The grounded and dried pomelo peel was
precarbonized at 450 °C for 2 h in an inert atmosphere and thoroughly mixed with 1 M KOH aqueous
solution. After a thermal threaten (up to 800 °C), the nanoporous carbon was activated being ready to
use as a sorbent phase in SPME fiber. For this aim, the solid was immobilized onto a stainless-steel
wire via physical coating approach and further protected with a silicone sealant. The SPME fiber
was evaluated for the headspace extraction of benzene homologs from waters and soil before their
determination by gas chromatography-mass spectrometry. As evaluated by the authors, their approach
resulted in better sensitivity and comparable selectivity as regards reported methods for the same
analytical problem.

Probably, dispersive microextraction can be identified as the simplest and most efficient approach
among miniaturized sample treatment techniques [96]. The use of an extractant phase dispersed in the
sample matrix facilitates the interaction with the analytes, thus enhancing the efficiency of the whole
process. However, the recovery of the extractant enriched with the analytes is challenging. Dispersive
micro solid-phase extraction usually requires the implementation of filtration and centrifugation steps,
which are usually tedious and negatively affect the method sample throughput. This limitation can be
overcome by using superparamagnetic sorbents which can be separated from the sample matrix by
means of an external magnet, which clearly simplifies the whole analytical process. Magnetic carbon
sorbents can also be prepared using agricultural by-products. Two approaches have been very recently
proposed based on the use of pomelo peels. The one-pot synthesis pathway is very similar, using
either a mixture of FeClz—FeCl, [97] or FeClz—urea [98] as precursors of the Fe304 magnetic core of the
nanocomposite. Both methods are characterized by the mild conditions used during the synthesis,
with temperatures not exceeding 80 °C or 180 °C, respectively. Once obtained, the solids are activated
with an organic media and used for the extraction of fluoroquinolones and parabens from waters [97]
or triazole fungicides from fruits [98]. The amount of sorbent required for the extraction was in the low
milligram level (20-50 mg) with excellent sensitivity and precision. Besides, the results of the proposed
approaches showed that they were more competitive in terms of costs, time, and greener considerations.

The main applications of agriculture by-products in the microextraction context are summarized
in Table 4.
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6. Trends, Natural Products for Simplifying the Analytical Workflow

The classical analytical workflow comprises the isolation/enrichment of the targets from the
sample matrix to obtain a clean extract that is finally analyzed by chromatography. This approach
provides a high level of sensitivity and selectivity, but the sample throughput is usually limited by the
chromatographic cycle. The elimination of the chromatographic separation, by the direct combination of
the microextraction step with the instrumental technique, appears as an attractive alternative. However,
avoiding the chromatographic separation compromises the method selectivity, and this loss can be offset
by improving the selectivity on the analyte isolation by using a selective instrumental technique such
as high-resolution mass spectrometry (MS) or by combining both strategies. Gomez-Rios and Mirabelli
have recently reviewed the potential of the SPME-MS combination promoting as well, changing the
classic perspective about chemical analysis [99]. This comprehensive and inspiring review divides
this combination into four main groups, depending on the sorptive phase employed namely: fiber/tip,
in-tube, mesh, and substrate spray. SPME substrate spray approaches are very versatile, comprising
different supports such as coated blades [100-102], paper [103,104], or wooden tips [105,106]. The latter
configurations, which make use of natural substrates, are named as paper spray and wooden tip spray,
respectively. In both approaches, the substrate can be used for the direct ionization of the sample [107]
or the off-line coupling with a microextraction technique [108]. However, the substrate can also be
modified with a sorptive phase for the isolation of the target analytes prior to their direct analysis by
MS [103]. Although the discussion of the microextraction-MS coupling is beyond the scope of this
article, the description of the synthesis of sorptive phases based on paper and wood is relevant and
it will be briefly discussed below. The selected developments have been used under the classical or
direct analytical workflows.

Paper is a cellulose-processed material that shares some of the characteristics of cotton but
presents a flat configuration. This geometry opens the door to its application under the thin film
microextraction technique. Although bare paper can be used for extraction [109], it is usually modified
to boost its extraction capability. This modification can be done by the covalent bonding [110] or
by the deposition of a thin layer of sorptive phase [111]. The coating of paper with polymers of
both synthetic [112] and natural origins [113] appears as an interesting way to synthesize versatile
sorptive phases. Conventional coatings in microextraction, such as PDMS [114], have been recently
complemented by other approaches.

In 2017, Rios-Gémez et al. proposed the simple modification of paper by dip coating for the
extraction of methadone from biological samples [111]. This process is based on the previous dissolution
of a polymer in a volatile solvent and the immersion of paper in this solution. The evaporation of the
solvent creates a thin film of the polymer over the paper whose thickness depends on the polymer
concentration in the original solution and the number of dips developed during the synthesis. The use
of polyamides in combination with a template molecule has been used for the fabrication of molecularly
imprinted papers [115]. If some nanoparticles are included in the polymer solution, they can be
incorporated into the coating, providing additional characteristics [116]. Also, the dip coating has been
proposed to cover paper with a pure film of carbon nanohorn suprastructures that can be used for the
extraction of drugs from biological matrices [117]. The SEM micrograph of Figure 3 shows how the
dahlias (the ordered aggregates of carbon nanohorns) are combined to form a homogeneous coating
over the paper.
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Figure 3. SEM images obtained for (A) a bare paper and (B) a paper modified with suprastructures of
carbon nanohorns. Reprinted from [117].

Wood is a mixture of natural materials such as lignin, cellulose, and hemicellulose [118].
This lignocellulosic material, in the form of a tip or stick, has been used for the development of
microextraction phases. The OH-rich surface of wood opens the door to its easy modification by
anchoring appropriate groups in order to enhance the interaction with the analytes. Deng et al.
proposed a simple silanization, followed by a sulfonation, of wooden tip to prepare a mixed-mode
extractant phase that is capable of extracting acidic drugs for water samples [119]. The silanization
mechanism also permits the introduction of C18 (using trimethoxyoctadecylsilane) and amine groups
(using 3-aminopropyltriethoxysilane), increasing the versatility of these phases [106]. These sorptive
phases are not selective at all, and their applicability to complex matrices can be somewhat limited.
In this sense, the coating of the wooden tips with molecularly imprinted polymers has allowed the
determination of analytes in complex samples such as fish [120] and milk [121]. Recently, Abdel-Rehim
et al. have proposed the modification of wooden sticks with a composite based on graphene oxide,
making the applicability of these materials even broader [122].

7. Conclusions

Green chemistry tries to minimize the impact of chemicals in the environment, considering both
the local and global context. This main objective can be extended to all the chemistry fields, including
analytical chemistry, and it requires the previous identification of the impacts in order to provide some
alternatives to minimize or avoid these deleterious effects. The principles of GAC provide general
guidelines that can be applied to different stages of the analytical process. Some of these principles
suggest the simplification of the sample treatment and the use of renewable resources. Both topics
have been considered in this review article.

The description of the potential of natural materials as sorbents or substrates in solid-phase
microextraction has been the main aim of this article. The principal materials, their characteristics,
and their applications have been presented to inspire the readers for further research. Some of the
described developments, especially those based on bare natural material, can be used for environmental
remediation if they are adapted for a large scale.

In order to avoid green marketing, some challenges in this field must be indicated. The use of
renewable sources for the design of new sorbents only reduces the environmental impact if these
materials are applied without any chemical modification. However, if this chemical derivatization
is required (for example to improve the sorption capacity or selectivity), it must involve no reagents
(this is the case of pyrolysis) or a low amount of them. In addition, the proposed materials should be
compared with commercial existing products to clearly demonstrate their superiority.

In the next years, intensive research on the topic is expected. This research will cover the use of
natural materials as precursors but also the use of natural materials as inspiration for the design of
smart and environmentally friendly materials.
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Abstract: In vivo solid-phase microextraction (SPME) has been recently proposed for the extraction,
clean-up and preconcentration of analytes of biological and clinical concern. Bioanalysis can be
performed by sampling exo- or endogenous compounds directly in living organisms with minimum
invasiveness. In this context, innovative and miniaturized devices characterized by both commercial
and lab-made coatings for in vivo SPME tissue sampling have been proposed, thus assessing the
feasibility of this technique for biomarker discovery, metabolomics studies or for evaluating the
environmental conditions to which organisms can be exposed. Finally, the possibility of directly
interfacing SPME to mass spectrometers represents a valuable tool for the rapid quali- and quantitative
analysis of complex matrices. This review article provides a survey of in vivo SPME applications
focusing on the extraction of tissues, cells and simple organisms. This survey will attempt to cover
the state-of- the-art from 2014 up to 2019.

Keywords: solid-phase microextraction; in vivo extraction; tissue analysis; cells; simple organisms

1. Introduction

Solid-phase microextraction (SPME) [1] is a widely used extraction technique recently applied for
in vivo and ex vivo analysis. Performing ex vivo SPME extraction means that analytes are extracted
from samples collected from living organisms, whereas in vivo sampling is directly performed on
living organisms using SPME both in the headspace (HS) and in the direct immersion (DI) mode [2].
It is known that in bioanalysis a plethora of endo- and exogenous compounds has to be monitored in a
variety of matrices. Ideally, SPME should allow sampling, analyte pre-concentration and extraction
to be performed in one single step, with no or very limited solvent consumption and minimum
invasiveness. Taking into account the reduced amount of sample required for the analysis, another
advantage of in vivo SPME is the low adverse effects on living organisms. In addition, the possibility
of directly interfacing SPME to mass spectrometers represents a valuable tool for the rapid quali- and
quantitative analysis of complex matrices [3-6]. The development of in vivo/ex vivo SPME-based
methods can be of paramount importance in medicine and veterinary medicine, when rapid decisions
need to be taken during or immediately after surgery in order to establish the proper therapeutic
protocol [7,8]. Metabolomic studies are another field of interest: in fact, detecting metabolites is critical
for interpreting the health status or disease conditions of living organisms [9,10]. Analogously, detection
of pollutants deriving from both anthropogenic and natural sources in living plants and animals can
be useful to achieve information about the environmental conditions to which the organisms are
exposed [11].

SPME coatings play a crucial role for in vivo applications: both commercial coatings, such as
polydimethylsiloxane (PDMS), polyacrylate (PA) and divinylbenzene (DVB), and lab-made fibers
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based on the use of biocompatible coatings like Cyg, polydopamine (PDA), molecularly imprinted
polymers (MIPs), mixed C;jg and cation exchange particles, polyacrylonitrile (PAN), hydrophilic
lipophilic balanced particles (HLB) [1,12-20] have been proposed with the final aim of improving both
method sensitivity and selectivity. Novel geometry of SPME, like the thin-film microextraction blades
(TF-SPME) [18] or biocompatible surface coated probes (BSCP) [21,22] have been also developed to
provide higher sensitivity and reduced analysis time due both to the high surface area-to-volume
ratio and to the possibility of a direct mass spectrometry (MS) coupling. In this context, many ex vivo
SPME studies could be implemented for in vivo applications, in order to capture short-living and labile
compounds, avoiding sample degradation [10,23-27].

The aim of this survey is to cover the recent studies regarding in vivo SPME focusing on the SPME
extraction of tissues, cells and simple organisms. This survey will attempt to cover the state-of-the-art
from 2014 up to 2019.

2. In Vivo SPME Extraction of Mammal Tissues

One of the major problems associated to tissue sampling is related to the adverse effects that can
be produced during its collection. The use of miniaturized devices for in vivo SPME sampling can
minimize these effects, allowing the direct analysis of tissues located in different body areas.

In this context, interesting devices have been recently developed for extraction of neurotransmitters
performing in vivo brain sampling. Lendor et al. have developed a SPME-based miniaturized probe,
having hydrophilic lipophilic balanced particles with strong cation exchange groups (HLB-SCX) SPME
coating and a layer of biocompatible PAN, for the chemical biopsy of rat brain [17]. Brain sampling
is assisted by a software-controlled driving system equipped with a needle able to promote probe
penetration. The presence of a guiding cannula preserves the coating from contamination until
the probe reaches the brain area to be sampled. The developed solid-phase microextraction-liquid
chromatography-tandem mass spectrometry (SPME-LC-MS/MS) protocol in a surrogate brain matrix
proved to be suitable for determining neurochemicals at physiological levels. Finally, the proof-of
concept in vivo application was performed on macaque brain, extracting several neurochemicals
simultaneously from three brain areas. Very recently, in another study reliable measurements of different
neuromodulators like glutamate, dopamine, acetylcholine and choline have been simultaneously
made by in vivo SPME sampling within the frontal cortex and striatum of macaque monkeys during
goal-directed behavior [28].

In comparison to microdialysis-mass spectrometry, which is the most common method for
determining multiple neuromodulators in awake behaving animals, the proposed in vivo SPME
sampling combines the high enrichment and does not destroy the tissue during the positioning of both
the probe and the guiding cannula, thus avoiding the damage-induced release of neuromodulators
(Figure 1). Finally, an additional advantage of the proposed approach relies on the highest affinity of
the used SPME coating towards hydrophobic compounds. The developed SPME-LC-MS/MS protocol
allowed the effective determination of the neuromodulators at different concentration levels, thus being
useful for a better understanding of the neuromodulatory system. In vivo brain sampling using the
same SPME probe has been also carried out by Reyes-Garces et al. [29] with the aim of performing the
untargeted in vivo analysis of rodent’s brain after deep brain stimulation (DBS). Metabolite changes
occurring in brain hippocampi after 3 h of DBS and after 8 days of daily DBS therapy were evaluated.
Findings demonstrated that acute DBS was able to produce changes in the levels of several metabolites
like citrulline, phosphor- and glycosphingolipids, whose concentration levels increased after the
therapy. By contrast, after chronic DBS, a decrease in the corticosterone levels were observed.

132



Separations 2020, 7, 6

[
HE =}
H o
P8
..... T w .
1 o =
i o o
HER <
: 23
a3 3
Treatmentsubject, i Control subject, 3 %
H 1 L
n=17 n=14 ‘?’; g \
H o © r—
Guiding cannulas (implanted in the hippocampus) g_ 5 Cleaning with a Kimwipe and dipping
¢ in water
Electrodes (implanted in a

th PFC)and cablef
e vmPFC) and cable for 4 mm length SPME coating:-
stimulator connection T T T T TR0 Ll

Sampling procedure in the treatment group (control group did not receive DBS)

- LC-MS (Orbitrap)

1 2 il

Data processi tatistical analysi
30 min extraction 3 h DBS (200 pA, 130 Hz,90 30 min extraction d p.r Esv5|-ng, Statistieaianalyss,
Baseline us pulse) Post-DBS and identification of important

metabolites

Sampling was conducted on day 1 (before any DBS) and on day 10
(animalsin the treatment group received 8 hours of DBS daily for 8 days).

Figure 1. General schematic of the in vivo solid-phase microextraction (SPME) brain sampling and
sample analysis procedure. Reprinted with permission from [29].

Taking into account that liver is the main metabolic organ of mammals, in vivo SPME has been
applied also for the selective capture of luteolin and its metabolites in rat liver [15]. In vivo sampling is
proposed as valid alternative to the use of liver microsomes and homogenates since these approaches
can cause serious damages or animal death due to the high invasiveness. Owing to the presence of
cavities having high affinity for specific analytes, the use of MIP-based coatings has been proposed to
enhance SPME selectivity with respect to commercial fibers. In this study, a molecularly imprinted
polymer-solid-phase microextraction (MIP-SPME) coating was devised and applied for the LC-MS/MS
analysis of the target analytes. The MIP-SPME fiber was prepared using luteolin, acrylamide and
ethylene glycol dimethacrylate as template, functional monomer and cross-linker, respectively. As for
luteolin metabolites, three compounds were identified, i.e., apigenin, chrysoeriol and diosmetin, thus
proposing in vivo sampling as a promising tool for assessing the real metabolic pathway of target
compounds. Since MIPs are usually incompatible with macromolecules, requiring a preliminary
clean-up, a restricted molecularly imprinted solid-phase microextraction (RAMIPs-SPME) coating
has been proposed by Wang and coworkers for the selective determination of hesperetin and its
metabolites in rat livers [30]. Being able of selectively adsorbing analytes from complex matrices and
eliminating macromolecules, the use of RAMIP-based material offered the advantages of both MIPs
and restricted access materials. The compounds extracted by in vivo RAMIPs-SPME were analyzed by
ultra-performance-liquid chromatography-tandem mass spectrometry (UPLC-MS/MS), showing the
highest affinity and enrichment capability of the developed coating with respect to both other MIPs
and commercially available PDMS and DVB fibers.

Since the determination of the concentration of anticancer drugs could improve the efficacy of
chemotherapic treatments reducing adverse effects on patients, recently Roszkowska et al. have
developed an in vivo SPME-LC-MS/MS protocol for the quantitation of doxorubicin in lung tissue [31].
Preliminary experiments carried out using the ex vivo SPME approach allowed to optimize the
operative conditions for doxorubicin extraction using lamb lungs as surrogate matrix. Validation
proved the reliability of the developed protocol, obtaining a quantitation limit (LOQ) of 2.5 ug/g,
a good precision with relative standard deviation (RSD) < 14.7% and a good linearity in the 2.5-50 ug/g
range. Then, in vivo SPME sampling was performed on real pig lung samples to detect doxorubicin
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after in vivo lung perfusion, proving the capability of in vivo SPME for therapeutic drug monitoring
in clinical studies, opening the possibility to perform sampling several times in different areas of the
organ, without the need of biopsies.

In the field of cancer research, untargeted metabolite analysis on resected tumors could be used as
a new diagnostic approach able to characterize endogenous metabolites, thus being potentially useful
for biomarker discovery. Performing ex vivo SPME sampling on tumors allows sample availability for
additional analyses like histological testing, thus obtaining a complete pattern of information about a
specific disease. A very interesting study has been proposed by Zhang and coworkers, who developed
a disposable handheld device, the MasSpec Pen, for the real time sampling of tissues [32].

The device was characterized by a pen-sized handheld device directly integrated into a laboratory-built
MS interface. The biocompatible sampling probe allowed the time and volume-controlled extraction of
molecules from tissue by means of water droplets. After a few seconds of extraction, the droplets
were transported from the MasSpec Pen to the mass spectrometer for molecular analysis. Preliminary
experiments were performed by ex vivo sampling on tissue sections of more than 200 patients, then
the MasSpec Pen was tested for in vivo tissue analysis in mice using a murine model of human breast
cancer. Under anesthesia, the skin overlying the tumors was removed, and several tissue regions, i.e.,
multiple positions of the top of the tumor, the core of the tumor after partial tumor resection, and
adjacent normal soft connective tissue, were analyzed. A distinctive molecular profile was observed
between adjacent normal soft connective tissue regions and tumor regions. No observable macroscopic
or microscopic damages of the tissue regions analyzed were detected. Furthermore, no apparent effects
to the health of the animals were observed caused by the MasSpec Pen analysis during surgery, thus
suggesting the effectiveness of the device for in vivo molecular evaluation and cancer diagnosis.

An overview of the discussed applications is reported in Table 1.

Table 1. Summary of applications of in vivo SPME for mammal tissues.

Detection

: : o,
Analyte Matrix Coating SPME Technique LOQs RSD% Ref.
Maca Miniaturized
Neurotransmitters "¢ HLB-SCX/PAN recessed LC-MSMS  25-20,000ng/mL <11 71
stainless-steel probe
Macaque Miniaturized
Neuromodulators bra& HLB-SCX/PAN recessed stainless LC-MS/MS 25-20,000 ng/mL <11 [28]
steel probe
Untargeted . .
metabolomics Rcd(?nt Cyg and mixed Corlnmercfally LC-MS/MS } <30 129]
brain mode available fibers (cut-off)
after DBS
Luteolin and its . Homemade -
e raholires Rat liver MIP sl ey LCMS/MS  005-021pg/mL <32 [15]
Hesperetin and its . Homemade
metabolites Rat liver RAMIP stainless-steel fiber UPLC-MS/MS 0.05 ug/mL <7.0 [30]
. Mammals Biocompatible Commercially
Doxorubicin lung tissue mixed-mode available fibers LC-MS5/MS 25ng/g <215 131]

- Not declared.

3. In Vivo SPME Extraction of Fish Tissues

In vivo analysis of fish samples is an emerging strategy for monitoring the health of aquatic
ecosystems and water contamination from both natural sources and anthropogenic pollutants [33].
In fact, fish could absorb contaminants through their gills, skin, or gastrointestinal tract [33-35].
In vivo tissue monitoring of pharmaceuticals [36-41], persistent pollutants [42—44], pesticides [45] and
antibacterial agents [46] provides valuable information regarding their concentration in the ecosystem,
bioaccumulation levels and metabolism. In particular, lipophilic pollutants can easily diffuse through
biological membranes and accumulate in fish tissues and organs [47-50]. The increased concentration
levels of toxic compounds and the possibility of additive effects related to the accumulation of
multiple contaminants can result in physiological disorders and alteration of the normal metabolism,
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affecting reproductive, immune, nervous, cardiovascular and endocrine systems [33-35,51]. In addition,
compounds accumulated in fish tissues could be transferred to other consumers in the food chain,
leading to biomagnification phenomena [35,52-54]. Standard methods used for the assessment of the
bioconcentration, metabolism and elimination of targeted compounds in fish and for environmental
monitoring require sampling of tens of individuals; moreover, analyses are usually performed from ex
vivo tissues [55].

Due to the high complexity of the matrix, extraction has to be carried out in order to remove
the possible interfering species and to concentrate the target compounds. To this purpose, several
sample preparation techniques have been proposed among which SPME, liquid extraction (LE),
Soxhlet extraction, pressurized liquid extraction, microwave-assisted extraction and Quick Easy Cheap
Effective Rugged Safe extraction (QUEChERS) [56-58]. Sampled tissues are usually homogenized
and processed using organic solvents, leading to a challenging identification of compounds naturally
present in the living systems, due to phenomena such as cellular degradation, chemical alterations,
enzymatic activity and aggregation processes [59,60].

In vivo SPME, integrating sampling, extraction, and enrichment of the analytes into a single step
is able to overcome these limitations and therefore has been proposed for both target and untargeted
analysis of chemical compounds in fish tissues [2]. Usually the sampling is performed by inserting
the fiber in the dorsal-epaxial muscle of the anesthetized or immobilized fish to a depth of about
2 cm (Figure 2). This approach proved to be the best solution since the sampling of the dorsal-epaxial
muscle reflects the overall composition of the tissue due to the uniform distribution of the analytes [61].
Sampling duration ranges between 1 and 20 min, thus resulting in the possibility to both observe
short-term events occurring in dynamic biological systems and capture highly reactive compounds
in living organisms. In addition, long-time processes such as compounds uptake, metabolism and
elimination can be monitored onto the individual test subject, strongly reducing sample size and
allowing for the calculation of inter-sample variability with the possibility of highlighting inflammation
and disease states of abnormal samples [51,60].

Figure 2. In vivo SPME sampling of Tilapia brain (top) and dorsal-epaxial muscle (bottom). Reprinted
with permission from [41].
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In vivo SPME target analysis has been focused on tracing the uptake and elimination of persistent
organic pollutants (POPs), personal care products (PCPs) and pharmaceuticals used in aquaculture.
Xu et al. [45] proposed a simple and time-efficient method to trace the uptake and elimination kinetics
of both organochlorine (OCPs) and organophosphorus (OPPs) pesticides from the dorsal-epaxial
muscle of tilapias (Oreochromis mossambicus) and pomfrets (Piaractus brachypomus). The extraction was
performed using homemade PDMS-coated fibers. The uptake and elimination of the pesticides were
monitored via gas chromatography-mass spectrometry (GC-MS) targeting the unaltered pesticides.
The use of in vivo SPME allowed to monitor the fast elimination processes of OPPs, guaranteeing
an accurate determination of fast changing species without the enzyme quenching steps required
in the ex vivo process. These analyses resulted in the calculation of the elimination kinetics (k)
and the bioconcentration factors (BCFs), which were consistent with those reported in United States
Environmental Protection Agency (US EPA) databases. Subsequently, the metabolism of fenthion was
monitored via solid phase microextraction-liquid chromatography-mass spectrometry (SPME-LC-MS)
using thicker PDMS fibers, leading to the identification of fenthion sulfoxide, fenthoxon and fenthoxon
sulfoxide. The elimination kinetics of fenthion and its metabolites was monitored along the time,
assessing a different persistence of the species in the muscle compartment.

Trace analysis of PCPs was performed on rainbow trout (Oncorhynchus mykiss) [43]. The extraction
from the dorsal-epaxial muscle was performed using C1g3 SPME fiber probes, followed by GC-MS
analysis to detect targeted UV filters and polycyclic aromatic musks. Method calibration was performed
in vivo, whereas validation parameters, i.e., extraction time profile, detection limits (LODs), LOQs,
linearity and repeatability were obtained ex vivo due to the inter-fish variation. Analyte time profile and
sampling rates presented significant differences between the in vivo and in vitro applications due to the
physiological activity of the living organisms. The use of C1g SPME fiber allowed the extraction of small
molecules able to penetrate and be adsorbed onto the embedded particles, thus excluding the large
matrix-derived biomolecules and strongly reducing interfering phenomena. Uptake and elimination of
synthetic musks (SMs) in tilapias were also studied by Chen et al. [44] using sampling-rate calibration
for the quantification of the analytes [62]. In particular, musk xylene (MX), musk ketone (MK),
galaxolide™ (HHCB), and tonalide™ (AHTN) were investigated. The analytes presented different
uptake and bioconcentration factors: nitro musks, hypothesized as potential carcinogenic substances,
showed greater bioaccumulation potential (BCFs 989 =+ 56 and 241 + 73 for MX and MK, respectively)
than polycyclic musks (67 + 15 and 99 + 28 for HHCB and AHTN). Elimination kinetics presented the
same trend present in Ocafia-Rios [43] for all the analyzed compounds, with an initial rapid elimination
of the SMs, followed by a slower concentration decrease.

In-muscle detection of pharmaceuticals used in aquaculture was investigated by Huang [36] and
Tang [46], targeting anesthetics and fluoroquinolones respectively. Both studies deal with health safety,
focusing on the elimination of potentially harmful pharmaceuticals from edible fish. Huang proposed
the use of in vivo SPME for a rapid in situ sampling of anesthetics in living fish, since they could
be metabolized or degraded during fish samples transportation to the lab [36]. Due to the rapid
metabolism of anesthetics, in order to obtain a better estimation of anesthetics concentrations, SPME
was proposed as valid alternative to standard methods requiring multiple sample preparation steps,
i.e., fish euthanasia, tissues removal and homogenization. Method development and validation were
performed ex vivo analyzing homogenized fish muscle, whereas elimination study was performed
in vivo. The concentration of five anesthetics was monitored for 5 h by exposing for 10 min homemade
PDMS fibers in the dorsal-epaxial muscle of tilapias. The study demonstrated a rapid metabolism
of the anesthetics, with half-life times ranging between 44 and 150 min and a decline of 10% of
their concentration within the first 10 min. The concentration decline profile was demonstrated to
be different compared to that obtained by spiking the analytes in homogenized tissue samples due
the physiological activity. The proposed method exhibited lower LODs (in the 1.7-9.4 ng/g range)
and reduced analysis times compared to traditional ex vivo methods, strongly simplifying sample
preparation step.
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Tang [46] focused the study on target analysis of 5 fluoroquinolones (FQs) on cultured pufferfish
(Takifugu obscurus). Due to the high economic value of pufferfish and its major consumption in
East-Asia, FQs are often used in its cultivation to prevent pathogenic infection. Despite their intense
use in veterinary disease treatment, these antibacterial agents are known to accumulate in fish tissues
and are considered a potential health risk for human for seafood consumption. In the study, an in vivo
SPME-LC-MS/MS method was developed and validated to assess the concentration levels of FQs
in the dorsal-epaxial muscle of immature pufferfish using homemade biocompatible SPME fibers
coated by PAN-Cyg. PAN is usually chosen as binder for stationary phase immobilization due to its
biocompatibility, high chemical and mechanical stability [1]. The octadecyl silica was selected because
of its good extraction efficiency toward a wide range of compounds. The developed coating proved to
be characterized by higher extraction capabilities compared to PDMS (9-31 times) and comparable
efficiency to commercial Cyg fibers. Method optimization and validation were performed using spiked
water samples. Good linearity and LOQs lower than those reported in the standard LE method
were obtained. No significant difference was observed when the in vivo SPME-LC-MS/MS method
was compared with the official liquid extraction-liquid chromatography-tandem mass spectrometry
(LE-LC-MS/MS) method.

In order to obtain a more efficient extraction of the analytes from the fish matrix, researchers
are developing new biocompatible coatings designed to provide enhanced enrichment of target
compounds, while eliminating possible interferences. Additional features of these materials rely
on the improved wettability, high surface area, presence of specific functional groups able to
provide stable chemical interactions, tunable pore sizes [1]. The developed phases are based on
the use of new functionalized polymeric fiber coatings [14,63], polymeric-coated nanoparticles [37,38],
functionalized nanotubes [39], metal organic frameworks (MOFs) [40] and polyelectrolyte dispersed in
microcapsules [41]. Biocompatible polystyrene-polydopamine-glutaraldehyde (PS@PDA-GA) coating
has been developed for sampling analytes in semisolid tissues and accelerate sampling kinetics thanks
to the increased surface area [14,63]. The coating of the device is designed in order to expel the air
trapped in the wettable 3D-interconnected pores in presence of the tissue fluid, thus allowing the full
accessibility of the whole surface. By the use of this SPME coating, sampling equilibrium is reached
within few minutes, boosting the speed of the analysis and simplifying method calibration. This coating
was tested for the extraction of tetrodotoxin (TTX) from pufferfish [63] and pharmaceuticals from
tilapias muscle [14].

Chen et al. [63] developed a rapid in vivo SPME-LC-MS/MS method for the detection of TTX
in pufferfish muscle using electrospun (PS@PDA-GA) fibers. Electrospinning was proposed since it
allowed a fine control of fiber diameter, morphology and orientation of the micro/nanofibers, obtaining
fully exposed surface active sites and high permeability [64]. The developed coating was characterized
by higher extraction capabilities compared to commercially available PDMS (nearly 120 times) and
PA (about 20 times) fibers. Spiked water solutions were used for the optimization of the extraction
and desorption conditions, whereas method validation was performed on homogenized pufferfish
muscle spiked with TTX. The developed SPME-LC-MS/MS method exhibited a wide linearity range,
good repeatability (RSDs < 12.1%) and lower LOQ (7.3 ng/g) compared to the official method (LOQ:
50 ng/g). Animal studies were performed by applying the in vivo sampling on fish divided in a
control group and five different sample groups fed with increasing amount of TTX (1-80 MU/g-body
mass/day). Method accuracy was assessed by comparing the concentration of two groups obtained
by using the developed method with those of the official method, showing no significant difference.
Backwards, when the analysis was performed on fish cultured with lower dosage of TTX, only the
in vivo SPME-LC-MS/MS method was able to detect the target toxin, proving its superior detection
capabilities compared to the official LE-based method.

The PS@PDA-GA coated-fibers were also tested for the extraction of pharmaceuticals from
immature tilapias [14]. The coating was deposited onto electrospun fibers inserted inside a syringe
needle, which was withdrawn during fiber exposure. PS@PDA-GA coated-fibers extraction efficiency
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of pharmaceuticals was compared in vitro with those of electrospun PS and PDMS coated fibers
at equilibrium, resulting in signals at least 4.4 and 26 times higher respectively. In addition, the
hydrophobic surface of the PS@PDA-GA coated-fibers proved to circumvent the adhesion of biological
macromolecules. LODs for the target pharmaceuticals were in the 1.1-8.9 ng/g range, whereas RSDs
for inter-fiber repeatability were in the 5.9-14.3% range. Finally, the developed fibers were tested for
extracting pharmaceuticals from tilapia dorsal-epaxial muscle with a 10 min extraction, resulting in
satisfactory sensitivity and accuracy. Fish exposed to fluoxetine and norfluoxetine were analyzed by
both the SPME-LC-MS/MS and the LE-LC-MS/MS resulting in comparable mean concentration levels.

Qiu has proposed different coatings deposited onto electrospun fibers for the extraction of
pharmaceuticals from fish tissues [37-39]. Quartz fiber (QF) coated by gluing poly(diallyldimethilammonium
chloride) (PDDA) assembled graphene oxide (GO)-coated Cig composite particles (C13@GO@PDDA)
with polyaniline (PANI) and modified with polynorepinephrine (pNE) were used (Figure 3) [37].
This biocompatible coating was devised in order to avoid both the absorption of biomacromolecules and
rejection reactions when the fiber is exposed inside the living tissue. Cyg silica nanoparticles were chosen
for extracting hydrophobic compounds, whereas GO was proposed due to the large surface area and
the possible 7-7t interactions with the aromatic compounds as well as the high extraction capabilities
towards hydrophilic molecules. PDDA is a cationic polyelectrolyte agent able to interact with acidic
compounds. PANI and pNE were selected since they allow coating of any surface creating a bioinspired
layer. The developed SPME fibers were tested for the extraction of 10 acidic pharmaceuticals from
tilapia muscle. The extraction capabilities were compared ex vivo with commercially available fibers
resulting in extraction 8.0-81.7 and 2.7-23.3 times higher respectively for PDMS and PA. LODs were in
the 0.13-8.44 ng/g range. Linearity was demonstrated up to a range of 1-5000 ng/g and an inter-fiber
repeatability in the 2.6-11.5 ng/g range was proved. The in vivo analysis was performed on living tilapias
monitoring the uptake of the target pharmaceuticals along a period of 96 h.
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Figure 3. Schematic representation of the graphene oxide -coated Cjg composite particles
(C18@GO@PDDA) coated fibers. (A) Preparation of the C;3@GO@PDDA particles. (B) Dip-coating
preparation of the custom-made fiber with polyaniline (PANI) (C) Bioinspired modification by pNE.
(D) In vivo sampling in fish dorsal-epaxial muscle. Reprinted with permission from [37].

For monitoring neutral, acidic and basic pharmaceuticals in living fish and vegetables,
biocompatible copolymer poly(lactic acid-caprolactone) (PLCL) containing sulfonated y-Al,O3
nanoparticles, sheathed with norepinephrine has been proposed [38] (sulfonated Al,O3;@PLCL/pNE
SPME fiber—Figure 4). The PLCL copolymer was chosen to be fully biocompatible, while maintaining
a sufficient mechanical strength to be used for target monitoring of immature tilapias muscle and
spinach (Basella alba L.) stem. Sulfonation allowed for the interaction between the fiber coating and
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the amino groups of basic sulphanilamide pharmaceuticals, thus improving their extraction from the
living systems. The extraction capabilities of the developed fibers were 36-85 and 4-15 times higher
than the PDMS fibers for the basic and the acidic/neutral pharmaceuticals, respectively. The fibers were
tested in vivo obtaining LODs at nanogram of pharmaceuticals per gram of tissue level. Accuracy
of the SPME-LC-MS/MS method was compared with that of the standard LE-LC-MS/MS method,
demonstrating no significant difference between the obtained results, except for the sulfafurazole,
which was detected only by SPME extraction.
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Figure 4. Flow diagram of the preparation and application of the novel SPME fiber. (A) Sulfonation of
v-Al,O3 nanoparticles, (B) electrospinning of doped poly(lactic acid-caprolactone) (PLCL) solution on
a stainless-steel wire, (C) polymerization of norepinephrine on the surfaces of the spun nanofibers,
(D) in vivo SPME sampling in vegetable and fish. Reprinted with permission from [38].

A coating obtained by functionalization of carbon nanotubes (CNT) with polypyrrole (PPY) and
PNE has been proposed for the electrosorption-enhanced extraction of ionized acidic pharmaceutical
from fish muscle [39]. PPY was chosen to obtain a biocompatible coating and to increase the
conductivity of the extractive phase. CNT were used because of their 3D interconnected structure and
the possibility to establish 7-r and hydrophobic interactions with the target compounds. The advantage
of the proposed method relies on the electrosorption-enhanced extraction, requiring the application
of a low-power electric field to move the ionized analytes toward the coating via electrophoresis
and complementary charge attraction, significantly improving the extraction efficiency and speed.
The sampling device consists of a conductive SPME fiber connected with the working electrode, four
opposite parallel stainless steel electrodes surrounding the fiber and connected with the counter
electrode, and another uncoated electrospun needle connected with the reference electrode (Figure 5).
The three-electrode system provided a stable electric field, resulting in enhanced extraction kinetics
and accelerating the diffusion rates of the ionized analytes. The sampling time is reduced to 1 min
compared to the 20 min required by the common SPME process, obtaining comparable or better
extraction efficiencies for the target pharmaceuticals in deionized water. LODs in the 0.12-0.25 ng/g
range and RSDs < 9.50% for inter-fiber repeatability were obtained. The proposed system was finally
tested for the extraction of ionized pharmaceuticals from mature tilapias. The concentration of the
ionized pharmaceuticals was monitored over a period of 360 h, allowing repeated long-time monitoring
on living fish. The BCF values, in the 1.84-16.18 range, reached stability after 168 h of exposure.

MOFs have been also proposed as SPME coating for the in vivo monitoring of antibiotics (ABs)
in fish muscle [40]. The monitoring of ABs in aquatic ecosystem is of paramount importance due to
their worldwide massive use and the related spreading of antibiotic resistant bacteria and allergic
sensitization. MOFs are particularly appealing due to their high surface area, tunable pore size, and
adjustable internal surface properties obtained by changing both the metal ions center and organic
ligand repeating units. In this study, a MIL-101(Cr)-NH, was proposed as SPME coating because of
the large porosity and the excellent stability in both water and organic solvents. SPME extraction was
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optimized in terms of extraction and desorption time on six model ABs in water solution. LODs at ng/L
level were obtained with a satisfactory repeatability (RSDs < 10%). The performance of developed fibers
was compared with commercially available PDMS, PDMS/DVB, C;3 and PA fibers, showing enhanced
extraction capabilities for all the analytes except in the case of tilmicosin (Cyg presented higher enhanced
normalized peak area) and trimethoprim (no significant difference compared with PDMS/DVB). The ABs
were monitored in living tilapias dorsal-epaxial muscle, obtaining low inter-fiber RSDs (<14.5%) and
LODs in the 0.18-1.12 ng/g. The sampling rates (in the 11-69 ng/min range) were used for calculating
the concentrations of ABs in the fish tissue, achieving results comparable with those obtained by using
the reference LE method applied onto homogenized tissue samples, thus demonstrating the suitability
of the developed SPME-LC-MS/MS method for the ABs in vivo monitoring.
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Figure 5. Schematic representation of: coating synthesis (A), proposed sampling device (B) and
electrosorption-enhanced SPME with the device for ionized pharmaceuticals (C). Reprinted with
permission from [39].

Polyelectrolyte microcapsules dispersed in silicone rubber were tested for SPME monitoring
of antidepressants, i.e., fluoxetine and its metabolite norfluoxetine, in brains of living tilapias [41].
Differently from conventional fibers, extracting only neutral species, this coating was able to interact
with both neutral and protonated analytes, thus increasing sampling efficiency. In addition, the use of
microcapsules boosted the kinetic of sampling. Thanks to these features, it was possible to miniaturize
the fiber dimension, allowing the sampling of immature fish brain. The competition effect between
the two ionized analytes was negligible at biological concentration levels, whereas salting-out effect
was significant in phosphate buffer solution. The two target analytes were monitored in vivo in
both fish muscle and brain at environmentally relevant concentrations. Sampling rate calibration
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was used to determine the concentration of the antidepressants in the fish tissue. The results were
comparable with those obtained by the LE method, demonstrating a high inter-sample variability.
As expected, the concentration of the analytes in brain were from 4.4 to 9.2 times higher than those in
the dorsal-epaxial muscle.

Untargeted analysis of exposome has shifted the focus from a bottom-up to a top-down approach in
order to understand the impact of multiple and simultaneous exposures to environmental contaminants
and detect modifications in the profile of endogenous compounds [65]. Direct in vivo SPME extraction
has been proposed for monitoring fish tissues in a nonlethal manner, using coatings able to extract a
wide range of low-molecular-weight compounds [10,50,51,60,66]. In addition, the use of SPME for
in vivo monitoring has allowed the sampling of very labile and highly reactive species, which could be
degraded during tissue samples transportation, storage and handling [60]. Since both endogenous
and exogenous compounds can be detected, chemometric techniques have to be applied to highlight
different contribution and detect abnormal samples [50,51,60,66,67].

Roszkowska [66] studied the metabolome profile associated to benzo[«]pyrene (BaP) exposition
using in vivo solid-phase microextraction-liquid chromatography-high resolution mass spectrometry
(SPME-LC-HRMS) analysis. It is recognized that the presence of BaP and its metabolites cause
modification of cellular metabolism with carcinogenic, mutagenic, and cytotoxic effects, exacerbated
by its bioaccumulation in biological tissues [68]. In the study, the dorsal-epaxial muscle of rainbow
trout exposed to sublethal doses of BaP (1 and 10 ng/L) was sampled using commercially available
biocompatible SPME mixed-mode probes in order to detect dose and time dependent alteration
in tissue metabolome by case-control model. Being BaP able to affect several metabolic pathways,
mainly related to cellular osmotic regulation, energy and lipid metabolism, the results achieved in
the study indicated that BaP exposition was able to decrease the number of detected compounds.
A different amino acid composition was observed between the three groups: several amino acids
were detected free in the control group, whereas only free tryptophan and proline were present in the
high-dose exposed group, with a concentration of tryptophan 10 times higher than the control level.
Labile compounds, such as arachidonoyl serinol, an endocannabinoid metabolite, were also detected
by in vivo SPME: this compound was detected in the high-dose group, probably indicating that BaP
affects also the endocannabinoid system. In fact, endocannabinoids are reactive neuroprotective agents,
whose dysregulation in the signaling pathway is associated with the inability of the biota to adapt to
environmental contaminants exposure. Interestingly, fish exposed to the lowest concentration level of
BaP presented significant metabolic pattern changes over the monitored period: the first days they
showed features similar to the high-dose exposed group, whereas, after 14 days, similarities with
the control groups were observed. This may imply the presence of an adaptation mechanism of the
metabolism in response to the presence of pollutants in the surrounding environment.

Bessonneau [60] and Roszkowska [50] have studied the exposome via in vivo SPME monitoring
in white sucker (Catostormus commersonii) tissues with the final aim of proving that in vivo SPME from
fish tissues is suitable for detecting alterations in biota pathways. More precisely, Bessonneau [60]
has examined the differences between metabolites detected by ex vivo and in vivo SPME using
molecular networking analysis. The in vivo extraction was performed for 20 min by inserting into
the dorsal-epaxial muscle of the fish a stainless steel blade coated by 5 pm Cyg particles, immobilized
using polyacrylonitrile-Cig (PAN-Cyg). Ex vivo analysis followed the same procedure sampling
non-homogenized frozen tissues from euthanized fish. Analyte identification and networking
were performed by ultra performance-liquid chromatography-high resolution mass spectrometry
(UPLC-HRMS) and UPLC-MS/MS using molecular networking software. Although most of the
identified molecules were endogenous substances, four analytes, namely 4-methoxycinnamic acid,
1-hydroxybenzotriazole, diethylphthalate, and phenoxybenzamine were recognized as exogenous
compounds, used in formulation of cleaning products, cosmetics and pharmaceuticals. Globally, 16%
of the nodes were only detected by in vivo SPME sampling, whereas 21% were obtained only using ex
vivo SPME sampling. The compounds detected only by in vivo SPME were both endogenous and
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exogenous substances, characterized by chemical instability and/or reactivity: for example, the detected
cinnamic acids are prone to auto-oxidation during sample transportation and storage. The species
observed only by ex vivo extraction are mainly produced by bacterial and enzymatic metabolism of
the degraded tissue. Therefore, in vivo SPME allows the monitoring of labile species, avoiding the
detection of biodegradation products.

Roszkowska has applied in vivo SPME to perform non-lethal sampling of white sucker to monitor
the response to the exposition of contaminants from sites upstream, adjacent and downstream a
development region of oil sands [50]. PAN-C;g coated blades were used for SPME in order to
extract both hydrophilic and hydrophobic compounds from fish tissues. The UPLC-HRMS analysis
resulted in the identification of several classes of toxic compounds present in fish muscles, including
pesticides, aliphatic and aromatic hydrocarbons, phthalates, mycotoxins, plasticizers, pharmaceuticals
and organometallic compounds. Overall, the results demonstrated that fish collected in the sites closely
associated with oil sands production and downstream exhibited altered metabolic profiles compared
with the control group, collected upstream from the production site. The uptake of toxic compounds
resulted in several alteration of lipid metabolism, including glycerophospholipid metabolism, fatty acid
activation and de novo lipid biosynthesis, phosphorylation, energy dysregulation and inflammatory
states. The in vivo PAN-C;g SPME extraction allowed also the monitoring of labile and unstable
compounds, present at trace levels in fish tissues, such as endocannabinoid metabolites. A parallel
study has been performed to examine whether tissue exposome monitored in vivo could detect
significant induction of CYP1A1, a gene involved in the biotransformation of toxic compound into
more polar substances via oxygenation [51]. The study investigated small molecules associated with
CYP1A1 induction to identify both contaminants inducers of the gene and explore the induction
mechanism. The in vivo SPME was proposed in order both to capture unstable and labile compounds
like highly reactive oxygen species (ROS), antioxidants and oxygenated derivatives of cholesterols,
and to rapidly stabilize short-living metabolites, preventing their oxidation during storage.

Multivariate data analysis (partial least squares-discriminant analysis) and false rate discovery
were applied to process data acquired by SPME-UPLC-HRMS. The metabolome changes associated
with CPY1A1 induction highlighted that 182 features were significant in female suckers, whereas
only 119 were significant in male fish. The results demonstrated that 12 metabolic pathways were
involved in fish response to CYP1A1 activation. Since this gene is involved in the oxygenation of
toxic compounds to facilitate their elimination, modification in the concentration levels of ROS and
anti-oxidants was expected. In female white sucker, increases in the levels of antioxidants and depletion
of short-lived oxygenated metabolites were observed: the endogenous antioxidant cellular content was
increased as a response to the production of ROS in order to maintain cell redox status and homeostasis.
In male suckers, a significant oxidative stress was detected with a depletion of the cellular pool of
antioxidants and a decrease in the levels of endogenous pro-oxidants oxysterols. The differences
reported between male and female fish exposome could be or sex-specific or related to variability in
terms of chemical exposures. Several exogenous compounds were also identified in fish tissues, but
strong inter-individual variability was present in cases fish, possibly due to a different exposure in
the ecosystem. Among the different omics sciences, lipidomics is gaining increasing interest with the
identification of hundreds of novel lipids involved biological transformations: apart from their role as
structural components and energy reservoirs, lipids are also intermediates of cellular pathways [10,69].

Roszkowska has developed an in vivo SPME-UPLC-HRMS method using biocompatible SPME
mixed-mode probes for untargeted lipidomics profiling of muscle tissue in living rainbow trout [59].
Samples collected from the same sampling group were stored at —80 °C for 1 year and analyzed
by both SPME-LC-HRMS and solid-liquid-extraction-liquid chromatography-high resolution mass
spectrometry (SLE-LC-HRMS). By in vivo SPME, 845 features were detected in the 100-500 m/z range,
30% of which were annotated as lipid species, divided in three main groups: fatty acids, sterol lipids
and glycerolipids. The ex vivo SPME analysis of stored muscle samples showed remarkable differences
in lipid composition compared to the in vivo analysis, revealing lipidome profile alterations. The SPME
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analysis of ex vivo samples resulted in a general 10-fold decrease in the number of detected features and
the appearance of higher molecular mass lipids, formed by binding reaction of the previously unbound
lipids during sample storage. Spectra obtained by using SLE-UPLC-HRMS method from homogenized
fish muscle samples were characterized by the presence of lipid compounds with high molecular
masses (up to 900 m/z). These compounds were identified as high-abundant lipids, such as sterols and
glycerophospholipids, released from both cellular membrane and intracellular environments due to
the use of organic solvent mixtures. Therefore, they did not represent the unbound fraction of lipids
present in living system, which could be detected only by in vivo SPME.

Deng and coworkers [21,70] have used biocompatible surface-coated probe nanoelectrospray-high
resolution mass spectrometry (BSCP-nanoESI-HRMS) for in vivo lipidomics study of widely used
model organisms in ecotoxicology like Daphnia magna, zebrafish (Danio rerio), zebrafish eggs
and eukaryotic cells. The main advantage of this approach relies on the rapid, microscale
and in situ analysis of complex biological samples. The biocompatible microsampling probe,
presenting a probe-end diameter of few micrometers, was obtained by coating a tungsten probe
with n-octadecyldimethyl[3-(trimethoxysilyl)propyl]-ammonium chloride (DMOAP) and chitosan.
The stationary phase was chosen to interact with both the major lipid species (hydrophobic
chain of glycerolipids, glycerophospholipids, sphingolipids and fatty acyls) by the C;g group and
with the phosphate/hydroxyl/carboxyl groups by the quaternary ammonium ion via ion-exchange
adsorption. Chitosan was used since chitosan-based materials are nontoxic, highly biocompatible,
non-immunogenic and suitable for in vivo investigations. In addition, it was possible to prevent
the absorption of large biomolecules onto the SPME surface. The optimization of the extraction
parameters was performed by in vivo lipid analysis of zebrafish. Analysis was performed in positive
ion mode since most of the lipids were detected as [M + Na]* and/or [M + K]* ions, whereas only a
few signals from fatty acids were obtained in negative ion mode. The developed BSCP-nanoESI-HRMS
method was compared with conventional direct infusion shotgun MS lipidomics by analyzing tissue
extracts. A similar lipid profile was obtained, even though differences in the relative signal intensities
were observed. The effectiveness of the coating extraction was demonstrated by sampling zebrafish
tissues using uncoated probes, resulting in weaker MS signals. Coating stability was assessed by
performing the extraction multiple times using the same probe. No decrease in peak intensity was
observed and carryover effect of the coated fiber resulted negligible. The lipid species detected
by BSCP-nanoESI-HRMS method were identified via LIPID MAPS structure database. Analysis of
zebrafish dorsal-epaxial muscle led to the identification of 137 lipid species excluding isomers, i.e.,
57 triradylglycerol (TAG) species, 33 phosphatidylcholine (PC) lipids, 28 phosphoglycerols (PGs),
10 ceramide-1-phosphates (CerPs), 3 fatty acids, (FAs), 2 diradylglycerols (DAGs), 2 cholesteryl
esters (CEs), 1 monogalactosyldiacylglycerol (MGDG), and 1 phosphtatidylinositols-ceramide (PI-Cer).
The lipid profile of single zebrafish eggs was also obtained: the most intense ions were identified
as PC(16:0/18:1) and PC(16:0/22:6) lipids, whereas the signal intensities of many TAGs were much
lower compared with those of zebrafish muscle. Principal component analysis (PCA) analysis was
applied, showing that zebrafishes and their egg cells were clearly separated into two clusters and the
major loadings were attributed to TAGs. Despite the developed method proved to be suitable for
the detection of lipid species in living tissues, the accurate location of the C=C bond within the fatty
acid chains could not be unambiguously assigned. In addition, isomers could not be differentiated
due to the lack of a chromatographic separation. To solve the discrimination of C=C lipid isomers,
online Paterno-Btichi (PB) reaction has been proposed [70]. Benzophenone was used as reagent to
obtain high reaction efficiency with the methanol/chloroform solvent mixtures. In addition, the use
of benzophenone compared to other PB reactants such as acetone results in 182 Da mass increased
product ions, which could be easily discriminated from the original ions in the MS spectrum. In order
to promote PB reaction, UV irradiation was performed before spray formation (Figure 6).

The identification of C=C lipid isomers was obtained by collision induced dissociation (CID): when
CID was performed to the PB ions, C=C diagnostic ion pairs, namely [M + O]* and [M + Cy3Hj0]*,
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having a mass difference of 150 Da, were produced. The identification of the C=C position alongside
the fatty acid chain was based on the m/z shift of the CID induced PB product ions compared to the
original [PB + M + H]* parent ion. The proposed technique allowed a relative quantitation of C=C
location isomers. Finally, in vivo analysis of lipidome of zebrafish was performed to identify C=C
isomers, obtaining a detailed lipid profile.
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Figure 6. Schematic diagrams for development of a surface-coated probe nanoelectrospray-high
resolution mass spectrometry (SCP-PB-nanoESI-HRMS) method. (a) A biocompatible surface-coated
SPME probe toward lipids was applied for in situ and microscale sampling and extraction of lipids from
lipid droplet or biological tissue. (b) Desorption, Paterno-Biichi (PB) reaction, and MS detection. (c) MS
spectrum for unsaturated lipid with PB reaction. (d) collision induced dissociation (CID) spectrum for
determination of lipid C=C locations and isomers. Reprinted with permission from [70].

One of the major drawbacks of the traditional SPME fiber for in vivo applications is the flexibility
and the fragility of the silica core, limiting direct sampling of animal tissues. Poole et al. [42]
developed a miniaturized device able to directly puncture robust sample matrices, such as the skin of
top-level predator fish, by applying the sorbent coating onto a recession of a stainless steel support,
thus protecting the edges of the coating during both puncture and recession steps. The device
presents maximum surface area of sorbent per unit of puncture hole diameter, thus maximizing the
extraction phase surface area (2.9 times more surface area than traditional nitinol-based bio-SPME
fiber). The recessing coating was made by HLB particles suspended in a PAN glue, selected because of
their biocompatibility and high extraction capabilities towards a wide variety of polar and nonpolar
compounds. In order to demonstrate its robustness and facilitate sampling, the SPME recessed coating
needle was also incorporated into custom projectiles, fired by unmodified airsoft guns. The device was
tested to extract xenobiotic compounds from wild muskellunge (Esox masquinongy). The use of SPME
projectiles demonstrated that the rapid puncture of fish scales provided a uniform and more repetitively
successful sampler administration, reaching the underlying muscle tissue. This test demonstrated
that the developed device was able to extract bioaccumulated and bioconcentrated anthropogenic
compounds in a top-level predator. SPME-LC-HRMS analysis resulted in the tentative identification of
35 compounds belonging to pesticides, drugs, phytochemicals, lipids and metabolites.

Another major difficulty in untargeted LC-MS analysis is the presence of redundancy peaks,
namely co-eluted peaks, multi-charge ions, adducts, neutral loss, isotopologues, and fragments ions
that could result in statistical bias with multiple comparisons. Yu has proposed [67] the GlobalStd
algorithm based on paired mass distances (PMD) to remove redundancy peaks from raw LC-MS data
and to select independent peaks for further structure/reaction directed analysis. PMD are defined
as distance between two masses or mass to charge ratios and this data analysis is based on the
identification of unique defect values between analytes in order to identify homologous series or
substitution reactions, clustering the compounds that present a similar structure or reactivity. Unknown
PMD transitions could be obtained relying on the statistical properties of the LC-MS peak profile.
By using this approach, both known and unknown compounds belonging to adducts, neutral loss,
the same homologous series, or biochemistry reaction relationship could be identified. The filtered
data can be subsequently studied for semi-qualitative or quantitative statistical analyses considering
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the compounds as a group, thus bypassing the need for identification of each peak present in the
raw LC-MS data. The developed method was applied for the in vivo SPME-LC-MS analysis of wild
rainbow trout. A total of 1459 peaks was obtained as raw dataset, reduced by the GlobalStd algorithm
to only 277 independent peaks, which were imported for subsequent structure directed analysis.

All these studies evidenced that in vivo SPME is a valuable analytical tool for the real time
monitoring of target analytes and metabolome profiling of living organisms. This approach was
successfully applied for monitoring the uptake, metabolism and elimination of xenobiotic compounds
from different fish species. In addition, it allowed the study of exposome directly from living organisms,
resulting in the sampling of labile and reactive species, while avoiding the detection of compounds

related to tissue sample degradation processes.
An overview of the discussed applications is reported in Table 2.

Table 2. Summary of applications of in vivo SPME for fish tissues.

. . Detection LOQs o
Analyte Matrix Coating SPME Technique (ng/g) RSD% Ref.
OCPsand OPPs  Nlapia/pomfrets PDMS Homemade GC-MS 18155 <214 [45]
muscle stainless-steel fibers
Commercially ,
PCPs Trout muscle Cig available fibers GC-MS 5-70 <35.5 [43]
S Homemade 3.0-13.2 .,
SMs Tilapia muscle PDMS stainless steel fibers GC-MS (LODs) <34.3 [44]
. S Homemade 1.7-94
Anesthetics Tilapia muscle PDMS stainless steel fibers GC-MS (LODs) <10.8 [36]
. Homemade
FQs Pufferfish muscle Cy3-PAN stainless steel fiber LC-MS/MS 1.0-4.6 <16.1 [46]
TTX Pufferfish muscle PS@PDA-GA  Electrospun LC-MS/MS 73 <121 [63]
stainless steel fibers
. S . Electrospun ;
Pharmaceuticals Tilapia muscle PS@PDA-GA stainless steol fibers LC-MS/MS 1.1-89 <14.3 [14]
Acidic _— C13@GO@PDDA/
pharmaceuticals Tilapia muscle PANI/pNE QF LC-MS/MS 0.80-28.1 <11.5 [37]
. - AlL,O3@PLCL/ Electrospun g =
Pharmaceuticals Tilapia muscle PNE stainless steel fibers LC-MS/MS 0.55-17.8 <15.6 [38]
Homemade
Acidic Tilapia musdle ~ CNT@PPY@pNE ~ Stainiess steel fibers y o gy po 040-0.83 <95 [39]
pharmaceuticals - electrosorption
device
Abs Tilapia muscle MIL-101(Cr)-NH;, QF LC-MS/MS 0.6-3.7 <145 [40]
Polyelectrolyte
. Tilapia microcapsules Homemade ,
Antidepressant brain/muscle dispersed in stainless steel fibers LC-MSMS <71 [41]
silicone rubber
Untargeted BaP Biocompatible Commercially -~ R _
metabolomics Trout muscle mixed-mode available fibers LC-HRMS o0l
Untargeted fish White sucker Homemade coated UPLC-HRMS
exposome muscle PAN-Cy blades UPLC-MS/MS ) B 601
Untargeted White sucker Homemade coated UPLC-HRMS
metabolomics muscle PAN-Cig blades UPLC-MS/MS B - 1501
Ug:?;“]g;tid White sucker PAN-C Homemade coated UPLC-HRMS R ~ [51]
muscle 18 blades UPLC-MS/MS .
exposome
L.Tnfargetled Trout muscle qucompatlble C or.nmerqally LC-HRMS R _ [59]
lipidomics mixed-mode available fibers
U‘n‘target.ed Zebrafish muscle Blfwcompanble Homemade coated nanoESI-HRMS . - [21]
lipidomics chitosan-based tungsten probes
Untargeted o/ fich muscle  DMOAP/chitosan ~ Homemade coated o bor ipMs - B [70]
lipidomics tungsten probes
- Recessed
Untargeted  Wild muskellunge HLB/PAN homemade SPME LC-HRMS . 1 [42]
analysis muscle devi
evice
- Not declared.
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4. In Vivo SPME Extraction of Plant Tissues

The conventional analytical process for the determination of a variety of analytes in plant tissues
involves several steps due to the general complexity of the matrix [71]: in fact, solvent extraction
and clean-up are usually required for the elimination of interfering compounds prior analysis [72].
Ex vivo analytical methods might introduce variability, potentially induce degradation of compounds
of interest during sample preparation and alter both the spatial distribution and the natural content of
investigated compounds in biota. These two aspects lead to an overall reduction of representativeness
of analytical outcome [73], making metabolomics and tracing studies in different plant compartments
hard to accomplish accurately.

The need for representative information regarding the actual composition and the dynamics of
xenobiotics and biomolecules in plants has led to the development of a variety of in vivo analytical
and extraction methods. Compared with other sampling techniques like microdialysis, in vivo tissue
collection and biosensors, SPME offers the advantage of a low cost and simple device [44,71,73-75].
This technique allows the efficient and non-exhaustive extraction of the analytes by inserting the fiber
directly in plant tissues with minimum disturbance of the living system. As a further advantage, this
technique can be easily hyphenated with chromatography [74]. Nowadays, in vivo SPME is widely
applied to study the uptake kinetics of agrochemicals, pesticides, pharmaceuticals and other emerging
contaminants (e.g., synthetic musks) and their bioconcentration in plant compartments, defined as the
absorption of xenobiotics from the surrounding environment [76]. Therefore, it can be used to perform
food safety assessment by comparing detected concentrations with minimum residue limits.

Very recently, Shi et al. [74] have used in vivo SPME coupled with GC-MS for the quantitation
of two fungicides, i.e., Y13149 and Y12196, in mung bean (Vigna radiata) sprouts. For this purpose,
a polystyrene/graphene@silica (PS/G@SiO,) fiber was fabricated via electrospinning and calcination.
The coating materials were chosen due to their dimensional structure, rugged surface, superior
mechanical and thermal stability. The method was optimized and validated by analyzing water spiked
with analytes, demonstrating linearity in the 0.3-100 pg/L range, LODs in the low ug/L range and
good precision with RSDs within 12.1%. The average recoveries were 99% and 71% for Y13149 and
Y12196, respectively. PS/G@SiO, SPME fiber was compared with PS/G fiber and with two commercially
available fibers, i.e., 85 um carboxen/polydimethylsiloxane (CAR/PDMS) and 7 um PDMS in terms of
extraction performance, showing higher extraction efficiency toward Y12196, whereas Y13149 resulted
to be better extracted using 7 um PDMS fibers. Fungicides bioaccumulation was assessed directly in
mung bean sprouts by inserting the PS/G@SiO, SPME fiber using a cannula into the stems at 2.0 cm
depth and kept in place for 10 min at room temperature. Afterwards, the fiber was extracted and
rinsed with water, dried and placed in the GC injector for the analysis. Results showed that the
concentration of both analytes increased until day 9, thereafter a decrease was observed. Different plant
compartments were also sampled to assess whether there was any difference in spatial distribution of
xenobiotics. As a result, fungicides concentration was higher at 3 cm from the roots when compared to
7 cm distance, due to the higher lipid content.

In vivo tracing of other classes of xenobiotics was extensively studied by Chen and Qiu’s group
mainly using homemade PDMS-coated stainless steel fibers [12,44,77,78].

OCPs and OPPs have been investigated in different compartments of malabar spinach
(Basella alba) through in vivo SPME [78]. A sampling rate-SPME (SR-SPME) coupled with the
GC-MS method was successfully validated and applied for the in vivo tracing of OCPs (namely,
endosulfan, hexachlorobenzene, dichlorodiphenyltrichloroethane, aldrin and mirex) and OPPs (namely,
parathion-methyl, propetamphos, fenthion, quinalphos and profenofos). In particular, uptake and
elimination kinetics were studied, and several parameters including BCFs, distribution concentration
factors (DCFs) and transpiration stream concentration factors (TSCFs) were calculated based on in vivo
analytical outcome. Spinach plants were grown hydroponically with nutrient solution spiked with
the proper mixture of analytes for the uptake study and, right after, with clean nutrient solution for
the elimination study. In vivo sampling was carried out by piercing the interested plant organ with
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a needle and then inserting the fiber at 1.5 cm depth (Figure 7); fiber was held in place for 20 min,
cleaned with water and addressed for GC-MS analysis.

Figure 7. In vivo SPME sampling in different organs (leaf, stem and root) of living malabar spinach
plant with custom-made PDMS fibers. Reprinted with permission from [78].

OPPs were accumulated faster, while OCPs resulted to be more persistent and less inclined to be
eliminated from B. alba roots. In stems and foliage similar uptake kinetics and persistence were observed
for both classes of analytes. A positive correlation between calculated BCFs and hydrophobicity was
demonstrated for all the analytes except fenthion. Overall, the accumulated concentration halved
within 4 days after the uptake experiment was concluded. From DCFs it was possible to infer that these
two classes of pesticides tend to be more accumulative in roots due to the high lipid concentration.
Lastly, hydrophobicity and solubility did not show any clear relationship with TSCFs, suggesting that
more complex physiological phenomena are involved.

OPPs have been traced with an invivo sampling rate-solid phase microextraction-gas
chromatography-mass spectrometry (SR-SPME-GC-MS) approach in cabbage (Brassica parachinensis)
and aloe (Aloe barbadensis) [12]. Moreover, in vivo SPME coupled with LC-MS/MS was used for the
investigation of fenthion metabolites. Pesticides were administrated to B. parachinensis through a
nutrient solution via hydroponic cultivation. A. barbadensis was cultivated in soil and OPPs were
directly sprayed on aloe foliage. The in vivo sampling was performed as reported previously for the
tracing study. The validated method reported LODs in the 0.07-2.07 ug/kg and 0.40-1.80 ug/kg range
for aloe and cabbage, respectively. Regarding the uptake and the elimination of OPPs from cabbage,
analytes were traced in leaves: within 7 days, the concentration of propetamphos, quinalphos and
profenofos reached a maximum, whereas a similar behavior was not observed for parathion-methyl
and fenthion. For the elimination experiment, the half-lives of the analytes were found to be within
the 1.3-5.7 day-range. The accumulation of OPPs in aloe leaves peaked in 8 or 12 h depending on the
analyte and a fast elimination was observed after 60 h after the exposure to polluted water. For the
investigation of fenthion metabolism in aloe, fibers were desorbed in methanol under agitation and,
after the addition of an internal standard, the extract was addressed to LC-MS/MS analysis. In both
plants, fenthion resulted to be barely accumulated, whereas its metabolite fenthion-sulfoxide continued
to accumulate until 100 h after the exposure.

In vivo SPME has been used also to evaluate whether multi walled carbon nanotubes (MWCNTs)
affect the accumulation/elimination process of environmental contaminants i.e., OCPs, OPPs, pyrethroid
insecticides and PCPs in mustard (Brassica juncea) leaves [77]. For this study, a SR-SPME(PDMS)-GC-MS
method was used. Three groups of mustard plants were grown under controlled conditions and
watered with tap water spiked with a mixture of all the investigated analytes: different amounts of
MWCNTs were added to assess their effect on the uptake and elimination of contaminants (0; 1 and
10 mg/L). It was found that the groups exposed to 1 and 10 mg/L MWCNTs accumulated 10-30% and
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20-160% respectively more contaminants compared to the control group. On the other hand, whereas
a positive correlation was found between the amount of MWCNTs added in nutrient solution and the
analyte concentration in plant tissues, it was observed that as the amount of MWCNTs increased, the
accumulation rate constants (k,) decreased. This behavior was explained taking into account that a
longer period of time is needed for the in vivo contaminant concentration to reach a plateau: after the
adsorption of the analytes onto MWCNTs, analytes are slowly released. Regarding the depuration
capability of B. juncea, no differences were observed in the elimination of accumulated analytes between
the MWCNTs groups and the control group.

Synthetic musks are an emerging class of xenobiotics which caused severe concern in health and
environmental safety since they are able to interact with the endocrine system. This class of analytes
has been monitored via in vivo SPME in both tilapia and aloe (Aloe chinensis Baker) without any fish or
plant sacrifice [44]. Regarding the aloe study, SPME sampling was carried out in both leaves and roots
at a depth of 1.4 cm and with a sampling time of 10 min. The concentration of all the investigated
compounds in aloe leaves plateaued after the third day of exposure, whereas for roots it took only
one day. A rapid clearance was observed in both plant compartments: for aloe foliage, the half-lives
for all the compounds of interest were between 0.6-0.7 days, whereas for roots the concentration of
absorbed SMs halved in less than 12 h after exposure. BCFs calculated for aloe roots were two orders
of magnitude higher compared to those obtained for the leaves for all the analytes. This was consistent
with the average lipid content: SMs were found to be more likely to be accumulated in high-lipid plant
compartments such as roots. Since chemicals in plants needs to reach the leaves from the root cortex,
bioaccumulation in aloe leaf is less efficient, with BCFs at least three orders of magnitude lower than
those found for tilapias.

The same research group successfully quantitated different pharmaceuticals in B. alba stems and
in tilapia (O. mossambicus) by using a custom made sulfonated Al,O;@PLCL/pNE SPME fiber [38].
The validated SPME-LC-MS/MS method provided LODs in the 0.02-8.02 pg/kg range for B. alba,
demonstrating linearity within 2-3 orders of magnitude up to 5 mg/kg. Both intra- and inter-fiber
precision were also satisfactory, with RSDs within 9.9% and 15.6%, respectively. The extraction from
B. alba was carried out by piercing the stems and holding the fiber in place for 10 min. The fiber was
then desorbed in methanol under agitation; thereafter, internal standard was added before addressing
the solution to LC-MS/MS analysis. In order to test method accuracy, all the analytes were quantified
performing a classical LE from ex vivo samples. No differences were found between the concentration
determined with both SPME-LC-MS/MS and LE-LC-MS/MS methods in tilapia and B. alba. Regarding
B. alba, sulfafurazole could only be detected using the in vivo SR-SPME technique, thus demonstrating
the best performances of the in vivo method with respect to the ex vivo one.

Along with xenobiotics, phytohormones and carbohydrates represent other two important classes
of analytes of biological interest. Such endogenous compounds are involved in a variety of regulation
and pathological processes [72,75].

In this context, Fang et al. [72] have developed a proper SPME coating for the extraction of
plant regulators (salicylic acid and three of its derivatives—SAs), i.e., acetylsalicylic acid, 4-methyl
salicylic acid and 3-methyl salicylic acid, in aloe leaves with the final aim of monitoring stress levels in
plants. For this purpose, C1g@GO@PDDA coated quartz fibers were fabricated. C;3@GO@PDDA were
dispersed in DMF with PAN to form a slurry and coated with a pNE layer to ensure biocompatibility.
The sampling rate-solid phase microextraction-liquid chromatography-photodiode array detector
(SR-SPME-LC-PAD) method was optimized by analyzing homogenized aloe leaves spiked with the
analytes and investigating the effect of extraction and desorption time, pH and desorption agitation
speed. The extraction performance of C;3@GO@PDDA SPME fiber was compared with those achieved
by the commercial 85 um PA and 65 um PDMS/DVB, showing higher extraction efficiency toward all
the investigated analytes. The validated method provided LODs in the 1.8-2.8 ug/L range and linearity
within 3 orders of magnitude. Good intra- and inter-fiber precision were obtained, with RSDs within
8.4% and 9.3%, respectively. The four salicylic acids were also quantified using a classical LE-LC-PAD
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method: no difference (x = 0.01) was found between the analytical outcomes, thus ensuring the
accuracy of the in vivo SR-SPME-LC-PAD method. The method was used to monitor the investigated
compounds over time in aloe plants in order to evaluate whether the presence of cadmium, used
as stress agent, produced detectable variation in salicylic acids profile over time. As a result, SAs
concentration in Cd-stressed group peaked within 16 h. The control group was used to assess the
impact of the injuries on plant leaves, made by inserting the SPME fiber: the concentration for all the
investigated analytes increased within 6 h but less dramatically in respect to the Cd-stressed group.
Thereafter, SAs levels decreased slowly and returned normal within 12 h.

Thin core-shealth electrospun nanofibers with pure PANI sheath and polystyrene core (PS-PANI
CSEF) compressed into tiny bars have been applied for in vivo extraction of phytohormones gibberellin
A3 (GA3), gibberellin A7 (GA?7), jasmonic acid (JA), abscisic acid (ABA) and p-hydroxycinnamic acid
(p-HCA) in aloe by LC-MS/MS [73]. The proposed extraction material was biocompatible, characterized
by a fast mass transfer rate and large extraction capacity to ensure fast equilibrium extraction and high
sensitivity. In vivo extraction was carried out by inserting the PS-PANI CSEF bars in aloe leaves at
3 mm depth for 20 min. Method validation provided LODs in the 0.06-3.1 ug/L range, demonstrating
linearity within three orders of magnitude. Good precision and accuracy were obtained, with RSDs
always below 13% and recovery rates (RR%) in the 98-110% range. In order to assess suitability of the
developed method for the quantitation of acidic phytohormones in aloe foliage, both in vivo and ex
vivo methods were applied. GA3 was the only undetected compound using the in vivo extraction,
whereas GA3 and GA7 resulted undetectable with the classic ex vivo LE-LC-MS/MS method, thus
demonstrating the clear advantages of the developed in vivo approach. Moreover, the in vivo method
allowed the detection of the analytes with a spatial resolution of about 3-8 mm?3, whereas the LE
method consumed about 60 mg of leaf tissue, without providing any spatial resolution.

Carbohydrate detection in aqueous media, biofluids and tissues is challenging due to the high
affinity of these compounds toward water. Owing to its capability of interacting with diols in a rapid
and reversible way, phenylboronic acid functionalized MWCNTs, using PAN as binder has been
proposed by Chen et al. to develop a custom-made SPME probe (Figure 8) for carbohydrate detection
in biofluids and semisolid biotissues [75]. Preliminary tests in phosphate buffer solution showed the
specificity of the developed probe toward glucose, chosen as a model compound, even in presence of
other interfering compounds normally present in biological samples. The developed probe was used
for the extraction of carbohydrates from B. alba by inserting it at an average depth of 1.5 cm with the
aid of a cannula needle. Thereafter, the probe was withdrawn and desorbed in acetic acid. Finally, the
extracted solution was derivatized for GC-MS analysis. Glucose, mannose, galactose and rhamnose
were successfully detected in B. alba and aloe in 12 h. Finally, MALDI-TOF-MS analyses proved the
absence of macromolecules absorbed onto the probe.

Further studies have been conducted by the same research group on the specific monitoring of
glucose using a boronate affinity-molecularly imprinted polymer (BA-MIP) biocompatible probe [79].
The presence of boronate acid monomer in the proposed coating played a pivotal role in increasing
SPME selectivity due to the unique pre-self-assembly between glucose and boronic acid creating
glucose specific memory cavities. A reduced interference from mannose and galactose was observed,
whereas commercially available C1g and PDMS fibers were not able to extract glucose. Finally, glucose
was successfully in vivo extracted from aloe foliage. Again, MALDI-TOF-MS analysis proved the
absence of other interfering macromolecules.

Besides targeted analytical chemistry, in vivo extraction techniques play a fundamental role also
in untargeted analytical chemistry. In metabolomics, in which the structure and the abundance of a
plethora of compounds found in living organisms are accurately investigated, it is extremely important
to avoid analyte degradation or the generation of misleading artifacts, which mainly occur during the
sample preparation step [80]. Considering also that in plants gene expression is mainly connected with
endogenous compounds, DI-SPME might be the technique of choice for investigating plant metabolites
directly in vivo [81].
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Figure 8. Schematic representation of the carbohydrate recognition onto the developed phenylboronic
acid functionalized-carbon nanotubes (CNTs) probe. Reprinted with permission from [75].

In 2016, Musteata et al. successfully used SPME for the in vivo investigation of nonvolatile
metabolites in Amazonian plants using UPLC-MS/MS analysis [71]. In this study, a custom-made SPME
coating was tested: SPME devices were prepared by coating stainless steel wires with commercially
availablessilica i.e., reverse phase (RP)-amide-C;4 and pentafluorophenyl-propyl-bonded phase (HS-F5),
respectively. Both the coatings were chosen owing to their mechanical resistance and fast equilibration
with the sample due to the high surface area of the material. (RP)-amide-Cj; is characterized by a stable
amide embedded polar group able to enhance both the extraction of polar compounds and wettability.
HS-F5 coating is able to interact with a wide range of analytes via dispersive, dipole-dipole, -7t and
charge transfer interactions, thus being suitable for the extraction of polar and basic compounds.
Preliminary investigations on a smaller sample of plants in Hawaii (Psychotria viridis, Diplopterys
cabrerana and Banisteriopsis caapi) proved the superior extraction capability of HS-F5 for untargeted
analysis. In vivo sampling on Amazonian plants was performed by inserting the probes under the
bark of each plant and holding them in place for 30 min. Ex vivo LE-UPLC-MS/MS analyses were also
performed with the aim of comparing the number of unique signals obtained by using both extraction
approaches. Although the total number of compounds extracted by the in vivo procedure was lower
than that obtained by using the ex vivo extraction, SPME-UPLC-MS/MS provided 27% exclusive
signals. PCA on data obtained by in vivo extraction revealed significant differences among species
belonging to the same genus, despite the investigated organisms were similar according to DNA
analysis. Finally, considering the 30 min in vivo extraction time compared to the several hours required
to prepare the samples via ex vivo approach, in vivo SPME-UPLC-MS/MS method was unequivocally
less time-consuming with respect to LE method.

In the same year, apple (Malus domestica fruit) metabolome has been investigated by
Risticevic et al. [81] with the aim of evaluating the changes in the metabolic fingerprints in response
to fruit maturation. A PDMS overcoated commercial 50/30 pm DVB/CAR/PDMS fiber coupled with
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two-dimensional gas chromatography-time of flight mass spectrometry (GCXGC-TOF-MS) was devised.
As for fiber coating, the use of PDMS overcoating allowed reducing fiber fouling damage of DVB-based
coatings when placed in direct contact with complex matrices, thus guaranteeing matrix-compatibility
while retaining the original coating sensitivity toward the analytes of interest. Sample collection
was carried out by inserting three probes perpendicularly respect to the fruit stem at a 3 cm depth
with two different sampling configurations. The results achieved after 60 min sampling, revealed
significant differences in terms of method precision: in the case of sampling design 1, RSDs of about
22.0% were obtained considering 357 metabolites, whereas with sampling design 2, RSDs of 37.1%
were calculated on 111 metabolites. A negative correlation was found between metabolite molecular
weight and precision: larger RSDs were attributed to high molecular weight compounds. Precision of
the two sampling designs was also evaluated using a homologous series of esters as model compounds:
sampling design 1 provided poor precision regarding the determination of high molecular weight
compounds, whereas with sampling design 2 lower RSDs values were obtained. Using a total of
40 compounds ex vivo HS-SPME was also performed for comparison purposes obtaining a median
RSDs of 13.6%; however in vivo sampling addressed issues related to the stability of labile and
hydrophobic metabolites encountered in HS-SPME. Furthermore, PCA on data obtained from in vivo
analysis of apples at two different maturation stages showed a good separation between the groups,
thus demonstrating the capability of the in vivo DI-SPME-GCxGC-TOF-MS metabolomic platform to
provide representative data useful for staging the maturation level of fruits.
An overview of the discussed applications is reported in Table 3.

Table 3. Summary of applications of in vivo SPME for plant tissues.

Detection

Analyte Matrix Coating SPME Technique LOQs RSD% Ref.
L. Mung bean . Homemade 0.06-0.08
Fungicides sprouts PS/G@SIO, stainless-steel fibers GC-MS ug/L <121 [74]
. _ Malabar spinach Homemade 0.09-4.10
OCPs and OPPs roots/stem/leaf PDMS stainless steel fibers GE-MS ng/g <57.7 78]
Cabbage Homemade GC-MS and 0.07-2.07
OPPs stem—aloe leaf PDMS stainless steel fibers LC-MS/MS ng/g <125 o2l
%f/fjt,h?}:igs, Homemade 0.1-348
. . Mustard leaves PDMS . ¥ GC-MS ng/g - 771
insecticides and stainless steel fibers (LODs)
PCPs
Homemade 3.0-13.2
SMs Aloe leaf/roots PDMS . - GC-MS ng/g <343 [44]
stainless steel fibers
(LODs)
. . Electrospun 0.05-26.7
Pharmaceuticals Spinach stem Al,O3@PLCL/pNE stainless steel fibers LC-MS/MS nglg <15.6 [38]
6.1-9.3
SAs Aloe leaf C13@GO@PDDA QF LC-PAD g/l <9.3 [72]
Acidic ¥ X 0.06-3.1
phytohormones Aloe leaf PANI Nanofiber bars LC-MS/MS ng/mL <13 [73]
Aloe Phen;/iliaé)romc 012
Carbohydrates léa.f—l\/}llal?bar functionalized QF GC-MS 8‘118;)1/1; - [75]
spinach stem MWCNTs 5
Miniaturized
Glucose Aloe leaf BA-MIP . . GC-MS 0.7 umol/L - [77]
stainless steel wire
Nonvolatile . . Commercially
phytochemicals Amazonian plants  RP-amide-Cy6-HS-F5 available fibers UPLC-MS/MS - - [71]
<15
. Overcoated (50% of
Nonvolatile PDMS overcoated .
metabolome Apple DVB/ CAR/PDMS Cor.nmerqally GCxGC-TOF-MS - the [81]
available fibers detected
compounds)
- Not declared.
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5. In Vivo SPME Extraction of Cells and Simple Organisms

In vivo extraction and detection of compounds of biological and environmental interest from
small living organisms and single cells is a challenging task due to reduced sample dimension, but
it is of paramount importance to give an insight in microsize processes. In this context, ambient MS
provides a straightforward strategy for direct analysis of individual organisms and single cells under
ambient conditions [82,83].

In2015, Deng et al. [22] investigated the presence of perfluorinated compounds (PFCs) in individual
Daphnia magna, small organisms widely used as a model in ecotoxicology, and its egg cells using 2 pm
thin tungsten needles coated with DMOAP for SCP-nanoESI-HRMS. Perfluorooctanesulfonic acid
(PFOS) and perfluorooctanoic acid (PFOA) were chosen as model compounds. D. magna was exposed
to water spiked with both PFOS and PFOA at a concentration of 10 ug/L. Different exposure time were
investigated: (i) 3-day exposure was used to assess whether or not bioaccumulation phenomenon
occurred equally among 28 different individuals; (ii) different samples within 10-day were collected to
study the accumulation kinetics; (iii) 3-day exposure was used to investigate the analyte distribution
within D. magna body. Organisms and egg cells were sampled with the aid of a three-dimensional
micromanipulator by inserting the probe at 50 pum depth and holding it in place for 60 s. The method
was optimized and validated using spiked D. magna juice as a matrix, demonstrating linearity over
two orders of magnitude and providing LODs in the low pg/L range. Intra- and inter-probe precision
were satisfactory, both below 11%. Regarding the bioaccumulation study, it was found that among
28 individuals, the accumulated concentration of both analytes in 3 D. magna was significantly higher
with respect to other 25 investigated individuals. Bioaccumulation kinetic study showed that both PFOS
and PFOA were rapidly accumulated within 3 days after reaching a steady-state for the investigated
individuals. Finally, different compartments of D. magna, namely head, abdomen, back, tail and egg
cells were successfully sampled to assess analyte distribution: the highest detected concentration of
both analytes was observed in abdomen, whereas the lowest in egg cells, thus suggesting that the risk
of bioaccumulation can be transferred from the mother to offspring.

D. magna was used as a model organism in a further study [21] in which in vivo lipidomic
was performed using a the previously cited biocompatible SCP-nanoESI-HRMS method. Lipidomic
investigation resulted in detection of high intensity signals for lipid species in the 700-950 m/z range.
Similar compounds were detected in different compartments, observing an overall concentration
decrease in abdomen, back, head and tail, respectively. A total of 152 lipid species excluding isomers
were identified belonging to different classes, i.e., 80 TAGs, 28 PCs, 15 phosphatidic acids (PAs), 11 PGs,
6 MGDGs, 5 wax esters, 3 phosphatidylethanolamines (PEs), 2 FAs, 1 CerP and 1 sulfatide (SHexCer).
The sodium/potassium adduct signals of TAGs and PCs were mostly detected (Figure 9a—d). To clearly
visualize the distribution of the lipid species, the most abundant compounds i.e., TAG (16:0/16:4/18:3)
and PC (16:0/18:3) were selected as representative for imaging (Figure 9e). The high concentration of
TAGs in abdomen was attributed to their accumulation in viscus.

Lipidomic investigation has been also conducted in single cells of the eukaryotic cell line HepG,2,
but poor signals were observed. Therefore, lipidomic study was performed on a pool of about
100 HepG2 cells, resulting in abundant lipid signals stable up to 40 s. A total of 60 lipids (excluding
isomers) were detected including 38 PCs, 9 PGs, 4 lysophosphatidylcholines, 3 sphingolipids SpLs,
1 SHexCer, 1 PA, 1 phosphatidylethanolamines-ceramide, 1 PE, 1 lysophosphatidylethanolamine and
1 CE. Most biological membranes are constituted by these PCs, thus explaining their high abundancy
in the lipidome profile.

An overview of the discussed applications is reported in Table 4.
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Figure 9. Biocompatible surface coated probes (BSCP)-nanoESI-HRMS spectra for analysis of the
(e) Distribution of
phosphatidylcholine (PC) (16:0/18:3) and triradylglycerol (TAG) (16:0/16:4/18:3) in Daphnia magna.
d7-Rox was used as internal standard, added into the spray solvent at 50 ng/mL. Sodium/potassium
adduct signals of TAGs and PCs: TAG (16:0/16:4/18:3) (m/z 843.6456 [M + Na]* and m/z 859.6194
[M + K]*), TAG(16:0/16:1/20:5) (m/z 873.6917 [M + Na]* and m/z 889.6660 [M + K]*), TAG(18:1/18:3/18:3)
(m/2899.7086 [M + Na]* and m/z 915.6817 [M + K]*), PC(16:0/18:3) (m/z 778.5344 [M + Na]*) PC(16:0/18:1)
(m/z 782.5657 [M + Nal*), PC(18:2/18:2) (m/z 804.5511 [M + Nal*), and PC(14:0/18:1) (m/z 754.5354
[M + Na]*). Reprinted with permission from [21].

(a) abdomen, (b) back, (c¢) head, and (d) tail of individual Daphnia magna.

Table 4. Summary of applications of in vivo SPME for small organisms and single cell.

. . Detection LOQs o
Analyte Matrix Coating SPME Technique (ng/mD) RSD% Ref.
PFOSand PFOA  Daphnia magna DMOAP Homemade coated . por RS 0.06-009 <104 [22]
tungsten probes
Daphnia . .
L.Tn.target.ed magna—eukaryotic Blgcompahble Homemade coated nanoESI-HRMS - - [21]
lipidomics cell chitosan-based tungsten probes
- Not declared.
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6. Conclusions

In vivo SPME is an emerging technique allowing for the rapid, low cost, non-invasive and
sensitive determination of both exogenous and endogenous compounds in living systems. The use of
miniaturized devices for in vivo SPME can minimize adverse effects commonly present when tissue
sampling is performed by ex vivo procedures, allowing the direct analysis of different body areas
with high spatial resolution. All the protocols presented in this survey proved to be particularly
suitable for evaluating the temporal variation in the profile of analytes as a consequence of the
capability of performing repeated sampling over the time on the same living organisms or cells without
animal/plant sacrifice.

The development of novel biocompatible coatings plays a pivotal role in the diffusion of in vivo
SPME both for targeted and untargeted analysis. In the first case, new materials able to provide
high selectivity toward specific analytes have been designed, whereas in the latter case coatings
characterized by enhanced extraction capabilities toward a wide range of both hydrophobic and
hydrophilic compounds have been proposed. Additional advantages in terms of increased surface
area and controlled porous structure can be obtained by adding to the commonly used polymeric
substrates 3D structured materials like MOFs or carbon nanotubes.

Finally, the use of portable instruments and hyphenation with sensitive techniques like ambient
mass spectrometry will increase the applicability of in vivo SPME allowing the implementation of
ex vivo SPME protocols for in vivo applications. In this context, the analysis of larger cohort of
samples and short-living and labile compounds will provide valuable information about the health of
ecosystems, biological processes and toxicological effects.
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