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Preface to ”Trends in Microextraction Techniques for

Sample Preparation”

Although analytical scientists unequivocally agree that no sample preparation would be the best

approach, the fact is that all samples handled in any analytical laboratory need to undergo some

treatment to some extent prior to their introduction to the analytical instrument. This step is widely

recognized as a major step in the chemical analysis workflow. Therefore, the next best strategy is to

find the most adequate methodology that would comply with all current trends in sample prepara-

tion, such as speed, automation, operator safety, less solvent consumption, but with no compromise

to analytical performance.

Classical methodologies based on solid phase extraction (SPE) and liquidliquid extraction

(LLE) tend to have many drawbacks as they include complicated, time-consuming steps, requiring

large sample size and large amounts of organic solvent. Therefore, they are being progressively

replaced by miniaturized and environment-friendly techniques, such as Micro Extraction by Packed

Sorbent (MEPS), Fabric Phase Sorptive Extraction (FPSE), Dispersive LiquidLiquid Micro Extraction

(DLLME). Additionally, novel extraction sorbents, due to the evolution of technology and nanotech-

nology, have been synthesized with improved properties, enhanced selectivity, ease in handling, etc.

This combination has opened new potential to extract target analytes from sample matrices with

high impact of endogenous interferences. The so-called micro-extraction techniques have sparked

excitement in the scientific community and among analytical chemists, as they conform to green

analytical chemistry demands and ensure environmental protection and public safety. Savings in

cost and time are considered valuable benefits by using novel micro-extraction approaches in sample

handling. Selectivity, sensitivity and lower detection limits are also included among the performance

characteristics required to meet the legislation criteria.

The target of this Special Issue is to present the state of the art in micro-extraction sample prepara-

tion techniques. Modern, simple and efficient methods for preconcentration and separation methods

are described for different analytes isolated from various matrices.

Thirteen outstanding contributions are included in this Special Issue.

Victoria F. Samanidou

Special Issue Editor
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Although analytical scientists equivocally agree that “no sample preparation” would be the best
approach, the fact is that all samples that are handled in any analytical laboratory need to undergo
treatment to some extent prior to their introduction to the analytical instrument. This step has been
widely recognized as the major step in the chemical analysis workflow. Therefore, the next best strategy
is to find the most adequate methodology that would comply with all of the current trends in sample
preparation, such as speed, automation, operator safety, and less solvent consumption, but with no
compromise regarding analytical performance.

Classical methodologies based on solid phase extraction (SPE) and liquid-liquid extraction
(LLE) tend to have many drawbacks as they include complicated, time-consuming steps that require
large sample sizes and large amounts of organic solvent. As a result, they are being progressively
replaced by miniaturized, environment-friendly techniques, such as microextraction by packed sorbent
(MEPS), fabric phase sorptive extraction (FPSE), and dispersive liquid–liquid microextraction (DLLME).
Additionally, due to the evolution of technology and nanotechnology, novel extraction sorbents
have been synthesized with improved properties, enhanced selectivity, easiness in handling, etc.
This combination has opened up new potentials to extract target analytes from sample matrices with
a high impact of endogenous interferences.

The so-called microextraction techniques have sparked the excitement of the scientific community,
and already gained interest among analytical chemists, as they conform to green analytical chemistry
demands and ensure environmental protection and public safety. Savings in cost and time are
considered valuable benefits to using novel microextraction approaches in sample handling. Selectivity,
sensitivity, and lower detection limits are also included among the performance characteristics required
to meet the legislation criteria.

The target of this Special Issue is to present the state of art microextraction sample preparation
techniques. Modern, simple, and efficient methods for preconcentration and separation methods are
described for different analytes isolated from various matrices.

Thirteen outstanding contributions are included and briefly presented below.
Abuzar Kabir, Marcello Locatelli, and Halil Ibrahim Ulusoy critically audit the progress of

microextraction techniques in recent years in their very comprehensive review, “Recent Trends
in Microextraction Techniques Employed in Analytical and Bioanalytical Sample Preparation”.
Microextraction techniques have indisputably transformed analytical chemistry practices,
from biological and therapeutic drugs monitoring to the environmental field, food samples,
and phyto-pharmaceutical applications [1].

Soledad Cárdenas and Rafael Lucena present a remarkable review on the recent advances
in extraction and stirring integrated techniques. Since microextraction techniques are usually
non-exhaustive processes that work under the kinetic range, the improvement of the extraction kinetics
necessarily improves the performance. The extraction yield and efficiency is related to how fast the
analytes diffuse in samples, therefore, stirring the sample during extraction is crucial. The stirring

Separations 2018, 5, 1 1 www.mdpi.com/journal/separations
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can be done with an external element, or it can be integrated, with the extraction element in the same
device. This article emphasizes the potential of promising approaches rather than their applications [2].

Theodoros Chatzimitakos and Constantine Stalikas provide a snapshot of the most important
features and applications of different carbon-based nanomaterials in their excellent review,
“Carbon-Based Nanomaterials Functionalized with Ionic Liquids for Microextraction in Sample
Preparation”. These features include fullerenes, carbon nanotubes, nanofibers, nanohorns,
and graphene, all functionalized with ionic liquids for sample preparation. Emphasis is given to
the description of the different works that have provided interesting results for the use of graphene
and carbon nanotubes in this analytical field [3].

Viktoria Kazantzi and Aristidis Anthemidis focus on the background and sol-gel chemistry for the
preparation of new fabric sorbents, as well as applications of fabric phase sorptive extraction (FPSE)
for extracting target analytes in their review of fabric sol-gel phase sorptive extraction technique.
Some of the new fabric sorbents include various organic and inorganic analytes in different types of
environmental and biological samples in high throughput analytical, environmental, and toxicological
laboratories [4].

Fabric phase sorptive extraction (FPSE) is a quite recent sample preparation technique that
combines the advanced material properties of sol-gel derived microextraction sorbents, and the
flexibility and permeability of fabric, to produce a robust, simple, and green device for extracting
target analytes directly from various sample matrices. New modes of FPSE, including stir FPSE,
stir-bar FPSE, dynamic FPSE, and automated on-line FPSE, are also highlighted and commented
upon in detail. Abuzar Kabir, Rodolfo Mesa, Jessica Jurmain, and Kenneth G. Furton in their work
“Fabric Phase Sorptive Extraction Explained” present the theory and working principle of fabric
phase sorptive extraction (FPSE). As a representative sorbent, sol-gel poly(ethylene glycol) coating
was generated on cellulose substrates. Five (cm2) segments of these coated fabrics were used as
the FPSE devices for sample preparation using direct immersion mode. An important class of
environmental pollutants—substituted phenols—was used as model compounds to evaluate the
extraction performance of FPSE. The high primary contact surface area (PCSA) of the FPSE device and
porous structure of the sol-gel coatings resulted in very high sample capacities and incredible extraction
sensitivities in a relatively short period of time. Different extraction parameters were evaluated
and optimized. The new extraction devices demonstrated part per trillion level-detection limits for
substitute phenols, a wide range of detection linearity, and good performance reproducibility [5].

Shivender Singh Saini, Abuzar Kabir, Avasarala Lakshmi Jagannadha Rao, Ashok Kumar Malik,
and Kenneth G. Furton present, “A Novel Protocol to Monitor Trace Levels of Selected Polycyclic
Aromatic Hydrocarbons in Environmental Water Using Fabric Phase Sorptive Extraction Followed
by High Performance Liquid Chromatography-Fluorescence Detection”. FPSE was applied for the
first time, to the trace level determination of selected polycyclic aromatic hydrocarbons (PAHs) in
environmental water samples using a non-polar sol-gel C18 coated FPSE media. Several extraction
parameters were optimized to improve the extraction efficiency and to achieve high detection sensitivity.
The developed and validated FPSE-HPLC-FLD protocol is simple, green, fast, and economical, with
adequate sensitivity for trace levels of four selected PAHs, and seems to be promising for the routine
monitoring of water quality and safety, as proved by application to the analysis of environmental
water samples [6].

Natalia Manousi, Georg Raber, and Ioannis Papadoyannis in their work, “Recent Advances in
Micro-extraction Techniques of Antipsychotics in Biological Fluids Prior to Liquid Chromatography
Analysis”, present an overview of microextraction techniques that are used prior to liquid
chromatography analyses both for forensic toxicology in different biological matrices as well as
therapeutic drug monitoring. Antipsychotic drugs are a class of psychiatric medication worldwide
that is used to treat psychotic symptoms, principally bipolar disorder, schizophrenia, and other
psycho-organic disorders, and therefore the necessity for sensitive analytical methods for their
determination is of utmost importance [7].
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Victoria Samanidou, Dimitrios Bitas, Stamatia Charitonos, and Ioannis Papadoyannis, in their
review, “On the Extraction of Antibiotics from Shrimps Prior to Chromatographic Analysis”, describe
the need for sensitive and selective methods of monitoring residue levels in aquaculture species for
routine regulatory analysis. It is well known that the widespread use of antibiotics in veterinary
practice and aquaculture has led to the increase of antimicrobial resistance in foodborne pathogens
that may be transferred to humans [8].

Global concern is reflected in the regulations from different agencies that have set maximum
permitted residue limits on antibiotics in different food matrices of animal origin. Since sample
preparation is the most important step, several extraction methods have been developed.
The review summarizes the extraction trends for several antibiotics classes from shrimps,
and compares the performance characteristics of the different approaches. In their work, “Trends in
Microextraction-Based Methods for the Determination of Sulfonamides in Milk”, Maria Kechagia and
Victoria Samanidou describe the state of the art sulfa drugs that are used in the dairy farming industry
in several countries to prevent infection. This increases the possibility that residual drugs could pass
through milk consumption, even at low levels. These traces of sulfonamides will be detected and
quantified in milk. Therefore, microextraction techniques must be developed to quantify antibiotic
residues, taking the requirements of green analytical chemistry into consideration as well [9].

Ana Isabel Argente-García, Yolanda Moliner-Martínez, Esther López-García, Pilar Campíns-Falcó,
and Rosa Herráez-Hernández, in their research article, “the Application of Carbon Nanotubes Modified
Coatings for the Determination of Amphetamines by In-Tube Solid-Phase Microextraction and
Capillary Liquid Chromatography”, present a study in which polydimethylsiloxane (PDMS)-coated
capillary columns (TRB-5 and TRB-35), both unmodified and functionalized with single-wall carbon
nanotubes (SWCNTs) or multi-wall carbon nanotubes (MWCNTs), have been tested and compared
for the extraction of amphetamine, methamphetamine, and ephedrine by in-tube solid-phase
microextraction (IT-SPME). Prior to their extraction, the analytes were derivatized with the fluorogenic
reagent 9-fluorenylmethyl chloroformate. The method was applied to the determination of the tested
amphetamines in an oral fluid using a TRB-35 capillary column functionalized with MWCNTs [10].

In their work, “Design of a Molecularly Imprinted Stir-Bar for Isolation of Patulin in Apple and
LC-MS/MS Detection”, Patricia Regal, Mónica Díaz-Bao, Rocío Barreiro, Cristina Fente, and Alberto
Cepeda present a rapid and selective method based on magnetic molecularly imprinted stir-bar
(MMISB) extraction developed for the isolation of patulin, using 2-oxindole as a dummy template.
Patulin is produced by a mold species that is normally related to vegetable-based products and
fruit, mainly apple. Its ingestion may result in agitation, convulsions, edema, intestinal ulceration,
inflammation, vomiting, and even immune, neurological, or gastrointestinal disorders. For this reason,
the European Commission Regulation (EC) 1881/2006 established a maximum content for patulin
of 10 ppb in infant fruit juice, 50 ppb for fruit juice for adults, and 25 ppb in fruit-derived products.
The successful MMISB approach has been combined with high performance liquid chromatography
coupled to tandem mass spectrometry (HPLC-MS/MS) to determine patulin [11].

Evangelos D. Trikas, Rigini M. Papi, Dimitrios A. Kyriakidis and George A. Zachariadis developed
their research paper, “Sensitive LC-MS Method for Anthocyanins and Comparison of Byproducts
and Equivalent Wine Content”, for the detection and identification of these compounds in the solid
wastes of the wine-making industry (red grape skins and pomace), using liquid–liquid extraction
prior to the liquid chromatography–mass spectrometry technique (LC-MS). The complete process was
investigated and optimized, starting from the extraction conditions (extraction solution selection, dried
matter-to-solvent volume ratio, water bath extraction duration, and necessary consecutive extraction
rounds), and continuing to the mobile phase selection [12].

Last but not least, Lingshuang Cai, Somchai Rice, Jacek A. Koziel and Murlidhar Dharmadhikari
present “an Automated Method for Selected Aromas of Red Wines from Cold-Hardy Grapes Using
Solid-Phase Microextraction and Gas Chromatography-Mass Spectrometry-Olfactometry”. The effects
of SPME coating selection, extraction time, extraction temperature, incubation time, sample volume,
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desorption time, and salt addition were studied. The developed method was used to determine the
aroma profiles of seven selected red wines originating from four different cold-hardy grape cultivars.
The presented method can be useful for grape growers and winemakers for the screening of aroma
compounds in a wide variety of wines, and can be used to balance desired wine aroma characteristics.
The aroma profile of red wine is complex, and research focusing on aroma compounds and their links
to viticultural and enological practices is always of high importance [13].

As the Guest Editor of this Special Issue, I would like to thank all of the authors for their
contributions, and reassure the readers that this field is expanding, so many other microextraction
approaches are yet to evolve.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Sample preparation has been recognized as a major step in the chemical analysis workflow.
As such, substantial efforts have been made in recent years to simplify the overall sample preparation
process. Major focusses of these efforts have included miniaturization of the extraction device;
minimizing/eliminating toxic and hazardous organic solvent consumption; eliminating sample
pre-treatment and post-treatment steps; reducing the sample volume requirement; reducing extraction
equilibrium time, maximizing extraction efficiency etc. All these improved attributes are congruent
with the Green Analytical Chemistry (GAC) principles. Classical sample preparation techniques
such as solid phase extraction (SPE) and liquid-liquid extraction (LLE) are being rapidly replaced
with emerging miniaturized and environmentally friendly techniques such as Solid Phase Micro
Extraction (SPME), Stir bar Sorptive Extraction (SBSE), Micro Extraction by Packed Sorbent (MEPS),
Fabric Phase Sorptive Extraction (FPSE), and Dispersive Liquid-Liquid Micro Extraction (DLLME).
In addition to the development of many new generic extraction sorbents in recent years, a large
number of molecularly imprinted polymers (MIPs) created using different template molecules
have also enriched the large cache of microextraction sorbents. Application of nanoparticles as
high-performance extraction sorbents has undoubtedly elevated the extraction efficiency and method
sensitivity of modern chromatographic analyses to a new level. Combining magnetic nanoparticles
with many microextraction sorbents has opened up new possibilities to extract target analytes from
sample matrices containing high volumes of matrix interferents. The aim of the current review is to
critically audit the progress of microextraction techniques in recent years, which has indisputably
transformed the analytical chemistry practices, from biological and therapeutic drug monitoring to
the environmental field; from foods to phyto-pharmaceutical applications.

Keywords: MEPS; FPSE; DLLME; magnetic nanoparticles; MIP; extraction procedures; green
analytical chemistry; quantitative analyses

1. Introduction

The development of analytical methods for quantitative analyses in environmental water,
biological sample matrices, and in food or food supplements with a reduced amount of toxic solvents,
and the replacing with non-toxic ones, without loss of efficacy in the extraction procedure, are important
aims for contemporary researchers [1,2]. These aspects are deeply valued during method development
and validation in all fields [3].

Separations 2017, 4, 36 5 www.mdpi.com/journal/separations
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Often, these aspects lead to the development of new approaches for analyte extraction
and clean-up involved in the development of better sorbent coating technology for solid phase
microextraction and stir bar sorptive extraction. The use of novel devices, like packed sorbent
(in microextraction by packed sorbent, MEPS), fabric phase sorptive extraction media (in fabric phase
sorbent extraction, FPSE), and imprinted polymer (in molecularly imprinted polymer extraction),
as well as the use of combined strategies with magnetic elements, can enhance the efficiency and the
recovery of the target analyte.

Liquid phase microextraction methods have demonstrated important innovations for the
extraction and pre-concentration of analytes from different matrices. Dispersive liquid-liquid
microextraction (DLLME) and its modifications, such as ultrasound-assisted DLLME (UA-DLLME),
ionic liquid-based dispersive liquid–liquid microextraction (IL-DLLME), deep eutectic solvent-based
dispersive liquid-liquid microextraction (DES-DLLME), and sugaring-out assisted liquid-liquid
extraction (SULLE), can offer unique benefits, such as a high pre-concentration factor for the
target analytes, low cost, simplicity and combined use with almost every analytical measurement
technique [4].

A large number of solvent microextraction techniques, including single-drop microextraction,
DLLME, and liquid-phase microextraction (LPME), have been reported. Implementation of these
techniques can vary widely, but common features remain the same, including the use of only
a small amount of organic solvents and a high sample-to-acceptor volume ratio. The organic phase,
which extracts and pre-concentrates the target analyte(s), can be used for quantification by means
of different types of instrument configurations [5]. LPME is usually performed to analyze water
samples or aqueous solutions. Analysis of solid samples is commonly done in two steps: the solid
sample is converted to aqueous solution using a suitable pretreatment procedure, and then the LPME
is applied. Direct analysis of solid samples is somewhat exceptional, rather than common. Several
works have been reported for the determination of different analytes in complex matrices, such as
phenolic compounds in plant materials [6] and food samples [7,8] by using DLLME in combination
with High Performance Liquid Chromatography-UltraViolet/Visible detector (HPLC-UV/Vis) [6] and
Gas Chromatography-Mass Spectrometry detector (GC-MS) [7] instrument configurations.

Replacing hazardous solvents with ionic liquids (IL) or natural deep eutectic solvents (NADES) is
another important task available in DLLME, and was recently reviewed by Shishov and co-workers [9].
It is possible to modify the IL’s properties depending on the analytical purpose, due to the cation’s fine
structure and the anion’s identity [10], but high cost and toxicity remain as the main disadvantages [11].
Recently, NADESs have been rapidly developed as a new type of green solvents, as an alternative
to ILs. NADESs are based on primary metabolites, such as organic acids, amino acids and sugars,
but limited data are available for these solvents’ properties.

The aim of this review is to report the recently applied protocols and devices used in the extraction
(and clean-up) procedures for quantitative analyses in complex matrices, with the main goal being
the reduction of time, sample manipulation, solvent consumption and use of non-toxic solvents,
in accordance with Green Analytical Chemistry (GAC) concepts.

2. Sorbent-Based Sorptive Microextraction Techniques

Sorbent-based sorptive microextraction techniques utilize a solid/semi-solid organic polymer
as the sorbent, immobilized on a substrate (such as fused silica fiber, silica particles, glass-coated bar
magnet, cellulose/polyester/fiber glass fabric etc.), and include solid phase microextraction (SPME)
and its different modifications and implementations, stir bar sorptive extraction (SBSE), microextraction
by packed sorbent (MEPS), thin film microextraction (TFME), and fabric phase sorptive extraction
(FPSE). Sampling and sample preparation using these techniques are often carried out either by
(1) headspace extraction; or by (2) direct immersion extraction. Due to the glue-like, highly viscous
polymeric sorbents are prone to irreversibly adsorb matrix interferents from the sample matrix,
direct immersion extraction can only be done when the aqueous sample is free from particulates
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or macromolecules. As such, biological, environmental and food samples require rigorous sample
pretreatment prior to analyte extraction such as filtration, centrifugation, protein precipitation, etc.
Once the analytes are extracted into these devices, desorption can be carried out by applying thermal
shock or by exposing to an organic solvent. Due to the special geometrical advantage (fiber retractable
inside a syringe needle), SPME fiber can be introduced directly into GC inlet or into the HPLC system
via a special interface. For SBSE or FPSE, a thermal desorption unit can be used. Alternatively,
solvent mediated desorption can be used followed by injecting an aliquot into GC or HPLC for
chromatographic separation and analysis.

2.1. Fiber-Based Solid-Phase Microextraction, Capillary Solid-Phase Microextraction, and Related Techniques

Solid-phase microextraction (SPME), invented by J. Pawliszyn in 1987, undoubtedly deserves the
credit for beginning a new era in analytical sample preparation characterized by solvent-free extraction,
miniaturization and automation. SPME integrates sampling, extraction and analyte preconcentration
into a single step. Due to this ease of interfacing with other analytical systems, as well as many other
advantages, SPME has been enjoying exponential growth in applications in many different areas since
its inception.

The miniaturization of sample preparation techniques and the integration, particularly in on-line
configuration, of chromatographic instruments that could allow a reduction in labor-intensive manual
operation and help to enhance the overall analytical performance [12] still remain the major focus
in academic and industrial research. In this scenario, even if MEPS is more easily automated than
SPE, and more robust than solid-phase microextraction (SPME) [13], sorbent-based techniques and
their different formats certainly represent a valid choice. These techniques provide simplicity in their
operation, consume no solvent or minimize solvent usage, allow the separation and pre-concentration
of the analytes using different commercial fibers, and the possibility of automating the entire process
could be successfully applied in food, environmental, clinical, pharmaceutical and bioanalysis
applications [14–16], as recently reviewed by Silva and co-workers [17].

The fibers, which are commercially available, may be different based on their type:

- non-bonded phases: stable with some water-miscible organic solvents, although some swelling
may occur when used with non-polar solvents,

- bonded phases: stable with all organic solvents, except for some non-polar solvents,
- partially cross-linked phases: stable in most water-miscible organic solvents and some polar solvents,
- highly cross-linked phases: similar to the partially cross-linked phases, except that some bonding

to the core may occur.

All of these phases have been strongly and deeply studied and implemented for analysis of
volatile components and in different applications—e.g., food, food supplements, and bioanalysis—but
all show the same limitation with regard to handling of large sample volumes as for the main
SPE/SPME procedure. These procedures (also capillary-like) could easily be used in biological and
food analyses due to the relatively low sample volume, but in environmental applications, where large
sample volumes are required in order to obtain higher pre-concentration factors, their limitations
are highlighted.

Even if these “limitations” are present, fiber-based solid-phase microextraction and capillary
solid-phase microextraction represent valid alternatives to conventional approaches due to the wide
range of phases commercially available, their better stability and reproducibility (both between lots
and analyses), and their unique characteristic of being solvent-less.

The latter techniques, capillary solid-phase microextraction, consist of an inert liner with a packet
of coated open capillary tubes inside. The main advantage in comparison to the other reported
microextraction procedures is that the surface areas of the extraction phase are more than two orders
and one order of magnitude higher, respectively, than that of fiber-SPME. Hence, an equal extraction
quantity can be obtained in a lower time. Another advantage is represented by the large cross-section
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area, resulting in a lower flow resistance; consequently, water samples are able to flow through the
cartridge independently, without the need for an auxiliary apparatus. Using capillary solid-phase
microextraction, the extraction phase is protected from damage in the liner, so no heightened
precautions are needed during application. Furthermore, the cartridge shows a small-bore diameter,
which ensures the retention of trace and ultra-trace compounds using limited sample amounts,
allowing high absolute recovery. The advances in SPME in terms of new coatings, formants and
applications have been reviewed in a large number of articles; only a few are referenced here [18–21].

Although SPME offers numerous advantages over conventional sample preparation techniques,
it suffers from significant shortcomings, including (1) relatively low operating temperature;
(2) instability and swelling of the coating if exposed to organic solvents; (3) low sorbent loading
results and poor extraction sensitivity; (4) high run-to-run and batch-to-batch variability; (5) the fact
that the slow diffusion of the analyte(s) into viscous sorbents often leads to a long extraction equilibrium
time; and (6) the fact that physically holding sorbent to the inert support results in a short life time for
the SPME fiber. The majority of the shortcomings stem from the sorbent coating technology used in
manufacturing the SPME fibers. However, the coating-related deficiency has been duly addressed by
the sol-gel-based coating technology developed by Malik and his research groups [22]. This technology
subsequently aided in the development of hundreds of sorbents possessing unique selectivity, as well
as unprecedented thermal, solvent and chemical stability. A large number of review articles have
critically evaluated these SPME coatings [23–27].

2.2. Stir Bar Sorptive Extraction (SBSE)

Stir bar sorptive extraction was developed by Pat Sandra and his research group [28] with the
aim of increasing the extraction sensitivity of SPME by incorporating substantially higher sorbent
loading compared to SPME. In the original invention, poly(dimethylsiloxane) (PDMS) was coated onto
a glass-coated magnetic bar. The unique design of SBSE makes it an independent sample preparation
device, capable of diffusing the sample matrix by itself on a magnetic stirrer without requiring any
external magnet. Extraction and preconcentration of the analyte is carried out by introducing the SBSE
device directly into the aqueous sample. The analytes are extracted and preconcentrated when the SBSE
spins inside the solution. Following the analyte extraction (driven by equilibrium), the SBSE device is
withdrawn from the sample, rinsed with deionized water to clean matrix interferents, and dried with
a Kim wipe. Subsequently, the extracted analytes are desorbed using a thermal desorption unit coupled
to gas chromatography, or can be subjected to solvent desorption by exposing it to a small volume of
a suitable organic solvent. The eluent is typically dried under nitrogen, and the sample is reconstituted
in smaller-volume solvent. The sample can be analyzed in a gas or liquid chromatographic system.
SBSE devices are commercially available under the trade name Twister®. Among others, a major
drawback of this technique is the availability of only two phases: PDMS and Poly(ethylene glycol) in
PDMS [29]. The high viscosity of both of these phases slows down analyte diffusion during extraction,
resulting in a long extraction equilibrium time. As such, the extraction sensitivity in SBSE has not been
improved proportionately with the sorbent loading, compared to SPME. Several review articles have
discussed recent developments in SBSE [29–33]. As in the case of SPME, the efficiency of SBSE has
been substantially improved by adopting sol-gel coating technology [34–38].

2.3. Micro Extraction by Packed Sorbent Procedures (MEPS)

Recently, Abdel-Rehim and coworkers [39] reviewed the literature published on Micro Extraction
by Packed Sorbent (MEPS) methods. This extraction procedure shows some very interesting potential
benefits, such as low solvent consumption, small sample volume (10–250 μL), and the ability to
be directly injected into the HPLC system without further treatments, with solvent volumes being
compatible with several instrumental configurations and analyses. Figure 1 shows the device and the
general procedure applied in MEPS extraction.
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Figure 1. Device (left) and general procedure (right) applied in MEPS extraction.

This device is used in different fields, from biological applications to food and food supplement
analyses. The main drawback is also related to its advantages. In fact, the possibility of using
small sample volumes permits its application in analyses where only small volumes are available,
for example plasma. In the case of higher volumes (such as in the environmental field), this device
often shows its limitations.

Nowadays, several types of packing materials are available, including:

- Silica-based sorbents SIL (unmodified silica),
- C2(ethyl),
- C8 (octyl),
- C18 (octadecyl);
- Mixed-mode C8 and ion exchange (SCX),
- Mixed-mode M1 (80% C8 and 20% SCX with sulfonic acid bonded silica);
- Polystyrene-divinylbenzene (PS-DVB),
- Porous graphitic carbon,
- Molecular imprinted polymers (MIPs) based on different templates,
- Metal organic framework (MOF)-based MIPs [40,41],
- Monoclonal antibodies (mAbs) for immunoaffinity sorbents production.

Additionally, other commercial sorbents, such as new kinds of graphitic sorbent, polypyrrole/
polyamide, polyaniline nanowires, CMK-3 nanoporous materials, functionalized silica monoliths,
APS (amino-propyl silane), and cyanopropyl hybrid silica have been successfully applied in MEPS
devices to extract different groups of analytes, as recently reviewed [39,42].

To aid and improve the reproducibility during the extraction process, MEPS devices are also
coupled to syringes in semi-automated and/or fully automated configurations. In fact, the main
critical point during extraction relates to the reproducibility of the flow rate (generally μL s−1)
used in the different steps (Figure 1). A MEPS syringe and a one-way check valve [43] was used
for the realization of automated or semi-automated MEPS extraction, both for on-line and off-line
instrument configurations.

Table 1 presents selected MEPS applications in different fields and the performances obtained
when applying this device.
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As previously mentioned, applications in environmental fields are very limited due to the large
volumes that are necessary for the trace analysis of pollutants, both organic and inorganic. Additionally,
applications are relatively limited for foods and food supplements due to difficult application of MEPS,
which requires a longer time in the pre-analytical steps.

2.4. Fabric Phase Sorptive Extraction Procedures (FPSE)

Fabric Phase Sorptive Extraction (FPSE) is a novel sample preparation procedure that mitigates
the drawbacks of MEPS. In fact, it allows small and large volumes to be treated, and could be usefully
applied in all fields where a very high pre-concentration factor is required, from environmental to
biological, from toxicological to food and food supplement quality control. The common drawbacks
encountered in conventional sample preparation techniques can be conveniently overcome by using
FPSE—developed by Kabir and Furton [59], and recently reviewed by the inventors [60]—which does
not require any matrix modifications or clean-up. FPSE successfully integrates the advantages of
equilibrium-based extraction (SPME/SBSE) and exhaustive extraction (SPE) without the necessity
of time-consuming sample pretreatment procedures such as protein precipitation. The sorbent is
covalently bonded to the substrate surface, and therefore offers high chemical, physical, and thermal
stability. In addition, the open geometry of the media facilitates fast analyte sorption and desorption.
The substrate used in FPSE is not inert, and contributes synergistically to the overall polarity of the
FPSE media. Fabric phase sorptive extraction substantially simplifies the sample preparation workflow
in comparison to other available and recent techniques, as demonstrated in Figure 2.

Figure 2. General procedure (right) applied in FPSE extraction.

Using FPSE devices, both large sample volumes (such as in the environmental field) and small
sample volumes (generally applicable in the biological and pharmaceutical fields) can be easily handled,
maintaining very good analytical performances in terms of LOQ, linearity and low pre-analytical steps,
as reported in Table 2.
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2.5. Magnetic Nanoparticle Extraction

Recently these applications were reviewed [9], and in particular, a review focused on using magnetic
nanoparticles for the selective extraction of trace species from a complex matrix was reported [83].

The main advantage of this last configuration is the possibility of retaining the analytes adsorbed
on magnetic stationary phase directly in the tube, cleaning the sample from the matrix and the
interference compounds, and analyzing the extract directly for trace species.

To date, no other innovative applications—except for those reported in very recent review
papers—have been reported in the literature for food analysis [84], for drugs in biological matrices [85],
or in other research fields [86,87].

All of these papers clearly report the great advantages in using magnetic devices to allow the total
recovery of the extracted analytes by using a strong magnet during the cleaning process. In this way,
it could be possible to retain the analytes without any loss related to the wash step.

Additionally, it is also possible to dry the extracted samples and re-suspend them in a mobile
phase more suitable for the instrumental analysis, thus also obtaining a great pre-concentration factor
for trace analyses.

3. Solvent-Based Microextraction Techniques

Due to its high toxicity, expensive disposal requirements, and contribution to further
environmental pollution, liquid-liquid extraction and its various modifications have undergone critical
evaluation during the last decade, leading to the introduction of liquid phase microextraction (LPME).
In a very short period, a number of techniques evolved, with the common goal of minimizing solvent
consumption in the sample preparation process.

3.1. Liquid-Liquid Micro Extraction (LPME)

Considering the principles of Green Analytical Chemistry [88], the development of analytical
methods that reduce the amount of toxic solvents, or replace them with non-toxic alternatives without
sacrificing the efficacy of the extraction procedure, is a major aim for researchers.

Liquid phase microextraction methods (LPME), in comparison to solid phase (micro) extraction,
have shown important innovations for trace analytes in different matrices. LPME is utilized
for organic compounds and inorganic trace elements in several application fields, such as the
environmental, biological, and food fields. LPME can be divided into three different procedure
modes: headspace LPME (HS-LPME), direct-immersed LPME (DI-LPME), and hollow fiber LPME
(HF-LPME). In HS-LPME, a drop of extraction solvent—which can be either an organic solvent or
a water solution—is suspended at the tip of a micro-syringe needle and exposed to the headspace of the
sample; this is very suitable for analyses of volatile compounds. DI-LPME is very similar, except that
the extraction solvent must be immiscible with aqueous solutions, and is directly immersed into
a stirred sample solution. HF-LPME uses a hollow fiber in order to stabilize and protect the extraction
solvent, while the small fiber pore size avoids the interference of large molecules and particles,
which could result in a more extensive clean-up of the sample during the extraction process. Sharifi
and co-workers [89] recently reviewed the principal applications in which these LPME techniques
are applied.

3.2. Dispersive Liquid-Liquid Microextraction (DLLME)

Dispersive liquid-liquid microextraction (DLLME) and its modifications—such as ultrasound-assisted
DLLME (UA-DLLME), ionic liquid-based dispersive liquid-liquid microextraction (IL-DLLME),
deep eutectic solvent-based dispersive liquid-liquid microextraction (DES-DLLME), and sugaring-out
assisted liquid-liquid extraction (SULLE)—offer unique benefits, such as a high pre-concentration
factor for the target analytes, low cost, simplicity, and the possibility of combined use with almost every
analytical measurement technique [4,90,91]. A large number of solvent microextraction techniques,
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including single drop microextraction, DLLME, liquid phase microextraction (LPME), have been
reported. This extraction procedure allows a better analytical performance in comparison to HF-LPME,
as reported by Xiong and Hu [92]. The organic phase, which contains the target analyte(s), can be
used for quantification by means of different types of instrument configurations [5]. LPME is usually
performed to analyze water samples or aqueous solutions. Analysis of solid samples is commonly
done in two steps; the solid sample is converted to aqueous solution using a suitable pretreatment
procedure, and then LPME is applied.

4. Conclusions

As is clearly highlighted in this review paper, the extraction (and clean-up) procedures applied
to complex matrices are the real rate-limiting step in sample preparation, particularly related to the
overall analytical performance of the developed (and validated) method. Several procedures that
have recently been applied, their main aim being the reduction of time, sample manipulation, solvent
consumption, and use of toxic solvents, in accordance with the Green Analytical Chemistry (GAC)
concepts. A good idea of the advantages/disadvantages of the different procedures treated herein is
reported in Table 3.

Table 3. A comparison of some characteristics of sample preparation techniques [17,93,94].

Feature MEPS FPSE DLLME SPE SPME

Phase amount 0.5–4 mg n.a. n.a. 50–10,000 mg 150 mm thickness
Principle-separation no emulsion no emulsion emulsion no emulsion no emulsion

Procedure time 1–2 min 5–30 min 5–15 min 10–15 min 10–40 min
Re-use 40–100 times 30–50 times Single use Single use 50–100 times

Recovery + + + + −
Carryover − − n.a. + +

Solvent consumption − +/− + + solventless
Sensitivity − + + + −
Easy-to-use − + − + −

Sample quantity − +/− +/− + +
Easily adaptable to GC or HPLC GC or HPLC GC or HPLC GC or HPLC GC

Automatable + − − + +

Target analytes
polar and

charged analytes
may be extracted

polar and
charged analytes
may be extracted

polar analytes
difficult to

extract

polar and
charged analytes
may be extracted

polar and
charged analytes
may be extracted

Cost − n.a. + + +
Commercially available + − + + +

n.a. not applicable; + high; − low; +/− high or low depend to the application field.

These innovative procedures also allow analytical performance to be improved by using
well-known instrument configurations—such as HPLC-UV/Vis—while avoiding the use of more
complex and expensive ones (HPLC-MS, UPLC-MS, etc.). Additionally, these instrumentations can also
be used by non-expert operators in routine analyses, both in clinical and in quality-control procedures.
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Abstract: The extraction yield of a microextraction technique depends on thermodynamic and
kinetics factors. Both of these factors have been the focus of intensive research in the last few years.
The extraction yield can be increased by synthesizing and using novel materials with favorable
distribution constants (one of the thermodynamic factors) for target analytes. The extraction yield
can also be increased by improving kinetic factors, for example, by developing new extraction modes.
Microextraction techniques are usually non-exhaustive processes that work under the kinetic range.
In such conditions, the improvement of the extraction kinetics necessarily improves the performance.
Since the extraction yield and efficiency is related to how fast the analytes diffuse in samples, it is
crucial to stir the sample during extraction. The stirring can be done with an external element or can
be integrated with the extraction element in the same device. This article reviews the main recent
advances in the so-called extraction/stirring integrated techniques with emphasis on their potential
and promising approaches rather than in their applications.

Keywords: extraction/stirring integrated techniques; stir bar sorptive extraction; stir membrane
extraction; stir cake sorptive extraction; rotating disk sorptive extraction

1. Introduction

Microextraction techniques are physicochemical processes based on the mass transference between,
at least, two different phases. Mass transference is driven by thermodynamic and kinetics factors, both
of which have a dramatic impact on the extraction yield [1]. Thermodynamics defines the maximum
amount of analytes that can be extracted by a technique while kinetics defines the rate at which this
transference occurs. The microextraction thermodynamics is mainly described by the distribution
constant and many factors, such as the use of secondary reactions or the proper selection of the working
pH, may affect this partitioning equilibrium. However, microextraction techniques usually work under
diffusion controlled conditions. This situation, a direct consequence of the size difference between
the sample and extractant phases (the diffusion paths of the analytes become larger), is of paramount
practical importance. In short, a thermodynamically favored but slow technique is not suitable for
analytical purposes, as it would provide a very low sample throughput. Therefore, kinetic factors
must be deeply considered in any microextraction development. Among these factors, the extraction
surface and the Nernst boundary layer can be highlighted. On one hand, the extraction kinetics are
dependent on the area of the interface between the sample and the extractant. This phenomenon is
behind the development of dispersive techniques [2] where the liquid or solid extractant is dispersed
in the form of fine droplets or small-sized particles into the sample. On the other hand, the thickness of
the boundary layer between the bulk sample and extractant also affects the extraction rate. In this case,
the higher the thickness, the lower the rate. The boundary layer thickness can be effectively reduced
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if the sample is agitated, enhancing the mass transference during the extraction. In fact, agitation is
common to all of the microextraction techniques.

Agitation can be done in two different ways. In most cases, the sample is agitated using an internal
mechanical element (e.g., inert stir bar) or an external energy source (e.g., ultrasound) independent
of the extraction element. However, some techniques are based on the integration of the agitation
and extraction elements in the same device. This integration simplifies the extraction to a large extent,
avoids analyte losses due to retention on external devices, and enhances the extraction yields. These
techniques, that can be named as extraction/stirring integrated techniques, are the topic of this review
article. This contribution reviews the recent developments of these techniques rather than focusing on
the applications reported in the field.

2. Stir Bar Sorptive Extraction

Stir bar sorptive extraction (SBSE) was the first technique based on the integration of the extraction
and stirring elements in the same device. It was proposed in 1999 as an alternative to solid phase
microextraction (SPME) with which it shares some extraction principles [3]. The basic SBSE device
consists of a stir bar coated with a polymeric phase that acts as the extractant. The stir bar is
introduced and stirred into the sample and the analytes are extracted in an enhanced diffusion
medium. The similarities between SPME and SBSE are based on the use of almost the same coatings
which makes the application field similar. However, both techniques operate with different workflows
and also differ based on the sorptive phase thickness. The last fact is of paramount importance and
has thermodynamic and kinetics connotations. On the one hand, the extraction recoveries in SBSE are
higher than in SPME, as the volume of the sorptive phase is 50–250 times higher in the first technique.
However, the extraction kinetics are somewhat affected by the thickness since the diffusion of the
analytes in the polymeric coating is hindered [4].

Polydimethylsiloxane (PDMS), a classic SPME coating, is extensively reported in SBSE applications,
which are focused, as a direct consequence of the hydrophobic nature of the coating, on the extraction
of non-polar compounds [5]. The in-lab synthesis of new coatings to extend the applicability of SBSE
has been the main research topic during the last decade. The most salient coatings are presented in
the following sections. However, it is necessary to highlight that some of the new coatings are not
commercially available since they are not as robust as the classical PDMS one.

2.1. Selective Coatings in SBSE

Conventional PDMS lacks extraction selectivity as the analytes are isolated by hydrophobic
interactions. However, selectivity is an important analytical feature in extraction methods that becomes
critical in the microextraction context where the sorptive capacity is limited. This situation is even
more complicated when complex samples comprising hundreds of interferents are processed [6].
Under these circumstances, a selective coating allows the use of the limited sorption capacity to the
target analytes, avoiding sorbent saturation by the matrix components. The enhancement of sorption
selectivity in SBSE has been accomplished following several strategies, the most important among
them being the use of molecularly imprinted polymers (MIPs) or selective molecules.

Molecularly imprinted polymers can be defined as polymeric networks containing selective
chemical cavities for the target analyte and structurally related compounds. These cavities are ad-hoc
prepared by incubation, prior to the polymerization, of a special monomer with the target compound.
In these conditions, the polymer grows around the template creating a cavity sterically and chemically
compatible with the template. This cavity is released by the washing of the polymer, a critical step.

The use of MIPs as SBSE coatings was first proposed by Zhu et al. in 2006 [7]. This approach
exploited the switchable solubility of nylon in order to create a multi-cavity network towards
monocrotophos. A precursor solution containing the template and the polymer was prepared in
formic acid where nylon was completely soluble. The stir bar was subsequently immersed into the
solution and finally in pure water. The solvent change over induces the gelation of the polymer, which
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is not soluble in water, around the template molecules creating the selective cavities. The resulting
MIP showed a high porosity which was beneficial for the extraction kinetics.

Although the previous approach is simple and useful, MIPs-bars have been mainly synthesized
by co-polymerization of an appropriate monomer and a crosslinker in the presence of the template
molecule. The bar must be previously treated in order to achieve a strong retention of the MIP over its
surface which is crucial during the extraction (mechanical stability) and elution (chemical stability)
steps. This strategy was followed by Xu et al. in order to fabricate MIP-bar towards ractopamine [8].
In the last few years, this workflow has been proposed for the extraction of triazines in rice [9],
thiabendazole in citrus samples [10], and melamine in powdered milk [11]. The selectivity of MIPs
restricts their applicability to compounds with similar chemical structures. In some cases, the analyst
may be interested in the extraction of two or more different families of compounds while maintaining a
high selectivity level. Dual template MIPs try to address this situation by creating a polymeric network
with two types of cavities, each one selective for a family of compounds. The process is quite similar
to that previously described although in this case two templates, instead of one, are added to the
synthesis medium. This approach has been proposed to create stir bars that are selective towards
different estrogenic compounds in water and plastic samples [12]. Seng et al. have also proposed an
alternative synthetic method that consists of the preparation of silica particles coated with the MIP
which are finally loaded into the stir bar. This approach was applied for the extraction of bisphenol A
from water with excellent results [13].

Other chemical structures can be used to enhance the extraction selectivity. In this sense,
a polymeric composite containing α-cyclodextrin as a selective element has been reported as an SBSE
coating for the extraction of polychlorinated biphenyls (PCBs) from water samples [14]. α-Cyclodextrin
is a cyclic (R-1,4)-linked oligosacharide that consist of six glucopyranose subunits that presents a
cage-like structure. The hydrophobic cavity can host analytes with a mechanism where the molecular
size plays a key-role.

Aptamers, which are artificial nucleic acid (DNA or RNA) ligands towards specific analytes, have
been used as biorecognition elements in SBSE for the extraction of selected PCBs from fish samples [15].

2.2. The Potential of Nanoparticles in SBSE

Nanoparticles (NPs) can be defined as those particles that present one or more dimensions in the
nanometric range (using 100 nm as an arbitrary reference), which provide them with special properties
not observed in the bulk material [16]. The use of NPs in sample treatment has been the focus of
extensive research during the last decade [17,18], since their properties are different than the classical
materials. In SBSE, NPs may play two different and, in some cases, complementary roles. On the one
hand, they can act as the active sorptive phase introducing new interaction chemistries that boost the
extraction of the target analytes. On the other hand, the inclusion of NPs in the polymeric SBSE coating
avoids the normal stacking of the polymer network, creating a more porous structure which makes the
diffusion of the analytes easier with evident kinetics benefits.

Nanoparticles can be classified according to different criteria. Considering their chemical composition,
they can be divided into inorganic or carbon based NPs. In this sense, inorganic NPs have been
proposed as components of SBSE coatings. Li et al. reported the use of zirconia NPs as the sorptive
phase for the extraction of polar organophosphorous compounds in water samples [19]. The location
of ZrO2 NPs, with sizes in the range of 10–20 nm, over a PDMS phase generates a rough coating
with a superficial area of 103 m2/g and a pore size of 5 nm. Figure 1 shows an SEM picture of the
dumbbell-shaped stir bar and a closer view of the coating. ZrO2 NPs prevail over PDMS in the
interaction with the polar analytes, which can be extracted by three mechanisms (cation/anion/ligand
exchange) depending on the working pH. The enrichment factors (742–1583) were excellent.
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Figure 1. Scanning electron microscopy (SEM) picture of the (a) dumbbell-shaped stir bar
(magnification 40×) and (b) the surface of the coating (magnification 150×). Reproduced with
permission from [19], copyright Elsevier, 2012.

Magnetic nanoparticles have also found applications in SBSE in an elegant approach proposed by
Benedé et al. [20], which combines the benefits of classical dispersive phase microextraction and SBSE.
The extraction workflow, which is schematically shown in Figure 2, consists of several subsequent
steps. Initially, the oleic acid coated CoFe2O4 NPs are attached to the stir bar by magnetic forces. Once
the stir bar is introduced into the sample, the bar is stirred at high velocities inducing the detachment of
the magnetic nanoparticles (MNPs) which are dispersed into the sample, extracting the target analytes.
After that, the stirring rate is reduced inducing again the attachment of the MNPs on the bar for the
final elution. This approach reduces the treatment time as the isolation takes place under a perfect
dispersion of the sorbent. In addition, it is versatile since virtually any MNP can be applied. In fact,
the same authors have evaluated the potential of magnetic nylon 6 composites under this format [21].

Figure 2. Scheme of stir bar sorptive-dispersive microextraction mediated by magnetic nanoparticles.
Reproduced with permission of the Microextraction Tech blog.

Carbon based nanomaterials can develop special interaction chemistries that can be used to
enhance the extraction selectivity. The capacity of carbon nanotubes (CNTs) to interact by π–π bonds
with analytes containing aromatic domains has been exploited in SBSE [22–24]. The introduction of
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CNTs in the sorptive phase can be done in several ways. Hu et al. [22] introduced amino-modified
CNTs in a PDMS matrix, where they are entrapped, in order to make the extraction of polar phenols
feasible. The presence of CNTs in the polymer creates a rougher surface with a higher extraction
capacity. Farhadi and co-workers preferred a different approach based on the electro-polymerization
of aniline over a steel pin in the presence of CNTs, which are also introduced in the polymeric
network [23]. Although the inclusion of CNTs enhances the extraction capacity, the amount of CNTs
that can be loaded is somewhat limited by mechanical stability issues. In fact, the resulting composite
becomes unstable when the amount of CNTs is high. This stability can be improved if covalent
bonding is selected to anchor the CNTs into the polymeric network [24]. This synthetic path requires a
modification of the CNTs which are previously oxidized to include carboxylic groups on their surface.
Carboxyl groups are finally transformed into the acyl chloride form, allowing their inclusion into a
polyethylene glycol (PEG) phase.

Graphene oxide (GO) has been also proposed as a SBSE coating element. Fan et al. evaluated a
polyethylene glycol (PEG)/GO composite for the extraction of fluoroquinolones from chicken muscle
and liver [25]. The composite, which is synthesized by co-blending, is finally immobilized over the stir
bar by the sol-gel reaction. It provides the best extraction of the target analytes compared to commercial
and lab-made PDMS coatings thanks to its superior hydrophobic/hydrophilic balance. The presence
of PEG also stabilizes GO avoiding losses of the nanomaterial during stirring. The introduction of
GO into the coating can be also done with a different strategy. Zhang et al. proposed the use of
polydopamine coated over a stainless steel bar as a support for the covalent GO immobilization [26],
providing a better distribution of the nanomaterial in the polymeric network. The resulting composites
provided better efficiencies (signal enhanced by factors higher than 10) than the naked polymeric
coating. Although GO has an active role on the extraction in the above reported applications, it may
also play other secondary but positive roles in the extraction. In this sense, it has been also proposed as
a dopant for enhancing the extraction capabilities of an MIP stir bar coating [27] through improvement
of the coating porosity.

2.3. ICE Concentration Linked with Extractive Stirrer

The improvement of the extraction yield can be also achieved by the proper modification of
the experimental conditions. Recently, Logue et al. have proposed the so-called ice concentration
linked with an extractive stirrer (ICECLES) which combines the advantages of freeze concentration
and SBSE [28].

Freeze concentration can be considered as an innovation in analytical sample preparation although
it is frequently used in the food industry to concentrate liquid products. It is based on a simple and well
known principle, freezing-point depression. This principle states that solutions have lower freezing
points than pure water. As a consequence, when a sample is cooled down, ice starts to form, excluding
the solutes which are concentrated in the remaining liquid.

ICECLES operates in a simple and well established workflow (see Figure 3). A sorptive bar is
introduced into a liquid sample and is stirred continuously. During the extraction, the sample is
cooled down, inducing the freeze concentration. As a result, the solution is enriched with the analytes
establishing a higher concentration gradient with the stir bar, thus increasing the extraction yield.
In addition, the lower temperature increases the sorption of the analytes as this process is exothermic.

ICECLES provides signal enhancement factors of 450 over conventional SBSE for the extraction of
(semi)volatile compounds, which makes it a very promising technique in the coming years.
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Figure 3. Scheme of ice concentration linked with the extractive stirrer technique. The stirrer is located
in the bottom of the vial (A) which is cooled down. As a consequence, ice is created (B and C) leaving a
more concentrated solution than the original sample. The pictures show the extraction of methyl violet
as the model analyte: (a) initial state, (b) extraction and (c) final state. Reproduced with permission
from [28], copyright Elsevier, 2016.

3. Stir Membrane Extraction

Stir membrane extraction (SME) was proposed by our research group in 2009 as a new stirring
technique based on the use of polymeric membranes as sorptive phases [29]. Membranes present a high
surface-to-volume ratio and permeability, especially if they are compared with classical SBSE coatings,
which are advantageous characteristics from the kinetics point of view. To be applied, SME requires
a special device that integrates stirring (a protected iron wire) and extraction (membrane) elements.
The first unit, schematically shown in Figure 4A, was designed in polypropylene using commercial
products as precursors. In its first application, aimed at determining selected polycyclic aromatic
hydrocarbons (PAHs) in water samples, SME provided better results than stir bars fabricated by the
same membrane polymer (PTFE). Although SME can be applied in the normal extraction/elution
workflow, it can be directly combined with spectroscopic techniques that allow the in-membrane
detection of the targets without a previous elution. This strategy was reported for the determination of
the hydrocarbon index in water by infrared spectroscopy [30]. For this purpose, the SME unit was built
in stainless steel (Figure 4B) to promote the retention of the analytes into the membrane which presents
a low thickness (40 μm), to permit the transmission of the infrared beam. The versatility of SME is
based on the great availability of commercial and lab-made membranes. In fact, the use of fabric phases,
a porous hybrid inorganic-organic sorbent material chemically bonded to the flexible and permeable
substrate matrix, [31] has been also proposed as a sorptive phase in SME [32]. This combination
allowed the extraction of several triazine herbicides from water samples with enrichment factors in the
range from 444 to 1410.

Figure 4. Stir membrane extraction device. (A) Diagram of the unit built in plastic; (B) picture of the
unit built in stainless steel (reproduced with permission from [30], copyright Springer, 2010).
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3.1. Stir Membrane Extraction in the Liquid Phase Microextraction Context

The original SME device can be adapted to the liquid phase microextraction (LPME) context with
slight modifications. The simple introduction of a cap in the lower part of the unit creates a small
chamber where an extractant phase can be located, as can be observed in Figure 5. The membrane is
used for achieving the confinement of the liquid extractant phase in the chamber while the unit is stirred
in the sample. The stir membrane unit in LPME can operate under the two [33] and three [34,35] phase
mode. In the two phase mode, an organic solvent is located in the chamber, wetting the membrane, and
the analytes are extracted by the different solubilities they present in the aqueous (sample) and organic
(extractant) phases. This mode is specially indicated for the extraction of non-polar compounds and it
is fully compatible with gas chromatography. In the three phase mode, the organic solvent only wets
the membrane (forming the so-called supported liquid membrane, SLM) while an aqueous phase is
located in the internal chamber. This mode, which is based on the transference of the analytes through
the SLM thanks to an existing pH gradient between the sample and the extractant (both of aqueous
nature), is useful for the extraction of ionisable non-polar compounds.

 
Figure 5. Stir membrane extraction device working in the liquid phase microextraction context.

The conventional stir membrane unit, both in the solid and liquid phase microextraction context,
is stirred in the sample. Sample volumes larger than 20 mL (the exact volume depends on the
extraction vessel) are required which restricts the application to some biological samples with limited
volume. For this reason, the stir membrane extraction has been also adapted to this scenario. This was
accomplished by slightly modifying the device, as can be observed in Figure 6, by just increasing
the height of the plastic adapter. This modification allows the creation of an upper chamber with a
small volume where the sample is located [36]. Although this approach, which was evaluated for
the extraction of paracetamol from saliva samples, cannot be strictly considered as a stirring device
(the unit is agitated in a vortex), it clearly shows the versatility of the membrane-based units.

 
Figure 6. Modification of the stir membrane liquid-liquid-liquid extraction device to process a low
volume of sample. SLM, supported liquid membrane.

In the same way, the original device has been adapted for solid-liquid-liquid extraction [37].
Although the main idea remains the same, the unit was built using a different construction block.
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In this case, a conventional plastic eppendorf tube is used as extraction device (Figure 7) where the
solid sample is dispersed in an organic solvents mixture. An aqueous extractant phase is situated
in the eppendorf cap and protected by a polymeric membrane. Once deployed, the unit is rotated
and agitated. During the extraction, the analytes are transferred from the solid sample to the organic
solvent and then from the organic solvent to the aqueous phase, passing through the membrane.
This approach was initially used for the determination of parabens in lyophilized human breast milk
with very good sensitivity.

 

Figure 7. Device for stir membrane solid-liquid-liquid extraction. Reproduced with permission
from [37], copyright Elsevier, 2014.

3.2. Adaptations of Stir Membrane Units

The stir membrane unit has been adapted to other formats. For example, the polymeric membrane
can be substituted by a borosilicate disk to develop liquid phase microextraction in a solvent film.
In this case, the disk is derivatized with octadecyl groups that make the physical immobilization of an
organic solvent, the active extractant, on the disk surface easier. This approach provides enrichment
factors towards selective triazine herbicides in the range from 79 to 839 [38].

In addition, the use of small magnets within the unit (Figure 8) has allowed the development of
the so called magnetically confined extraction [39,40]. The magnet allows the stirring of the device and
the confinement of the hydrophobic magnetic nanoparticles (extractant) over the unit. This approach
exploits the extraction capacity of these nanoparticles which are hard to disperse into an aqueous
media due to hydrophobic attractions.

Figure 8. Device for microextraction of magnetically confined hydrophobic nanoparticles. MNPs,
magnetic nanoparticles.
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4. Stir Cake Sorptive Extraction

Stir cake sorptive extraction (SCSE) was first proposed in 2011 by Huang et al. [41]. It is very
similar to stir bar sorptive extraction but, in this case, the sorbent is a monolithic cake placed in a
homemade holder with a protected iron wire (Figure 9). This configuration avoids the direct contact of
the sorptive phase with the sample vessel. As a result, higher stirring rates can be used during the
extraction. In addition, the life span of the monolith is increased allowing its reuse up to 300 times,
while the typical reusability of a stir bar is ca. 60.

Figure 9. Device for stir cake sorptive extraction. Reproduced with permission of the Microextraction
Tech blog.

Monoliths are continuous porous structures which are easily obtained by the polymerization
of a monomer mixture with a porogen solvent into a given holder (capillary, spin column, pipette
tip, stir cake). Their chemistry can be tailored by the proper selection of the monomers and also the
porosity can be controlled during the synthetic process. Monoliths can be classified in three groups:
organic, silica, and hybrid monoliths, depending on the nature of their ingredients. Their potential in
separation techniques has been widely studied [42].

The preparation of the monolith-based SCSE unit is very simple [41]. The monolithic cake is
synthesized and located in a cake-shaped plastic holder (see Figure 9). The holder is finally pierced
by an iron wire that allows for magnetic stirring of the system. In addition, small holes can be
drilled through the holder to promote the flow of the sample through the monolithic cake. Before
its first use, the monolith must be conditioned with the appropriate solvents. Once conditioned,
the sorptive cake is introduced in the sample for the isolation of the analytes, which are finally eluted
for instrumental analysis.

Different monoliths have been used in this SCSE format, with polymeric ionic liquids and organic-based
polymers being the most reported in the literature.

Ionic liquids (ILs) can be considered as a group of non-molecular solvents which present a melting
point below 100 ◦C [43]. Ionic liquids have been extensively used in microextraction techniques, both in
the solid and liquid phase formats. In recent years polymeric ionic liquids (PILs), obtained by the
polymerization of IL cations, have been also proposed in this context. In comparison with the ILs, PILs
exhibit higher viscosity, thermal stability, and mechanical strength which are important characteristics
for sorptive phases in miniaturized solid-phase extraction techniques [44]. PILs were first proposed
as an active phase in solid phase microextraction (SPME) in 2010 [45]. In 2012, Wang et al. reported
the first application of PILs-monolith (PILM) in SCSE for the extraction of inorganic anions from
water [46]. The PILM was in situ obtained by the copolymerization of 1-allyl-3-methylimidazolium
chloride (AMIC) and ethylene dimethacrylate (EDMA) providing a final structure that exhibited a
strong anionic exchange capacity towards the analytes (F−, Cl−, Br− NO2

−, NO3
−, SO4

−, PO4
3−).

The presence of imidazolium cations in the structure was behind this capacity. Following a similar
procedure, traces of antimony can be extracted from environmental water using a PILM containing
3-(1-ethyl imidazolium-3-y)propyl-methacryamido bromide (EPB) and EDMA as precursors [47].
In this specific example, the amino groups of the PILM coordinate to Sb, favoring its extraction.
PILM-SCSE has also demonstrated its applicability for the pre-concentration of organic compounds.
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The selection of the monomers is crucial to obtain an adequate sensitivity and selectivity. The monolith
described in [46] was also efficient for the extraction of preservatives (sorbic, benzoic, and cinnamic
acids) in fruit juices and soft drinks [48]. In this case, the hydrophobic and anion exchange interactions
are the driving forces of the extraction procedure. Similar analytes can also be extracted using
1-ally-3-vinylimidazolium chloride (AV) polymerized in-situ with divinylbenzene (DVB) to form the
PILM-SCSE [49]. Other relevant contributions in the field are the determination of benzimidazole
anthelmintics in water, honey, and milk samples [50], and estrogens in environmental water [51].

PILM-SCSE can be ad-hoc synthesized depending on the target analytes. A multi interaction
cake can even be fabricated if analytes of different nature are intended to be extracted. [52]. In this
sense, if 1-vinylbenzyl-3-methylimidazolium chloride (VBMI) and divinylbenzene (DB) are used as
precursors, the resulting PILM may interact with the target compounds via π–π hydrophobic, hydrogen
bonding, dipole-dipole, and anion exchange interactions.

Conventional monolithic phases have also been synthesized for SCSE. Polar phenols were
extracted from environmental water by means of an allylthiourea and DB polymer using DMF as
a porogen solvent and AIBN as an initiator [53]. B-agonists have been extracted in milk and swine
urine samples by SCSE using a poly(4-vinylbenzoic acid-divinylbenzene) monolith [54], while a novel
boron-rich monolith has been synthesized and characterized for the determination of fluoroquinolones
in environmental water and milk samples [55].

5. Stir Disk Extractions

Disks offer a higher superficial area than bars and, in some cases, they present a higher porosity
that enhances the diffusion of the analytes through the sorptive phase. Rotating disk sorptive extraction
(RDSE) was the first approach in this context [56]. The RDSE unit (Figure 10A) consists of a thin film
of PDMS deposited over a PTFE disk containing an integrated magnetic bar. Similarly to SCSE,
this configuration protects the sorptive phase from direct contact with the vial, allowing for the
application of faster stirring rates than conventional SBSE. RDSE operates in a similar fashion than
SBSE since the unit is stirred into the sample for a defined period of time for the isolation of the
target compounds. After the extraction the unit is recovered for the final instrumental analysis. When
chromatographic techniques are employed, the analytes must be eluted with a proper solvent [57,58].
However, the configuration of the unit allows for the detachment of the film after the extraction for
its direct spectroscopic analysis, avoiding the dilution inherent to the elution step [59,60]. RDSE
has evolved in the last few years following two different trends, namely: the development of new
extraction phases and the potential automation of the technique [61].

PDMS has a clear potential as a sorptive phase but presents some disadvantages that have been
previously described. The development of new phases in RSDE will increase the versatility of the
technique, opening the door to the extraction of analytes of intermediate or high polarity. The first
approach is this context involved the use of conventional C18 solid phase extraction (SPE) disks for
the extraction of hexachlorobenzene from water [62]. These SPE disks, which are membranes with
embedded particles, are linked to the device using silicone as a binder. The results were promising but
these disks have non-polar compounds as targets. Some polymeric SPE sorbents have been specially
designed for the extraction of polar compounds. Richter et al. proposed an evolution of the classic
RDSE in order to exploit this characteristic. In this case, a cavity is dug into the unit and finally loaded
with polymeric sorbent (HLB) particles (Figure 10B) [63]. The cavity is covered with a filter to confine
the particles, avoiding their losses during the extraction. The great variety of commercially available
SPE sorbents and their easy loading on the unit makes this approach highly versatile. In addition,
lab-synthesized sorbents can be also applied. In this sense, researchers have proposed the use of
MIPs [64] and ionic liquids intercalated in montmorillonite [65] as a sorptive phase in this device.
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Figure 10. Device for rotating disk sorptive extraction using thin films (Reproduced with permission
from [56], copyright Elsevier, 2009) (A) and sorbent particles (Reproduced with permission from [63],
copyright Springer, 2014) (B).

Polyethylene disks, conventionally used as frits in solid phase extraction cartridges, can be also
used as stirred units by simply piercing them with a metallic wire. This material is hydrophobic and it
is indicated for the extraction of hydrophobic compounds [66]. The material exhibits sufficient thermal
stability to allow for its mild thermal desorption in a conventional headspace vial.

Borosilicate disks can also be excellent supports for RDSE due to their mechanical strength.
However, as polar materials, they are not able to extract organic compounds from aqueous samples.
Borosilicate disks have been modified with carbon nanohorns on the surface for the extraction of
benzophenone-3 from swimming pool water [67]. These modified disks can be easily adapted to
a portable drill (Figure 11) that stirs them into the sample for the on-site extraction of the target
compound. The enrichment factor and extraction recovery, which are 1379 and 68.9%, respectively,
reveal the great potential of the technique.

Figure 11. Borosilicate disk modified with carbon nanohorns extraction device. Reproduced with
permission of from [67], copyright Elsevier, 2014.
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6. Conclusions

The approaches described in this review article clearly demonstrate the advantages of extraction/
stirring integrated techniques. Since its proposal in 1999, new microextraction formats and new
sorptive materials have been developed. No doubt, the combination of both aspects results in an
analytical measurement processes with enhanced basic (sensitivity, selectivity) and productivity-related
(rapidity, environmental friendship) analytical properties. Monolithic solids, polymers, nanoparticles,
and ionic liquids can be cited among the most novel and efficient sorptive phases. SCSE and RDSE are,
on the other hand, the most competitive approaches in solid phase approaches as they minimizes the
friction of the coating with the extraction vessel, allowing for the use of higher agitation speeds.
SME has proven to be a versatile configuration as it is compatible with solid and liquid phase
microextraction approaches. Moreover, it permits the processing of low sample volumes by a simple
re-design of the unit.

Future trends will be focused on the application of new materials and new extraction strategies.
In this context, ICECLES is especially useful.

Figure 12 shows a brief summary of the techniques presented in this review article. The discussion
has been focused on the main advantages provided by the novel techniques compared with classical
SBSE. Despite these advantages, it is necessary to point out that SBSE is a consolidated technique due
to its commercial availability and robustness.

Figure 12. Brief summary of the techniques described in the article. The advantages of classic
polydimethylsiloxane (PDMS) based stir bar sorptive extraction (SBSE) are shown in black letters, the
characteristics that may be compromised in several applications are indicated in white characters, and
the techniques/material that can overcome these limitations are presented in blue. For further details,
read the text.
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Abstract: A large number of carbon-based nanomaterials has been investigated as sorbents in sample
preparation, including fullerenes, carbon nanotubes, nanofibers, nanohorns and graphene, as well
as their functionalized forms. Taking into account their properties, carbon-based nanomaterials
have found a wide range of applications in different sample preparation techniques. Ionic liquids,
as an alternative to environmentally-harmful ordinary organic solvents, have attracted extensive
attention and gained popularity in analytical chemistry covering different fields like chromatography,
electrochemistry and (micro)extraction. Some of the properties of ionic liquids, including polarity,
hydrophobicity and viscosity, can be tuned by the proper selection of the building cations and
anions. Their tunable nature allows the synthesis of tailor-made solvents for different applications.
This review provides a snapshot of the most important features and applications of different
carbon-based nanomaterials functionalized with ionic liquids for sample preparation. Emphasis is
placed on the description of the different works that have provided interesting results for the use of
graphene and carbon nanotubes, in this analytical field.

Keywords: graphene; carbon nanotubes; ionic liquid; magnetic; microextraction; sample preparation

1. Introduction

The selection and optimization of the appropriate sample preparation procedure qualifies as
essential for the development of a successful method. The modern trend for ‘greener’ chemical
analyses has led to the development of microscale extraction approaches towards minimizing the
organic solvent consumption, while maximizing sample throughput and extraction efficiency of the
analytes. Microextraction is an extraction technique where the volume of the extracting phase is very
small in relation to the volume of the sample [1]. It is not necessarily an exhaustive extraction procedure,
in contrast to the classical liquid-liquid extraction and solid-phase extraction (SPE), signifying that
possibly only a fraction of the analyte may finally be subjected to analysis. Hence, it is not surprising
that microextraction, in the modes of solid-phase microextraction (SPME), dispersive solid-phase
microextraction (DSPE), magnetic solid-phase extraction (MSPE), pipette-tip solid-phase extraction
(PT-SPE), etc., has come to the forefront of analytical chemistry in the past few years.

Carbon-based nanomaterials have been extensively used in analytical applications [2]. A large
number of them have been investigated as sorbents in sample preparation, including fullerenes, carbon
nanotubes, nanofibers, nanohorns and graphene, as well as their chemically-modified analogues.
The characteristic structures of carbon-based nanomaterials allow them to interact with molecules via
non-covalent forces, such as hydrogen bonding, π−π stacking, electrostatic forces, van der Waals forces
and hydrophobic interactions. Taking into account the aforementioned possibilities, carbon-based
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nanomaterials have found a wide range of applications in different sample preparation techniques.
Although the reasons for the selection of a particular allotrope over another are still being discussed,
a wide variety of carbon-based materials is available and applicable to analytical procedures.

Since the first report in 1991 [3], carbon nanotubes (CNTs) have shown great possibilities for a
wide variety of processes and applications. The combination of structures, dimensions and topologies
has provided physical and chemical properties that are unparalleled by most known materials.
Their applications have also reached the analytical chemistry field, in which CNTs are being used as
matrices in matrix-assisted laser desorption ionization, as stationary phases in separation techniques
(gas chromatography, high performance liquid chromatography and capillary electrochromatography
and capillary electrophoresis), as well as new SPE materials [4,5]. As regards this last application,
the number of works has considerably increased in the last ten years.

Graphene, discovered in 2004, is another kind of novel and particularly fascinating carbon
material, which has sparked a tremendous amount of research from both the experimental and
theoretical scientific communities in recent years [6]. Because of its extraordinary electrical properties
and very high specific surface area, graphene (G) and graphene oxide (GO) have been widely applied
as electrode materials, adsorbents in solid-phase (micro)extraction and magnetic solid-phase extraction.

Ionic liquids (ILs) have attracted extensive attention and gained popularity in analytical chemistry,
as an alternative to environmentally-harmful ordinary organic solvents, covering different application
fields like chromatography, electrochemistry and (micro)extraction [7]. The potential of ILs in chemistry
is related to their unique properties as non-molecular solvents, negligible vapor pressure associated
with high thermal stability, tunable viscosity, miscibility with water and organic solvents and good
extractability for various organic compounds and metal ions. Their polarity, hydrophobicity, viscosity
and other chemical and physical properties can be tailored through the choice of the cationic and
anionic constituents [8]. Functional materials, which consist of ILs and magnetic composites, presented
excellent properties for extraction [9]. However, at elevated temperatures, the viscosity of the IL
is reduced, resulting in a flowing state in which the IL can be lost. To overcome it, polymeric ILs
(PILs) were synthesized and studied extensively. The PILs have higher thermal stability compared
to monomeric ILs and, therefore, more resistance to flow. Additionally, PILs are tunable through
functionalization of the IL monomers, therefore altering their physicochemical properties along with
their extractive capabilities [10].

Combining the two above-mentioned major fields, i.e., carbon-based nanomaterials and ILs, it is
possible to design and develop new extracting phases with outstanding properties for microextraction
purposes. The carbon-based nanomaterials modified with ILs are expected to possess the advantages
of both components of the functionalized material, resulting in new, advanced adsorbents with tunable
microextraction capabilities. This review provides an updated and critical snapshot of the applications
of the carbon-based nanomaterials in microextraction, as an integral step of sample preparation.
Attention is paid to the discussion of cases dealing with IL-functionalized graphene and multi-walled
carbon nanotubes, which are examined according to the microextraction mode they support (Figure 1)
and illustrate novel concepts and promising applications.
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Figure 1. Main microextraction techniques based on carbon nanomaterials functionalized with ionic
liquids. Pie chart showing the percentage of published articles referring to them during the period
of 2013–2016.

2. Ionic Liquid-Coated Graphene-Based Nanomaterials

2.1. Solid-Phase Microextraction

In SPME, the fiber coating, which is the heart of the technique to extract the compounds from
samples, consists of a liquid (polymer), a solid (sorbent) or a combination of both. The type of
coating plays a crucial role in the extraction and desorption process, since its efficiency depends on
the distribution constant of the analytes between the sample and the stationary phase. In addition,
it provides some selectivity to the SPME process towards the analytes versus other matrix compounds.
Fibers containing the IL-G/CNTs composites are reported to be stable, under headspace and direct
injection mode. So far, various procedures have been proposed to prepare stainless steel fibers for SPME
coated with GO, functionalized either with monomeric or polymeric ILs. Hou et al. coated a stainless
steel fiber with GO and then tried four different coatings based on ILs: two monomeric coatings with
1-aminoethyl-3-methylimidazolium bromide or bis(trifluoromethanesulfonyl)imide ([NTf2]) and two
coatings based on poly(1-vinyl-3-hexylimidazolium) bromide or [NTf2] [10]. Then, they evaluated
their capabilities for the headspace SPME ((HS)SPME) of polycyclic aromatic hydrocarbons (PAHs)
and phthalate esters. It was proven that an in situ anion exchange process to alter the anion of the IL
from bromide to [NTf2] has merits in terms of the simplicity of synthesis and extraction capability
towards the target analytes. Obviously, altering the anion of the ILs (bromide) to a more hydrophobic
analogue ([NTf2]) directly affects the extraction capability of the fiber towards the selected analytes,
enhances the overall extraction efficiency and lowers the detection limits. The superiority of the
PIL-coated GO-stainless steel fibers over the monomeric analogues was underlined, as regards the
SPME extraction of PAHs and phthalates.

To improve the extraction efficiency of the SPME procedure for PAHs, 1-methyl-3-[3-(trimethoxysilyl)
propyl] imidazolium chloride was employed as a cross-linking agent, between a silanol functionalized
silver-coated stainless steel fiber and GO. In this way, layers of GO grew on the fiber [11]. The IL greatly
enhanced the bonding strength between the fiber and the GO layers, resulting in a stable coating.
The coating on the fiber was achieved via a layer-by-layer method, by repeating a cycle of immersing
the silanol functionalized fiber in an IL solution, drying and then immersing it in a GO solution,
five times. The layer-by-layer method provides convenience to control the number of GO layers and,
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hence, the extraction efficiency of the SPME procedure. The developed SPME fiber was used to extract
effectively certain PAHs from rain and river water, in a direct-immersion SPME ((DI)SPME) procedure.

Another interesting case is the immobilization of a metal-organic framework-IL functionalized
graphene on an etched fiber [12]. The metal-organic frameworks have a high surface area, porosity
and enable the in-pore and outer-surface functionalization, which in turn, allows their use as sorbents
in sample preparation. The low mechanical and chemical stability of the metal-organic frameworks
is improved by introducing mechanically-durable materials, such as graphene. In the present case,
the morphology of the resulting fiber showed that the presence of the IL-G did not interfere with
the growth of the metal-organic framework, in terms of structure and crystal shape. On the contrary,
the presence of the IL-G enhanced the uniformity of the microcrystals’ structure, along with their
mechanical stability. The combination of a metal-organic framework and an IL-G resulted in a
fiber that combined the advantageous properties of all three components. To take advantage of the
aforementioned benefits, an analytical method for the (HS)SPME extraction and detection of antibiotics
in food and biological matrixes was developed. Because of the presence of IL, the results were
improved a great deal, as the enrichment factors (EFs) revealed after conducting relevant experiments.
In addition, the presence of G enhanced the EFs by 4–7-fold compared to a fiber coated only with the
metal-organic framework.

An alternative approach of functionalized SPME fiber was employed by Sun et al. [13], who prepared
a PIL monolith doped with GO attached to a fiber, prior to the (DI)SPME, instead of directly coating the
stainless steel fiber. This novel type of coating was used to extract phenols from environmental aqueous
samples with success. Finally, Wu et al. developed a poly(3,4-ethylenedioxythiophene) (PEDOT)
coating doped with a GO-IL composite (1-hydroxyethyl-3- methyl imidazolium [NTf2] was the IL
used), for SPME purposes [14]. The GO-IL-PEDOT coating was electrodeposited on the surface of
the fiber using cyclic voltammetry, and the resulting coating, which had many pores and a wrinkled
structure, was improved compared to similar materials, in terms of surface area. The high porosity of
the coating, alongside with the rich π-electron stacking of the coating, favored the applicability of the
new fiber to SPME procedures. To prove this, the authors developed an analytical method aiming to
determine benzene derivatives in industrial wastewater and environmental water samples, after their
(HS)SPME. The fiber was superior to commercially available fibers (2–4-times better for the extraction
of benzene derivatives compared to a polydimethylsiloxane fiber) and had a long lifetime, greatly
reducing in this way the cost of the proposed method.

Summarizing, only a few analytical methods have been developed that utilize IL-G composite
nanomaterials in SPME, either in headspace or direct-immersion mode (a complete list can be seen in
Table 1). The developed methods have been applied to the determination of PAHs, phthalate esters,
phenols, benzene derivatives and antibiotics in water (mainly), food and biological samples. The facile
approaches have the merits of low limits of detection (LODs) (lower than others from previously
reported methods), short extraction time and a wide linear range. Additionally, the analytical
performances of the new methods are better than those of commercially available fibers, in terms of
LODs and EFs [11,14], while the functionalized fibers can be reused with an insignificant decrease in
the extraction efficiency [12]. From the studies conducted, it was apparent that the presence of the IL-G
composites on the surfaces of the fibers is advantageous and facilitates the improvement of the SPME
efficiency, since the resulting fibers combine the advantages of both ILs and G. The comparison of the
analytical performances of the experiments, conducted in the absence of the IL or the G, proved that
the results are less satisfactory than those in the presence of IL-G, underlining the role of IL.

39



Separations 2017, 4, 14

T
a

b
le

1
.

M
ic

ro
ex

tr
ac

ti
on

te
ch

ni
qu

es
em

pl
oy

in
g

IL
-G

/I
L-

G
O

co
m

po
si

te
na

no
m

at
er

ia
ls

.

Io
n

ic
L

iq
u

id
M

ic
ro

e
x

tr
a

ct
io

n
T

e
ch

n
iq

u
e

M
a

tr
ix

T
a

rg
e

t
A

n
a

ly
te

s
L

O
D

(μ
g

/L
)

R
e

co
v

e
ri

e
s

(%
)

In
st

ru
m

e
n

ta
l

A
n

a
ly

ti
ca

l
S

y
st

e
m

R
e

fe
re

n
ce

po
ly

(1
-v

in
yl

-3
-h

ex
yl

im
id

az
ol

iu
m

-[
N

Tf
2]

)
(H

S)
SP

M
E

fo
od

-w
ra

p,
po

ta
to

PA
H

s
an

d
ph

th
al

at
e

es
te

rs
0.

01
5–

0.
02

5
78

.3
–1

01
.7

G
C

-F
ID

[1
0]

1-
m

et
hy

l-
3-

[3
-(

tr
im

et
ho

xy
si

ly
l)

pr
op

yl
]i

m
id

az
ol

iu
m

ch
lo

ri
de

(D
I)

SP
M

E
ra

in
an

d
ri

ve
r

w
at

er
PA

H
s

0.
05

–0
.1

0
92

.3
–1

20
G

C
-F

ID
[1

1]

1-
(3

-a
m

in
op

ro
py

l)
-3

-m
et

hy
lim

id
az

ol
iu

m
br

om
id

e
(H

S)
SP

M
E

m
ilk

,h
on

ey
,u

ri
ne

an
d

se
ru

m
an

ti
bi

ot
ic

s
0.

01
4–

0.
01

9
82

.3
–1

03
.2

G
C

-F
ID

[1
2]

1-
(3

-a
m

in
op

ro
py

l)
-3

-(
4-

vi
ny

lb
en

zy
l)

im
id

az
ol

iu
m

4-
st

yr
en

es
ul

fo
na

te
(D

I)
SP

M
E

gr
ou

nd
w

at
er

of
in

du
st

ri
al

pa
rk

an
d

ri
ve

r
w

at
er

ph
en

ol
s

0.
2–

0.
5

75
.5

–1
13

H
PL

C
-D

A
D

[1
3]

1-
hy

dr
ox

ye
th

yl
-3

-m
et

hy
li

m
id

az
ol

iu
m

-[
N

Tf
2]

(H
S)

SP
M

E
pe

tr
oc

he
m

ic
al

,p
ri

nt
in

g,
dy

ei
ng

w
as

te
w

at
er

an
d

la
ke

w
at

er

be
nz

en
e

de
ri

va
ti

ve
s

0.
01

0–
0.

01
9

82
.3

–1
08

.3
G

C
-F

ID
[1

4]

1-
bu

ty
l-

3-
am

in
op

ro
py

li
m

id
az

ol
iu

m
ch

lo
ri

de
D

SP
E

ef
flu

en
tm

un
ic

ip
al

w
as

te
w

at
er

tr
ea

tm
en

tp
la

nt
w

at
er

,r
iv

er
an

d
la

ke
w

at
er

st
er

oi
ds

,
β

-b
lo

ck
er

s
0.

00
7–

0.
02

3
87

–9
8

H
PL

C
-D

A
D

[1
5]

40



Separations 2017, 4, 14

2.2. Other Microextraction Technique

Aside from immobilizing the IL-G on the surface of a fiber, GO-IL composite nanomaterials
can also be used directly as sorbent materials. In this context, a microextraction method has
been published, utilizing an IL-GO composite material in DSPE, which objectively follows the
principles of the microextraction procedure. Specifically, Serrano et al. functionalized graphene
with 1-butyl-3-aminopropyl imidazolium chloride in a one-pot synthesis, where the IL, graphene
oxide and N,N′-dicyclohexylcarbodiimide were stirred for 24 h [15]. The characterization of the
synthesized material verified that the structure of the final product was similar to that of graphene,
hinting at a high specific surface area of the final product and making it suitable for microextraction
purposes. The monomeric IL-GO composite was used as an adsorbent, for the first time, in the
DSPE procedure, and the authors developed a method for the simultaneous detection of steroids and
β-blockers. Under the same procedure, G was unable to extract any of the target analytes, while GO
could extract only three out of the ten analytes. Therefore, the presence of the IL was responsible for
the successful extraction of the target analytes, and exceedingly high EFs were achieved for all analytes.
The LODs achieved rival those of the classical SPE and SPME methods.

3. Ionic Liquid-Coated Carbon Nanotubes-Based Materials

3.1. Solid-Phase Microextraction

In addition to graphene, which has already been commented on, adsorbents for microextraction
purposes have been developed based on multi-walled CNTs (Table 2). The functionalization of CNTs
with PILs follows two main, simple procedures, which are worth discussion: the covalent and the
non-covalent functionalization [16]. A representative example of the covalent PIL functionalization
of CNTs is the work presented by Cordero-Vaca et al. who functionalized nitinol wires (Ni/Ti alloy)
with a crosslinked PIL-CNT coating [17]. The crosslinked PIL consisted of the monocationic IL
1-vinyl-3-butylimidazolium [NTf2] as the monomer and the dicationic 1,12-di(3-vinylimidazolium)
dodecane [NTf2] as the IL crosslinker. Automation for the (DI)SPME of phenols and PAHs was possible
once the wires were attached to a holder.

Bucky gels are gelatinous composite materials consisting of CNTs and ILs. In a different
way than before, Zhang et al. coated a fused silica SPME fiber with a cross-linked PIL bucky gel
containing CNTs [18]. To do so, the monomer 1-vinyl-3-butylimidazolium [NTf2] and the cross-linker
1,12-di(3-vinylimidazolium) dodecane [NTf2], along with CNTs (between 3% and 8% (w/w)) were
ground to achieve complete mixing of the components, followed by the addition of an initiator
and dip-coating of the fiber. The manufactured coated fibers were tested for the (HS)SPME of eight
PAHs. A PIL-based coating without the addition of CNTs was found to be inferior compared to
the commercially available polydimethylsiloxane fiber for the extraction of PAHs. The addition
of the CNTs in the coating was found to be highly advantageous, since the PIL bucky gel-coated
fiber achieved the same extraction efficiency as the polydimethylsiloxane coating for four analytes.
Much higher extraction efficiency was achieved for the rest of the analytes. This was attributed
to π−π interactions between the CNTs and the PAHs. Furthermore, the higher the quantity of the
CNTs in the PIL bucky gel coating, the better the extraction efficiency. To elucidate the extraction
mechanism (partition/adsorption) of the novel coating, extractions of various concentrations of
1-octanol, in the presence of naphthalene (an interfering compound), were conducted. The results
indicated no competition between the two compounds, and therefore, a partition extraction mechanism
(more preferable for complex matrices) was put forward.
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Despite the advantages that accompany the covalent PIL functionalization of CNTs, it has
been stated that this functionalization has drawbacks, since it is time consuming and the chemical
treatment employed can disrupt the π conjugation of carbon nanotubes, causing destabilization of
the structure, alteration of the electrical and mechanical properties, surface defects and shortening
of the carbon nanotubes [16,31]. The non-covalent functionalization, based on van der Waals and
electrostatic interactions, along with π−π stacking has the merits of simplicity and versatility. Such an
example is the case of the non-covalent coating of an SPME fiber with CNTs, functionalized with
poly(1-vinyl-3-octylimidazolium bromide) [19]. The fabrication of the CNTs-PILs fiber is illustrated in
Figure 2. The prepared fiber was initially used for the extraction of alcohols from aqueous matrixes.
As the nature of the anion of the PIL alters the extraction properties of the fiber, an in situ, on-fiber anion
exchange protocol was followed, instead of altering the anion of the PIL prior to the functionalization
of the fiber. When bromide was substituted for [NTf2], the coating was rendered more hydrophobic
and, therefore, more suitable for n-alkanes. This was evidenced by relevant experiments assessing the
performance of the two fibers (with bromide and [NTf2]) towards the extraction of n-alkanes. When the
bromide anion was exchanged for 2-naphthalene-sulfonate, the interactions with aromatic compounds
were favored, due to the π−π, n−π and hydrophobic interactions that may occur. This was supported
experimentally by the (HS)SPME of phthalate esters and halogenated aromatic hydrocarbons. From the
three cases already mentioned, it is apparent that the composition of the IL is crucial, since the selection
of the proper anion can tune the selectivity towards various chemical groups and assist the overall
performance of the method, in terms of the achieved LODs and EFs.

Figure 2. Preparation schema of the CNT-PILs SPME fiber. Reproduced with permission from [19].
Elsevier. Copyright Elsevier, 2015.

Another case of non-covalent coating of CNTs with IL is that presented by Feng et al. [20], who coated
CNTs with 1-vinyl-3-ethylimidazolium hexafluorophosphate, after an in situ anion exchange.
The coating of the CNTs with this IL facilitated the dispersibility of the CNTs in the pre-polymerization
solution, which was used to fabricate a modified SPME fiber. Namely, the polymerization
solution consisted of 1-vinyl-3-octylimidazolium bromide (IL monomer), pre-functionalized CNT-PIL,
1,1′-(1,6-hexanediyl)bis(1-vinylimidazolium) bis(hexafluoro-phosphate) (cross-linking agent) and
azobisisobutyronitrile (initiator). The prepared fiber was used for the multiple (HS)SPME of 2-napthol
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from fruit samples, and the resulting method was found to be independent of matrix effects, although
matrix variations were found to greatly influence the single (HS)SPME.

Taking advantage of the properties of other absorbing phases, synthesized in order to enhance
the properties of the final material. Under this concept, two studies exploited the advantageous
properties of nafion to prepare SPME fibers coated with nafion-CNT-PIL [21,22]. Narimani et al.
firstly functionalized CNTs with amino groups to enhance the overall performance of the (HS)SPME
fiber towards methamphetamine and ephenephrine [21]. Afterwards, the amino functionalized CNTs
were coated with 1-methyl 3-[(3-octylamino)propyl] imidazolium [NTf2]. However, since the direct
coating of the stainless steel fiber with the CNT-IL complex was not a successful choice due to the
absence of binding between them, nafion was used as the first coating layer of the fiber, benefiting from
its cation exchange properties. This way, the quantity of CNT-IL was increased, due to the electrostatic
interactions between nafion and the IL. The proposed fiber was compared with fibers coated with the
single components of the proposed composite material. The nafion-coated fiber, on its own, has low
extraction ability despite being mechanically strong. The nafion-IL-coated fiber exhibited slightly
better extraction ability compared to bare nafion coating, but bleeding of the IL during desorption was
a serious defect. The nafion-CNT-coated fiber showed extraction ability between the two previous
fibers. However, the authors found that prior functionalization of the CNTs could further enhance the
extraction capability of the coating. The nafion-CNT-IL coating was nearly twice as efficient as the
previous coatings. In another case presented by Wu et al., the role of nafion was to enhance the stability
and durability of the coating [22]. The CNTs coated with poly(1-vinyl-3-ethylimidazole bromide) were
mixed with 3,4-ethylenedioxythiophene (EDOT), and the mixture was electrodeposited on a stainless
steel fiber leading to a PEDOT-PIL-CNT coating. Then, the coated fiber was immersed in a nafion
solution to form an outer layer, and the modified fiber was used in a (DI)SPME procedure to extract
carbamate pesticides from apple and lettuce. As reported, the fiber could be reused for more than
150 extractions without obvious loss of extraction efficiency. This was attributed to the nafion coating,
since a fiber lacking the outer nafion coating could not be used more than 60 times.

Polyaniline (PANI) is another polymer with a porous structure and large specific area, but with
low thermal stability, which is used for preparing composite coatings [23]. It was found that CNTs
could enhance the physical-chemical properties of the polymer. Ai et al. proposed the coating
of an SPME fiber with CNTs@IL (1-(3-aminopropyl)-3-methylimidazolium bromide), doped with
PANI [23]. In order to achieve this, the fiber was immersed in a mixture of CNTs@IL and aniline,
containing hexadecyl trimethyl ammonium bromide, and the CNTs@IL-polyaniline-doped coating
was electrodeposited. PANI is a good electron donor, whereas the IL selected by the authors acts
as an electron acceptor, facilitating the adsorption and immobilization of the CNTs@IL composite
during the electropolymerization of aniline. The prepared fiber was tested for its extraction selectivity
towards various groups of compounds, including: benzoic acid esters, amines, benzene compounds,
alcohols, PAHs and phenolic compounds after (HS)SPME. In a similar way, Wu et al. synthesized a
PANI-PIL-CNT composite, consisting of poly(1-vinyl-3-hexyl-imidazolium [NTf2]) [16], where the
PIL was used to enhance the dispersibility of the CNTs in water and organic solvents, as well as to
prevent aggregation. The CNT-PIL composite was coated on a stainless steel fiber, which was firstly
coated with PANI, via electrodeposition. The applicability of the prepared fiber to the (HS)SPME
of compounds with varying polarity was tested. The fiber showed high affinity towards benzene
derivatives, due to the simultaneous π−π interactions, hydrogen bonding and the hydrophobic effect
occurring between the extractant and the adsorbent. The proposed coated fiber was able to be used for
200 repeatable extractions without loss of the extraction performance.

3.2. Dispersive Solid-Phase Microextraction

So far, only a few cases of the utilization of CNT-IL composite materials in DSPE procedures have
been reported in the literature, focusing mainly on the determination of metal species [24–27]. In three
out of the four cases, the CNTs were coated with monomeric ILs following a straightforward synthetic
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route. Usually, an organic solvent is added to a mixture of CNT-IL to ensure the good dispersion
of IL and the reproducibility of the synthesis [24]. Under this principle, functionalized CNTs with
tri-iso-octylammonium bromide were used as an adsorbent for cadmium ions [26]. Unmodified
CNTs were unable to extract cadmium ions, highlighting the necessity of the IL. Extraction of
lanthanide ions, which is a rare case of target analytes, was the aim of the study of Bazhenov et al. [27].
The authors functionalized CNTs with 1-butyl-3-methylimidazolium hexafluorophosphate, following
the aforementioned procedure. The images from scanning electron microscopy revealed that the IL did
not only cover the CNTs from the outside, but also filled partially their inner cavities. The extraction
of the lanthanide ions was performed with 0.1 M HNO3, in the presence of tetraphenyl methylene
diphosphine dioxide. The bare CNTs were unable to extract any amount, while the addition of the IL
greatly increased the extraction efficiency.

The last reported case focused on the determination of As(V) and As(III) in garlic samples [25].
The authors extracted arsenic from garlic with an acidic solution, and then, they added ammonium
molybdate to form an arsenomolybdate complex. In this case, instead of directly using a CNT-IL
composite material, the IL tetradecyl(trihexyl)phosphonium chloride was added to the extract to form a
low-polarity complex with the arsenomolybdate, via the ion pair, followed by the addition of the CNTs.
The whole composite material was directly inserted in a graphite furnace of an electrothermal atomic
absorption spectrometer. This was attainable as CNTs are pyrolyzed prior to the atomization step,
and therefore, no back-extraction/elution or digestion was needed. A drawback of the method was
the potential interferences caused by phosphate anions during the step of arsenomolybdate complex
formation. This hindrance was overcome by removing the phosphate anions with a mixture of organic
solvents, prior to the addition of ammonium molybdate. The advantages of this approach were the
low sample consumption (5 mL of the extract) and the low preconcentration/extraction time needed
(20 min) compared to previous methods.

3.3. Other Microextraction Techniques

CNT-IL composite materials were also employed for other microextraction procedures. The first
of the reported cases focused on the fabric-sorptive phase extraction of PAHs from river water [28].
A cotton fiber with fixed dimensions was immersed in a bucky gel, prepared by mortar agitation,
which consisted of CNTs and 1-hexyl-3-methylimidazolium hexafluorophosphate. The critical gel
concentration of CNTs was found to be 0.5%–1%. Excessive quantities of CNTs led to separation of the
IL and gel phase, when centrifuged, demonstrating that a limited amount of IL could be trapped in the
bucky gel. The next case of microextraction employing a CNT-IL composite is the study described
by Polo-Luque et al. who aimed at the in-line preconcentration (in-tube SPME) of nitrophenols prior
to capillary electrophoresis [29]. The preconcentration took place in the autosampler of the capillary
electrophoresis, where a “spin-column” moved inside the sample vial. In the center of the moving part,
there was a channel (1 mm in diameter and 4 mm in length), through which the sample was circulated.
The adsorbent material was laid on the channel walls, and by applying mechanical pressure, the liquid
sample was forced to pass through the channel, leading to the analyte extraction. The velocity towards
the bottom of the vial and the rotating speed directly affected the preconcentration rate of the analytes,
as well as the reproducibility. With the proposed method, 400–600 μL of sample could pass through
the extraction unit, in 5 min. After the completion of extraction, the sample was rejected and an elution
solvent passed through the channel in order to elute the adsorbed compounds, prior to the capillary
electrophoresis. Good reproducibility, good analytical performance, low cost and automation are the
main advantages of this microextraction technique.

Chen et al. developed and used an IL-G-CNT composite as an adsorbent in a PT-SPE procedure.
The combination of IL, G and CNTs yielded satisfactory extraction of thiochromanones, which was
much less effective in the absence of any of the above components. The results are undoubtedly better
than those with G-CNTs, since the IL enables the ion exchange and electrostatic interactions of the
analytes with the adsorbent, instead of only the π−π interactions occurring in the case of G-CNTs [30].
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4. Ionic Liquid-Coated Magnetic Graphene-Based Nanomaterials

4.1. Magnetic Dispersive Solid-Phase Extraction

Despite the progress in developing G/GO and CNTs materials modified with various ILs, it is
obvious from the above discussion and Figure 1 that novel extraction procedures based on the principle
of SPME hold the largest share among the microextraction procedures. This can be partially justified
by the limited potential that composite materials containing GO have, as regards their applicability to
DSPE methods, due to their high dispersibility, as a result of the high hydrophilicity of GO [32].
On the contrary, the low dispersibility of G in water minimizes the adsorption potential of the
material. To overcome these hindrances, magnetic nanoparticles were embodied in the composite
materials to convert them into being magnetic, thus enabling easier isolation from the matrix or
increasing the wettability of graphene-based materials [33]. The magnetic materials can be employed
to develop MSPE methods, under the principles of microextraction, which possess advantages
over magnetic G/GO-based MSPE methods. The main advantage of the MSPE methods over the
conventional DSPE is the shorter time needed for the sample preparation, since time-consuming steps,
like filtration/centrifugation, are omitted.

Hitherto, miscellaneous IL-coated, magnetic graphene-based materials have been synthesized
(Table 3). Almost exclusively, magnetite (Fe3O4) was used to endow nanomaterials with magnetic
properties, although, virtually, other iron oxides are present. In most cases, magnetite nanoparticles
were coated with silica, to form core-shell magnetic nanoparticles, which are less prone to oxidation
compared to magnetite. The next step consisted of the reaction with an amino-terminated silane,
so that free amino groups are formed on the surface of the silica-coated magnetite nanospheres.
Through the free amino groups, GO was chemically bonded to form a Fe3O4@SiO2-NH2@GO
composite. The next step was the reduction of GO to G, often with hydrazine. However, this step
was optional and hinges on two factors: (i) the ease of synthetic route to modify the G or
the GO with the desirable IL; depending on the functional groups exploited and the method
employed, the best option is selected; (ii) since the material is going to be used as an adsorbent,
the affinity of the analytes with the G or the GO, shall be considered. According to this common
procedure, Fe3O4@SiO2-NH2@GO@IL composite nanomaterials were obtained, with enhanced
properties. Up to now, two studies based on this procedure synthesized the described composite
materials with varying IL coatings: (i) Cai et al. prepared the Fe3O4@SiO2-NH2@GO composite
and coated it with 1-carboxymethyl-3-methylimidazolium chloride [34] for the determination of
chlorophenols; and (ii) Huang et al. synthesized the above-mentioned composite material, omitting the
formation of silica on the surface or magnetite nanoparticles [35]. Following functionalization with a
betaine-based IL, the nanomaterial was successfully applied to the MPSE of bovine serum albumin
from bovine calf whole blood.
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Chitosan, a polysaccharide polymer bearing hydroxyl and amino groups, may be a judicious
alternative to the silica coating of the magnetite nanoparticles. It can easily coat magnetite nanoparticles,
as well as form bonds with GO via amine-carboxyl groups bonding. Two research groups have
synthesized Fe3O4@chitosan@GO@IL composites with different ILs, for the MSPE of different analytes.
In the first case, the IL used was di(6-hydroxyhexyl) tetramethyl guanidinium-chloride, and the
composite material was suitable for the extraction of trypsin, lysozyme, ovalbumin and bovine serum
albumin [36]. In the second case, the magnetic GO was functionalized with tetraoctylammonium
bromide, and the material was found suitable for the MSPE of Pb [37].

Finally, in an effort to synthesize functional adsorbent materials, there are some reported cases
that diverge from the above procedures. Wen et al. chose to use nano-iron, covered with polyethylene
glycol-4000, instead of magnetite [38]. The vibrating sample magnetometer curves demonstrated
that the produced Fe@GO@IL complex demonstrates satisfactory saturation magnetization
values, enabling its use in MSPE procedures. Wen et al. used an amino functional dicationic IL
(N,N′-bis(2-aminoethyl)-N,N,N′,N′-tetramethyl-chloride) as a coating to the magnetic GO, and the
whole adsorbent was used to develop a method for the determination of hemoglobin [38].
When compared to other IL coatings with fewer amino-functional groups or a shorter alkyl chain,
the extraction capability of the material was reduced. Therefore, the presence of the amino functional
groups promotes the hydrogen bonding interactions between the adsorbent and hemoglobin.
The last case revolves around the use of a double-charged IL immobilized on a magnetic GO
complex [39]. A magnetite-grafted GO was modified with (3-mercaptopropyl)trimethoxysilane,
and finally, diazoniabicyclo[2.2.2]octane chloride was attached covalently for the ultrasound-assisted
MSPE of heavy metals. Due to the double-charged IL used, the adsorbent shows high adsorption
capacity. The amount of sorbent used for the extraction of five heavy metals is nearly five-times lower
than that of other methods.

4.2. Other Microextraction Techniques

Another mode of microextraction, which makes use of the magnetic properties of the
adsorbent nanoparticles, is the mixed hemimicelles-MSPE. In this technique, mixed hemimicelles
(hemimicelles and admicelles) of the IL are formed on the surface of the magnetic G/GO,
using a proper IL-based surfactant. Hitherto, a few studies have been published relying on the
above-mentioned principle. The first study focused on the extraction of cephalosporins from urine,
using 1-dodecyl-3-methylimidazolium hexafluorophosphate to form the mixed hemimicelles [40].
The new method shows high extractability, a relatively wide linear range and satisfactory analytical
figures of merit. The method developed by Kazemi et al. for the extraction of fluoxetine from
environmental, biological and pharmaceutical samples proved highly time saving, since the overall
procedure is completed in less than 15 min [41]. A small amount of magnetic graphene modified
with 1-hexadecyl-3-methylimidazolium bromide was used, due to the high capacity of the material,
rendering the method cost-effective. Similar merits were noticed in the method developed by Cao
et al. for the determination of nitrobenzenes in environmental samples, based on Fe3O4@graphene
coated with 1-heptyl-3-methylimidazolium hexafluorophosphate [42]. The developed method uses
an infinitesimal amount of extraction solvent and small sample volumes. The study of Aliyari et al.
revolved around the in situ synthesis of magnetite, based on the chemical co-precipitation of Fe3+,
directly on the surface of GO, prior to the modification with mixed IL hemimicelles [43]. Based on
an electrostatic self-assembly technique, 1-hexadecyl-3-methylimidazolium chloride adhered on the
GO, forming hemimicelles/admicelles through electrostatic attraction of the negative surface charge
of the GO and the cationic IL. The long alkyl chain of the IL facilitated the assembly due to the
hydrophobic interactions. Taking advantage of its property to solubilize organic molecules, a hybrid
nanocomposite material with dimethylglyoxime was produced and used as an adsorbent for traces of
nickel, for a wide variety of matrices. Under the same synthetic principle, Farzin et al. formed mixed
hemimicelles, by way of 1,3-didecyl-2-methylimidazolium chloride, on the surface of magnetic GO,
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facilitating the fast MSPE of hemin from blood serum [44]. The developed technique was compared
with a commercially available hemin assay kit. The results obtained were not statistically different,
suggesting that the proposed method is a reliable and promising alternative to the determination
of hemin.

The applicability of the magnetic G-IL composites in microextraction techniques is broad, as
revealed by the discussion above. However, there are two studies that make use of composite magnetic
nanomaterials and that deserve consideration, because of their potential for alternative microextraction
purposes. In the first case, Chen et al. synthesized the Fe3O4@SiO2-NH2@G composite [45]. Then,
they added 1-vinyltriethoxysilane on the surface of the composite, via hydrogen bonds, and finally,
they added 1-vinyl-3-octylimidazolium bromide to obtain a PIL coating. The magnetic adsorbent was
used in the clean-up step of a Quick, Easy, Cheap, Effective, Rugged and Safe (QuEChERS) method
to purify the extract obtained from vegetables, in order to determine their content in preservative
residues. The developed method can simultaneously extract twenty preservatives, twice more than the
number of analytes of previously developed methods, which also make use of magnetic nanoparticles.
In another study, instead of using a solid adsorbent, the authors developed a method based on the
principle of DSPE, using a ferrofluid, which was synthesized using a Fe3O4@GO@IL complex and
1-ethyl-3-methylimidazolium tetrafluoroborate as IL [46]. As evidenced by the authors, the type of the
IL is important for the ferrofluid in order to prevent aggregation and sedimentation. The resulting
ferrofluid is stable, with high water dispersibility, thus facilitating its use for microextraction purposes.
The IL, in the last case, is exclusively used as the carrier fluid without any profound role in the
extraction process, in contrast with the IL mixed hemimicelles formed on a solid surface, which are
predominantly used for extraction purposes.

5. Ionic Liquid Coated Magnetic CNTs-Based Materials

5.1. Magnetic Solid-Phase Extraction MSPE

Till now, a limited number of studies have been conducted, with respect to the synthesis and
employment of magnetic CNTs-IL composites in analytical procedures (Table 4) [47–52]. In the studies
examined, CNTs were magnetized before or after their modification with IL, either synthesizing
magnetite nanoparticles directly on the surface of acid-treated CNTs or spontaneously bonding
them with the CNT-IL composite. In one of them, unlike all previous synthetic routes, the authors
synthesized stepwise the IL on the CNTs, instead of covalently or non-covalently functionalizing them
with the IL. A necessary step was the functionalization of the CNTs with acid chloride functional groups,
through the reaction with thionyl chloride. Afterwards, 1-(3-aminopropyl)imidazole was chemically
bonded on the functionalized CNTs, and 1-chlorobutane [47] or 1-bromobutane [48] was added to
complete the synthesis. The composites were used in MSPE procedures of triazole fungicides [47] and
aryloxyphenoxy-propionate herbicides (and their metabolites) [48] from environmental water samples,
after they had been converted into being magnetic. Both extraction procedures were fast (5 and 8 min)
and used small amounts of sorbent materials (2 and 12.5 mg). As a result of the presence of the IL,
the two methods achieved LODs ranging between 0.05 and 0.2 ng·mL−1 for triazole fungicides and
0.002–3.4 mg·L−1 for aryloxyphenoxy-propionate herbicides. The recoveries achieved were different,
despite the similarity of the adsorbent material (84.7%–105.3% for triazole fungicides and 66.1%–89.6%
for aryloxyphenoxy-propionate herbicides).
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In the study of Wen et al., a magnetic CNTs-PIL composite was used to extract Cu, Zn-superoxide
dismutase from porcine whole blood [49]. The composite material was proven to be superior
compared to magnetic CNT-IL composite and magnetic CNTs, in terms of extraction capacity for
Cu, Zn-superoxide dismutase, which was three-times higher than that of the two latter materials.
Additionally, the adsorbent showed lower affinity towards lysozyme and bovine hemoglobin, the two
major components of the studied matrix. The proposed mechanism of interaction between adsorbent
and analyte included hydrogen bonding, π−π and electrostatic interactions. It is noteworthy that
instead of organic solvents, a solution of sodium chloride was used for the elution of Cu, Zn-superoxide
dismutase from the adsorbent. The efficient desorption was attributed to the weakening of the
electrostatic interactions between the analyte and the adsorbent. In the last example, CNTs were
rendered magnetic by synthesizing magnetite nanoparticles on the surface, then coating them with
silicon dioxide. A dual hydroxyl IL (6-hydroxy-N-(2-hydroxyethyl)-N,N-dimethylhexan-1-aminium
chloride) was synthesized on the surface, resulting in an IL-CNTs@Fe3O4@SiO2 composite material [50].
The synthesized material was tested for the extraction capability of four different proteins: bovine
serum albumin, lysozyme, trypsin and ovalbumin. Lysozyme was extracted more easily. The proposed
adsorbent was superior to magnetic CNTs-SiO2 because of the electrostatic and hydrophobic
interactions between lysozyme and the IL. Additionally, the contribution of the two hydroxyl groups
on the surface of the IL was examined by comparing with the respective adsorbent, without hydroxyl
groups. The dual hydroxyl-functionalized IL was preferable, since it enhanced the extraction capability
by forming hydrogen bond interactions with the aliphatic carbon residue of the lysozyme. Overall,
the DSPE procedures carried out with the CNT-IL composite were endowed with excellent repeatability,
high recoveries and specificity.

5.2. Other Microextraction Techniques

Xiao et al. reported on the extraction of PAHs from urine samples using magnetic CNTs and
1-hexadecyl-3-methylmidazolium bromide, in a mixed hemimicelles MSPE procedure [51]. Figure 3
illustrates the whole procedure of the preparation of surfactant-coated CNTs and the application
to simultaneous microextraction and preconcentration of analytes. In the beginning, the IL was
mixed with the magnetic CNTs via ultrasonication, so that mixed hemimicelles were formed on
the surface of the magnetic CNTs. Subsequently, the urine sample was added and the mixture was
further sonicated to disperse the adsorbent material and extract the analytes. The adsorbent was
compared with IL-coated Fe3O4@SiO2 nanoparticles; it was found that at low concentrations of analytes
(<40 ng/mL), the recoveries of the two materials were the same, while for higher concentrations,
the adsorbent containing the CNTs was more efficient. This was attributed to the great number of
hemimicelles formed on the surface of each material. Therefore, the CNTs enhance the extraction
mainly indirectly, by increasing the amount of hemimicelles available for the extraction. The analytical
characteristics of the proposed method were quite acceptable, and the proposed method is highly
time saving, low cost and environmentally friendly, since small amounts of organic solvent are
used for the elution, while the adsorbent could be used for more than one extraction-desorption
cycle. The last reported case deals with the extraction of Cd and As from water, milk and fish liver
samples [52]. In this case, sodium diethyldithiocarbamate trihydrate was added to the prepared
sample, functioning as a chelating agent, and then, 1-butyl-3-methylimidazolium hexafluorophosphate
was added. The mixture was ultrasonicated, and then, the magnetic CNTs were added, followed
by another short ultrasonication period. The magnetic particles were harvested with the aid of a
magnet, and then, the metal-diethyldithiocarbamate complex was eluted from the adsorbent. In this
case (termed ultrasound-assisted, ionic liquid-linked, dual-magnetic multi-walled carbon nanotube
microextraction (USA-IL-LDMME), by the authors), the IL functions as the main extraction solvent,
while magnetic CNTs are used to increase the extraction efficiency and to couple with the IL, facilitating
the easier separation of the IL from the solution.
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Figure 3. Preparation of surfactant-coated magnetic CNTs and the application to microextraction and
preconcentration of analytes. Reproduced with permission from [51]. Copyright Elsevier, 2014.

6. Conclusions and Perspectives

Here, we have discussed a variety of IL-functionalized carbon-based materials, consisting
predominantly of graphene and multi-walled carbon nanotubes, for microextraction purposes,
and we have highlighted the emerging frontiers of this aspect of nanoscience and analytical chemistry.
Increasing extraction yield, selectivity and sensitive detection are the most exciting and challenging
aspects of this field.

Graphene-IL and CNT-IL hybrid materials have been synthesized and used as sorbents in
microextraction procedures for various classes of organic compounds and metals in food and water
samples. These materials proved to be advantageous and more efficient than bare graphene, CNTs or IL,
underlining their combined capability via various interactions. Furthermore, it is noteworthy that the
composite material can adsorb various classes of compounds by altering the anion of the IL, which is an
elegant way to tune selectivity and applicability. Despite their successful synthesis and employment in
microextraction, composite materials endowed with magnetic properties and outstanding characteristics
were also synthesized.

Carbon-based nanomaterials, coated with IL, clearly contribute significantly towards the
development of enhanced analytical methods due to their increased efficiency, recovery and selectivity,
as adsorbents. Furthermore, in some cases, they proved to surpass commercially available sorbent
materials, employed in microextraction procedures. In the future, large-scale synthesis of the materials
should be examined, in order to use them as reliable commercial materials for microextraction purposes.
Moreover, more research should be conducted focusing on other matrices or classes of compounds
that can be extracted by the hybrid adsorbents. As “nanoparticles will be part of the heart and soul
of analytical chemistry”, the applications of composite nanomaterials, based on carbon structure-IL,
in sample preparation, will continue to improve, and new analytical applications for the composite
materials are expected to emerge, since their full potential is yet to be realized.

Conflicts of Interest: The authors report no conflict of interest.
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Abbreviations

CNTs carbon nanotubes
DI direct-immersion
DSPE dispersive solid-phase microextraction
EDOT 3,4-ethylenedioxythiophene
EFs enrichment factors
G graphene
GO graphene oxide
HS headspace
IL Ionic liquids
LODs limits of detection
MSPE magnetic solid-phase extraction
[NTf2] bis(trifluoromethanesulfonyl imide)
PAHs polycyclic aromatic hydrocarbons
PANI polyaniline
PEDOT poly(3,4-ethylenedioxythiophene)
PILs polymeric ionic liquids
PT-SPE pipette-tip solid-phase extraction
QuEChERS Quick, Easy, Cheap, Effective, Rugged and Safe
SPE solid-phase extraction
SPME solid-phase microextraction

USA-IL-LDMME
ultrasound-assisted, ionic liquid-linked, dual-magnetic multi-walled carbon
nanotube microextraction
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Abstract: Since the introduction in 2014 of fabric phase sorptive extraction (FPSE) as a sample
preparation technique, it has attracted the attention of many scientists working in the field of
separation science. This novel sorbent extraction technique has successfully utilized the benefits of
sol–gel derived hybrid sorbents and a plethora of fabric substrates, resulting in a highly efficient,
sensitive and green sample pretreatment methodology. The proposed procedure is an easy and
efficient pathway to extract target analytes from different matrices providing inherent advantages
such as high sample loading capacity and short pretreatment time. The present review mainly focuses
on the background and sol–gel chemistry for the preparation of new fabric sorbents as well as on
the applications of FPSE for extracting target analytes, from the time that it was first introduced.
New modes of FPSE including stir FPSE, stir-bar FPSE, dynamic FPSE, and automated on-line FPSE
are also highlighted and commented upon in detail. FPSE has been effectively applied for the
determination of various organic and inorganic analytes in different types of environmental and
biological samples in high throughput analytical, environmental, and toxicological laboratories.

Keywords: fabric phase sorptive extraction; sample preparation; sol–gel; chromatography;
automation; solid phase extraction; atomic spectrometry

1. Introduction

In modern analytical methods, sensitive techniques as well as new analytical instruments are used
for the determination of various analytes in a plethora of different and complex matrices. However,
the direct determination of very low concentrations has been broadly recognized as the Achilles heel
of the analysis and is mainly associated with matrix interferences or inadequate sensitivity. On the
other hand, it is well known that sample preparation is a key step of chemical analysis and somehow is
considered as the bottleneck of the whole analytical cycle being the most tedious and time consuming
stage and affecting significantly the precision as well as the accuracy of the overall analysis [1,2]. Thus,
a preliminary step of preconcentration and separation of analytes from the original sample matrix or
matrix simplification is usually required.

Among sample pretreatment techniques which are used prior to determination, solid–phase
extraction (SPE) is recognized as an advantageous alternative to classic liquid–liquid extraction (LLE),
which is undesirable due to the recent green analytical chemistry (GAC) regulations, regarding the
use of organic solvents [3,4]. SPE has been widely accepted thanks to several inherent advantages like
simplicity, the ability to extract polar compounds, no requirement of phase separation, lower volumes
of organic solvent which can be reached even at microliter level (50–100 μL) in automated procedures,
lower sample pretreatment time, as well as lower cost of analysis. Moreover, SPE facilitates
miniaturization and automation [5,6].
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Following the trends of analytical chemistry on miniaturization, several approaches of sorbent
microextraction have been developed such as solid-phase microextraction (SPME) [7–9], stir-bar
sorptive extraction (SBSE) [10], thin film microextraction (TFME) [11] and related techniques as well
as magnetic solid-phase extraction (MSPE) [12]. Despite the fact that SPME is a well-established
microextraction technique, in some applications, it may not provide the desired sensitivity due to the
small sorbent mass and sample capacity as well as mechanical distortion resulting in poor precision
and sensitivity [13].

In order to increase the volume of the extraction phase as well as the active surface area, Pawliszyn
et al. proposed a TFME approach based on a thin sheet of a polydimethylsiloxane (PDMS) organic
polymer membrane as an extraction phase [11]. The membrane was attached to a stainless-steel rod
which was immersed into the sample solution containing the target analytes. The extraction procedure
took place in both direct and headspace extraction mode. After the extraction procedure, the membrane
was rolled around the rod and placed into a gas chromatography (GC) injector for thermal desorption.
In comparison with SPME, it presents higher extraction efficiency as well as shorter equilibrium
time, thanks to the larger extraction phase (25–125 times more than a fiber). In 2012, Kermani and
Pawliszyn reported a modification of TFME based on the distribution of a polymeric sorbent consisting
of a mixed carboxen/polydimethylsiloxane (CAR/PDMS) and polydimethylsiloxane/divinylbenzene
(PDMS/DVB), spread onto a glass wool fabric support as the substrate [14]. The extraction procedure
was similar to TFME for GC-MS analysis. The resulted samplers presented better stability and
robustness thanks to the incorporation of the fabric substrate in their thin film structure. Recently,
a carbon mesh support was presented by Grandy et al., as an alternative substrate for the TFME
technique [15] for GC-toroidial ion trap MS (GC-TMS) analysis. The proposed carbon substrate seems
to be more durable than other TFME designs.

In 2014, Kabir and Furton [16] developed a novel highly promising and versatile sample
preparation sorbent extraction technique named as fabric phase sorptive extraction (FPSE).
FPSE successfully combines the advantages of sol–gel derived sorbents used in microextraction
and the wide variety of fabric substrates, resulting in a highly efficient and green sample pretreatment
technique [13,17]. Two main limitations of sorptive extraction techniques have been addressed by
FPSE, the low sorbent capacity and long sample preparation time. The inherent porous surface of
cellulose or polyester used as fabric substrate together with the strength of sol–gel derived hybrid
sorbents uniformly dispersed as an ultra-thin film within the fabric substrate, results in a plethora
of sorbent materials with significant analyte retention capacity and very fast extraction equilibrium.
In comparison with a typical SPME fiber, the sorbent loading in FPSE media is about 400-times higher.
Also unlike SPME, the extraction sorbent is dispersed homogeneously on the surface of nanometer
size polyester/cellulose micro-fibrils of FPSE [13]. Regarding the elution of the retained analytes from
the FPSE media in organic solvents, this is also fast without the potential carryover risk. Highly acidic
or basic chemical environments as well as any organic solvent can be used as eluents. The advantages
of the FPSE technique include: (a) simplicity, low cost, minimal consumption of solvents; (b) sample
preparation can be completed by directly introducing the FPSE media into the vessel containing the
sample matrix; (c) enhanced efficiency by sonication, magnetic stirring; (d) a plethora of organic
solvents can be used as eluent; (e) minimization of sample preparation steps, reducing potential
sources of errors; (f) a variety of effective sol–gel coatings can be employed as sorbent; (g) high analyte
preconcentration factors; (h) high chemical resistance of the FPSE media thanks to a strong chemical
bonding between the sorbent phase and the substrate.

Typically, the FPSE procedure starts with the immersion of the FPSE medium in a solvent system to
clean any unwanted residue, followed by subsequent rinsing with deionized water to remove residual
organic solvents. An amount of sample containing the target analytes is taken into a screw-capped
glass vial. The FPSE medium is inserted into the vial along with a clean Teflon-coated magnetic stir bar.
The sample solution is stirred for a defined extraction time for the sorption of the analytes. The FPSE
medium is then removed from the extraction vial and is inserted into another vial containing the
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eluting solvent, for 4–10 min. Finally, the eluent is centrifuged and filtered to remove any particulate
matter prior to injection into HPLC or other systems [18]. The FPSE procedure is shown in Figure 1.
The FPSE medium can be reused by washing with the solvent system or it can be left to dry on a watch
glass and stored in an air-tight glass container for future use.

Figure 1. Schematic presentation of the main steps involved in FPSE process.

The recent trend of solid-phase extraction and microextraction is related to the development
and characterization of new sorbent materials. The main targets in the search of novel sorbents
depend on the extraction mode as well as on the analytes and samples, including better selectivity
(or even specificity towards definite target species), improved sorptive or adsorptive capacity, as well
as enhanced thermal, chemical or mechanical stability of the extractive media [19].

Sol–gel technology has many features in producing new materials of high purity and homogeneity,
in forms of bulk, fibers, sheets, coating films as well as particles [20]. In analytical chemistry, the sol–gel
process is commonly used in the synthesis of materials as sorbents for sample preparation techniques
like SPE, SPME, and SBSE. The first demonstration of sol–gel technology for preparation of SPME
fibers was presented by Malik and co-workers [21]. Since then, a wide variety of sol–gel sorbents with
high selectivity, extraction sensitivity and FPSE applications have been presented.

In FPSE, a large pool of sol–gel sorbent materials with unique properties is available including
a variety of polymers coated on either hydrophilic or hydrophobic substrates. The characteristics of
the FPSE media used in the developed FPSE methods are given in Table 1.

Table 1. Characteristics of the FPSE media used in the developed methods.

Sol–gel Coating Sorbent Loading (mg·cm−2) Fabric Substrate Polarity

PDMDPS 1.93 Cellulose/Polyester Non-polar
C18 2.4 Cellulose Non-polar

PDMS 2.3 Cellulose Non-polar
PTHF 3.96 Cellulose Medium polar

PEO-PPO-PEO 5.68 Cellulose Polar
Graphene 7.57 Cellulose Polar

PEG-PPG-PEG 5.68 Cellulose Polar
PEG 8.64 Cellulose Highly polar

The objective of the present review article is to address, from both a presentative and critical point
of view, the FPSE technique as well as its applications in diverse fields of analytical chemistry, either in
batch or automated mode. In addition, the most important information regarding the principles of
the FPSE technique and the sol–gel sorbent materials used for this purpose along with the process of
preparing each substrate and the procedure of sol–gel coating are also presented.
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2. Sol–gel Technology in Developing Microextraction Sorbents

Sol–gel technology is an interesting approach for the synthesis of inorganic polymers and
organic–inorganic hybrid porous products of various sizes, shapes and formats like films, fibers,
particles and monoliths, by employing mild reaction conditions [22]. By carefully modifying the
synthesis process, the resulted materials are thermally and chemically stable with better homogeneity
and purity, tunable porosity, and selectivity. The most important advantages of sol–gel technology
for sorbent micro-extraction are the strong retention of the coating onto the substrate due to chemical
bonding as well as the reduction of the extraction equilibrium time and the fast mass transfer thanks
to the inherent porous structure [17].

A sol–gel process involves the catalytic hydrolysis of sol–gel precursor(s) and subsequent
polycondensation of the hydrolyzed precursor(s), resulting in the transition of a liquid colloidal
(solid particles with diameter of 1–100 nm) suspension known as “sol” into a 3D network of solid
matrix “gel” with pores of sub-micrometer dimensions and polymeric chains whose average length is
greater than a micrometer [23].

Initially, in the sol–gel process an inorganic or organically-modified inorganic precursor, for
example methyltrimethoxysilane (MTMOS) is mixed with water and solvent in the presence of
acid/base/fluoride catalyst. Afterwards, the hydrolyzed sol–gel precursor is condensed leading
to the formation of a growing sol–gel network, into which a sol–gel active organic polymer,
like hydroxy-terminated PDMS, can become chemically integrated. The reactions of the sol–gel
process are schematically represented in Figure 2. As a result, a surface-bonded sol–gel hybrid
organic-inorganic polymeric network is created and a new sol–gel hybrid material is synthesized.

Figure 2. Schematic representation of chemical reactions involved in the synthesis of sol–gel hybrid
organic–inorganic sorbents. Reproduced from [17] with permission of Elsevier.

A wide variety of available organically modified sol–gel precursors with different polarities can
be used in the sol solution design to complement the overall polarity of the extraction sorbent [23].
The characteristics and the chemical properties of sol–gel hybrid organic-inorganic sorbents are affected
by several factors, including the nature and type of precursors, the precursor to water ratio, the type of
catalyst and its concentration, the pH of sol-solution, the organic solvent, the temperature and humidity
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during reactions, as well as the post-gelation aging conditions. The chemical structure of the produced
sol–gel matrix depends on the type of the catalyst, used in the sol solution. The most commonly used
precursors as well as different types of catalysts employed in sol–gel technology are given in Table 2.

Table 2. Types of precursors and catalysts used in a sol–gel process.

Sol–gel Precursor Operation

Unchanged:
TEOS, Titanium isopropoxide,

Zirconium butoxide,
Tetramethoxygermane, Alumina

Inorganic component to the hybrid polymeric
network. Offers active hydroxyl group to facilitate

chemical bonding to the fiber/capillary surface.

Organically modified: MTMS, C18-MTMS, C8-TMS,
TMSPA, VTEOS, PTMOS

Forms inorganic backbone of the hybrid material.
Organic moieties provide intermolecular

interactions between analytes and the sorbent.

Catalyst Operation

Acid/Fluoride/Base:
GAA, HCl, HNO3, Citric acid,

TFA, HF, NH4OH, NaOH,
Basic amino acids

Catalyzes the hydrolysis and condensation
reactions and controls the network structure and

porosity. Acid catalyzed sol–gel materials possess
weakly branched microporous structures. Base

catalyzed sol–gel materials have highly branched
particulate structures with large pore sizes.

3. Preparation of FPSE Media

The preparation of FPSE media involves two main steps: (1) pretreatment of fabric substrates for
sol–gel coating and (2) design and preparation of the sol solution for sol–gel coating process.

3.1. Pretreatment of Fabric Substrates

The segments of fabric substrates (e.g., cellulose, polyester) are first soaked with deionized water
under sonication in order to become thoroughly wet. Fabric pieces are cleaned with a high amount of
deionized water so that chemical residues are removed. Then, a process called mercerization follows,
by treating the fabric with 1.0 mol·L−1 NaOH under sonication and the mercerized fabric is washed
several times with plenty of deionized water. The next step is treating the fabric with 0.1 mol·L−1

HCl under sonication, washing again with deionized water, and finally drying overnight in an inert
atmosphere. Dried fabric substrates are stored in clean glass airtight containers until they are coated
with the appropriate sol–gel sorbent.

3.2. Preparation of the Sol Solution for the Sol–gel Coating Process

Designing the sol solution is the main step on the way to the development of a sol–gel sorbent
due to the fact that its composition and the relative ratio of the constituents, define the porosity as
well as the selectivity and specificity of the resulting sorbent [24]. For an effective sol–gel sorbent, the
selection of the sol–gel active organic polymer, the inorganic or organically modified inorganic sol–gel
precursor, the solvent/solvent system, the catalyst, the amount of water, as well as an appropriate
relative molar ratio of the constituents must be considered. The composition of the sol solutions for
the FPSE media preparation is given in details in Table 3.

The coating procedure is integrated by inserting gently the treated fabric pieces into the vial
containing the sol solution. As a result, a three dimensional network is formed throughout the porous
substrate matrix (cellulose, polyester etc.). After a predetermined coating time the fabric is taken away
from the sol solution, dried, and placed in a desiccator overnight for solvent evaporation and for aging
of the sol–gel coating. The objective of this step is to complete the condensation reaction and remove
solvents and unreacted residuals from the sol–gel matrix, ensuring a clean, surface bonded sol–gel
sorbent free of structural deformation and internal stress. The coated FPSE media is then rinsed with
the appropriate solvent system under sonication for a few minutes in order to remove residual sol
solution ingredients from the coated surface. The FPSE media is then cut into 2.5 cm × 2.0 cm pieces
and stored in clean airtight containers, for future use.
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Images of the surface by scanning electron microscope (SEM) of (a) uncoated surface of cellulose
fabric substrate at 100× magnification; (b) sol–gel poly-PEG coated surface of FPSE media at 100×
magnification; (c) uncoated surface of cellulose fabric substrate surface at 500× magnification;
and (d) sol–gel poly-PEG coated surface of FPSE media at 500× magnification are presented in
Figure 3. Both low and high magnification SEM images of the sol–gel PEG coated FPSE media clearly
demonstrate that the ultra-thin coating of the sol–gel sorbent is uniformly distributed throughout
the substrate matrix without blocking the pores of the fabric. The easy access of the low viscosity
sol solution into the fabric matrix helps in achieving this uniform ultrathin sol–gel PEG coating.
The sol–gel PEG coating does not clog the through-pores of the fabric substrate, allowing an easy
permeation of sample matrix through its body, which consequently helps to accomplish extraction
equilibrium in a very short period of time [18].

Figure 3. SEM images of (a) uncoated cellulose at 100× magnification; (b) PEG coated FPSE media at
100× magnification; (c) uncoated cellulose at 500× magnification; (d) PEG coated FPSE media at 500×
magnification. Reproduced from [18] with permission of Elsevier.

4. Applications of Fabric Phase Sorptive Extraction

Since the presentation of FPSE in 2014 as a novel sample pretreatment technique prior to high
performance liquid chromatography for the determination of selected estrogens, various applications
for organic and inorganic analytes have been reported in the literature. All reported FPSE methods are
presented briefly in Table 4, containing information about all FPSE procedures for sample preparation,
the main parameters with the analytical performance characteristics, as well as the analytes and the
types of samples. Most of the reported methods were applied for drugs and pharmaceuticals using
HPLC or UPLC coupled with DAD, MS or MS/MS.
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In the first FPSE application, Kumar et al. [13] developed a FPSE-HPLC-FLD method for selected
estrogen (BPA, E2 and EE2) determination in urine and environmental (ground, river and drinking)
water samples by HPLC coupled with an FLD detection system. The estrogens which are medium polar
compounds, were extracted using a medium polar FPSE medium prepared by sol–gel PTHF coated on
a cellulose substrate. The FPSE procedure took place in a glass vial containing the target analytes along
with the coated FPSE medium and followed by magnetic stirring for an efficient adsorption. A volume
of 500 μL of methanol was used to elute the analytes from the fabric. After 5 min centrifugation and
filtration of the eluent, it was injected into the HPLC system. The proposed method presented good
analytical characteristics as shown in Table 4.

Samanidou et al. [26] used the FPSE technique for the determination of selected benzodiazepines,
APZ, BRZ, DZP, and LRZ in blood serum by HPLC-DAD. Benzodiazepines are commonly
prescribed drugs with sedative, anti-depressive, tranquilizing, hypnotic, and anticonvulsant properties.
Their determination in biological fluids is of great importance not only in clinical assays, but also in
forensics and toxicological studies. Three different FPSE sorbents were examined; the sol–gel PEG
and sol–gel PTHF coated on cellulose substrates and the sol–gel PDMDPS coated on a polyester
substrate. The optimization experiments showed that sol–gel PEG was the most appropriate FPSE
medium to extract benzodiazepines. After conditioning the FPSE medium, it was inserted into a glass
vial containing the sample solution along with a Teflon-coated magnetic stirrer. The sample was
stirred for about 20 min and then, elution followed by immersing the FPSE medium into another vial
containing an elution solvent system of acetonitrile: methanol (50:50 v/v). The elution time was 10 min.
The extracted benzodiazepines were analyzed directly in the HPLC instrument with photodiode array
detector (DAD) operated at 240 nm. In this work, the FPSE sol–gel PEG medium was introduced
directly into the matrix without prior deproteinization, resulting in the minimization of sample
preparation steps as well as in the elimination of probable errors during the sample pretreatment
procedure. However, it is not mentioned if the FPSE medium is replaced for each analytical cycle as it
could become clogged from complex matrices like blood, milk, etc.

Guedes-Alonso et al. [35] developed a simple, fast and sensitive method for the quantification
of natural and synthetic steroid hormones, androgens and progestogens by coupling sol–gel PTHF
coated FPSE medium with UHPLC-MS/MS. Steroid hormones have been widely used in both human
and veterinary medicine and their effective determination in water samples is of crucial importance
for the assessment of the concentration levels and their related ecological risk. A UHPLC system
coupled to a triple quadrupole detector was used for the quantification of selected androgens and
progestogens, NORET, NOR, MGA, PRO, BOL, NAN, ADTD, DHEA, TES, and AND, in tap water and
wastewater treated with different techniques as well as in urine samples. The FPSE procedure took
place in glass vials with a Teflon coated magnetic stirrer. After submerging the FPSE medium into
the sample solution (water or urine samples), it was stirred at 1000 rpm, with an extraction efficiency
maximum achieved in 20 min and elution in 3 min. Methanol in a small quantity, approximately
0.75 mL, was used as the elution solvent. The recovery of the developed method ranged from 65.9% to
121.2%. Both repeatability values (intra-and inter-day) were in all type of samples lower than 20%.

The FPSE technique was also applied for the determination of four non-steroidal anti-inflammatory
drugs, namely: IBU, NAP, KET, and DIC, in environmental water samples in combination with
GC-MS [25]. Up to now, this is the only method that associates FPSE with the GC-MS analytical
technique. Three different sorbents, sol–gel PDMDPS on a polyester substrate, sol–gel PTHF and sol–gel
PEG on cellulose substrates, were investigated. The sol–gel PEG coated FPSE medium was found to be
the most efficient one for the NSAIDs analytes independently of the pH and the ionic strength. The FPSE
extraction was performed in a glass screw-cap vial by immersing the FPSE medium into the sample
solution with the help of a tweezers. The solution was magnetically stirred at 500 rpm for 2 h. Ethyl
acetate was used to elute the analytes with an elution time of 15 min. For the elution of the compounds,
the FPSE medium was introduced into a 1 mL sample of ethyl acetate for 15 min. Subsequently, the
FPSE medium was removed from the vial and the extract was evaporated to dryness by nitrogen stream.
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The residue was reconstituted into a 100 μL insert with 40 μL of ethyl acetate and 10 μL of MTBSTFA.
The derivatization reaction took place in an oven at 60 ◦C for 60 min. After cooling to room temperature,
the extract was ready for GC-MS analysis. The total runtime was 38.2 min. The instrument was a gas
chromatograph equipped with a capillary column, combined with a quadrupole mass spectrometer.
Recoveries were in the range of 82%–116% and RSDs between 3.5% and 18%.

Samanidou et al. [18] reported a facile sol–gel synthesis to incorporate short-chain PEG into
the sol–gel matrix and anchor the growing sol–gel PEG network to a flexible hydrophilic cellulose
substrate, resulting in a homogenous and ultra-thin, highly polar FPSE medium. The sol–gel PEG
FPSE medium was applied for the first time to assess the concentration of amphenicol drugs in raw
milk samples. The extraction of amphenicols residues, TAP, FF, and CAP from raw milk followed by
HPLC-DAD was investigated. The sol–gel PEG FPSE medium together with an aliquot of milk sample
(0.5 g) with 500 μL DI water (or 0.5 g milk spiked with 500 μL of amphenicols standard solution) was
magnetically stirred for 30 min. Methanol was used as the elution solvent and elution was performed
for 10 min. The extract was centrifuged for 15 min and filtered prior to HPLC. The FPSE medium
could be reused by washing with 2 mL acetonitrile: methanol (50:50 v/v) for 5 min. The proposed
method showed good linearity and sensitivity. The precision was evaluated within a day and between
days and ranged from 1.0%–10.7% and 7.6%–14.0% for TAP, FF, and CAP respectively. In this study,
no protein precipitation or solvent evaporation and sample reconstitution were necessary, thanks
to the FPSE technique which reduces the sample preparation steps, ending up in a short extraction
equilibrium time pretreatment technique.

Karageorgou et al. [24] developed a simple FPSE-HPLC-UV method for the isolation of three
sulfonamides, SMTH, SIX, and SDMX, from untreated milk samples. The highly polar sol–gel PEG
coated on a cellulose substrate was used for the extraction of the selected sulfonamides. The FPSE
procedure was the same as the previous method [18]. After the extraction, the FPSE medium was
first inserted into a clean vial with 250 μL MeOH for 8 min and then into another vial with 250 μL
ACN for a further 5 min for the elution of the analytes. The resulting solution was filtered prior to
HPLC injection to remove any particulate matter. The same medium could be reused up to 30 times
without any significant loss in extraction performance. The precision of the method was estimated
for within-day repeatability and between-day repeatability with RSDs ranging from 5.6% to 6.7%
respectively. The flexibility of the FPSE medium facilitates the easy insertion of the fabric into the
sample solution, resulting in the fast extraction of the analytes. In addition, neither prior pretreatment
of the sample was carried out including protein precipitation, nor solvent evaporation was performed
followed by sample reconstitution. Another application from the same group, using the sol–gel PEG
FPSE medium on cellulose substrate and offering the same advantages regarding the reduction of
sample preparation steps, was reported for the extraction of four penicillin antibiotic residues (PENG,
CLO, DICLO, and OXA) from cows’ milk [37]. Sol–gel PEG FPSE medium was adopted for method
optimization and validation among sol–gel C18 and sol–gel PEG-PPG-PEG all coated on cellulose
substrates, as the first one provided better absolute recovery values ranging between 22% and 58%,
than 5% provided by the two other sorbent FPSE media.

FPSE has been also employed for the preconcentration of four endocrine disruptor alkylphenol
molecules, namely, 4-TBP, 4-SBP, 4-TAP, and 4-CP in aqueous and soil samples followed by HPLC-UV
detection [33]. The sol–gel PTHF on a cellulose substrate was selected for the extraction procedure.
The sample was stirred at a speed of 1000 rpm for an extraction time of 25 min and then elution with
methanol followed, for 6 min. The eluent was centrifuged for 5 min, filtered with a syringe filter and
finally it was injected into the HPLC system. Relative recoveries were satisfactory and ranged from
91% to 97% in aqueous samples, while for soil and sludge samples they were lower between 89% and
91%, probably due to the complicated sample matrix.

Another interesting application of FPSE using UPLC-MS(QqQ) is for migration analysis of several
non-volatile additives in food packaging materials [34]. Three different sol–gel coated FPSE media with
diverse polarities were investigated: sol–gel PDMS (non-polar), sol–gel PTHF (medium polar) and
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sol–gel PEG (highly polar) all coated on cellulose substrates as well as several extraction parameters
were optimized. The proposed method was applied for 18 plastic additives: eight plasticizers (DEP,
TBC, DBM, TBoAC, TXIB, DBP, 2EHAdip, 2EHSeb), five antioxidants (IRGA38, TOPAC, IRGA1076,
IRGA168 and IRGA1010), four UV absorbers (TINU326, CHIMA81, TINU327, CYA1084) and one
antistatic agent (HAA C12). Three different food simulants with concentration of 300 μg·L−1 of the
target analytes: A, ethanol 10%; B, acetic acid 3%, and D1, ethanol 50% were prepared to optimize
the FPSE protocol. Better retention was achieved using sol–gel PTHF and sol–gel PEG coated FPSE
media with analytes dissolved in ethanol 10% or acetic acid 3%. For these simulants, the retention
efficiency was over 75%. On the other hand, they were slightly retained using ethanol 50% as simulant.
The extraction of these compounds with the low polar sol–gel PDMS was, as expected, lower than the
other FPSE media, especially for DEP. Generally, compounds with low logP values proved to have
higher enrichment factors, especially with sol–gel PTHF and sol–gel PEG FPSE media. The use of
sol–gel PDMS improved the enrichment capacity, in the case of compounds with high logP values.
Sample extraction assisted by magnetic stirring at 700 rpm was optimized at 20 min and 10 min for
solvent elution assisted by ultrasound. Acetonitrile was adopted as the elution solvent since recoveries
were higher than 70% for 13 out of the 18 selected compounds in all FPSE media. The best extraction
recovery values were achieved when analytes were dissolved in 3% aqueous acetic acid solution, where
17 out of 18 compounds showed improved sensitivity and 10 of them obtained enrichment factors
higher than 3 for all tested FPSE media. When FPSE eluents were evaporated using nitrogen, 11 out of
18 compounds reached EFs higher than 100. This significant improvement of the sensitivity was based
on the combination of FPSE technique with nitrogen evaporation allowing the determination of such
analytes at very low concentrations in various types of samples.

Recently, Montesdeoca-Esponda et al., applied the FPSE methodology followed by
UHPLC-MS/MS detection for the determination of benzotriazole UV stabilizers (BUVSs) in sewage
samples [27]. BUVSs are classified as emerging pollutants used in different personal care products
such as sunscreens, soaps, shampoos, lip gloss, hair dyes or makeup that can affect the aqueous
environmental ecosystem in various ways. The target analytes were: UV P, UV 329, UV 326, UV 328,
UV 327, UV 571, and UV 360. The non-polar sol–gel PDMDPS coated on a polyester substrate was used
to extract the analytes. A sample of volume 10 mL together with the fabric were stirred at 1000 rpm
for 60 min and the analytes were eluted with 1.0 mL methanol for 5 min. Under these conditions,
the preconcentration factor was 10 times. A UPLC system coupled with a triple quadropole detector
with an ESI interface was used to determine the target analytes. The proposed method was applied to
sewage samples with recoveries ranging from 42% to 99%.

Garcia-Guerra et al. [28] reported a FPSE-UHPLC-MS/MS method for benzotriazole UV stabilizers’
(UV P, UV 329, UV 326, UV 328, UV 327, and UV 360) determination in seawater samples collected
from beaches used by tourists where the direct input of these compounds may be significant. Three
different coated FPSE media; sol–gel PDMDPS, sol–gel PTHF, and sol–gel PEG were evaluated using
aqueous solutions at pH 6 as initial conditions. Among them, sol–gel PDMDPS coated on a polyester
substrate, showed the greatest capability to extract the non-polar target analytes, so it was selected
for further experiments. For 60 min extraction time and 10 min elution in methanol the developed
method provided absolute recoveries in the range from 40.9% to 44.3%, except for UV P and UV 329
whose values were between 9.30% and 20.6%.

Lakade et al. [31] presented a comparative study of four FPSE media: non-polar sol–gel PDMDPS,
medium-polar sol–gel PTHF, polar sol–gel PEG-PPG-PEG triblock, and polar sol–gel PEG to extract
a group of PPCPs (logKow values range from −0.6 to 6.1) from environmental water samples. The FPSE
sol–gel PEG media was selected as the most appropriate sorbent material for the target PPCPs
(MPB, CBZ, PrPB, DHB, BzPB, DHMB, DICLO, BP-3, TCC, and TCS) in the developed method.
The analytes were determined in river and wastewater samples by LC-MS/MS. A portion of 1.0 mL
of methanol was used as the elution solvent with a time of 5 min and the total extraction time was
extremely long, for about 4 h.
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5. Stir Fabric Phase Sorptive Extraction

In order to increase extraction kinetics, various interesting approaches have been reported by
increasing the contact surface area of micro-extraction devices. Pawliszyn et al. [11] proposed the
thin-film microextraction technique where a thin membrane of PDMS was used as the extracting
surface by enhancing the interaction between the sample and the active sorptive phase. In this context,
as FPSE is a typical diffusion extraction process, it can be improved by the stirring of the whole
extraction system simultaneously including the fabric sorbent medium as well as the sample.

The potential combination of FPSE media with the advantages of stir membrane extraction
(SME) [38] was investigated by Roldan-Pijuan et al. [30]. The proposed stir fabric phase sorptive
extraction (SFPSE), which integrates sol–gel hybrid organic–inorganic coated FPSE media with
a magnetic stirring mechanism, is presented for the first time and demonstrated for determination of
seven triazine herbicides. Two flexible fabric substrates, cellulose and polyester were used as the host
matrix for three different sorbents, sol–gel PTHF, sol–gel PEG, and sol–gel PDMDPS. Results showed
that the analytes were better extracted by sol–gel PEG, so it was selected for further studies.

The SFPSE unit was constructed using a section of a polypropylene SPE cartridge, an FPSE
medium, an external element cut from a pipette tip, and an iron wire to allow magnetic stirring of the
unit. The configuration of the extraction device as well as the extraction procedure, are depicted in
Figure 4. The extraction time was fixed at 60 min, while elution time with 1.0 mL methanol at 5 min.
The absolute recovery values were in the range 22.2%–70.5%. In this new approach, following the SME
model, fast analyte diffusion as well as high contact surface area are provided thanks to the device
design, leading to the enhancement of the extraction efficiency as well as to the reduction of total
extraction time.

Figure 4. Configuration of stir FPSE device (a) along with the extraction procedure (b). Reproduced
from [30] with permission of Elsevier.

Huang et al. [32] presented a stir FPSE system similar to that presented previously [30] to extract
brominated flame retardants: TBBPA, TBBPA-BAE, and TBBPA-BDBPE, from wastewater and reservoir
water samples, followed by HPLC-DAD analysis. In the same work [32] and in the context of stirring
of the fabric, Huang et al., presented an alternative extraction device called as stir-bar fabric phase
sorptive extraction (stir bar-FPSE). Briefly, the FPSE media was cut into a house shape, clamped,
and fixed by using a stir bar. Schematic diagram of the two extraction procedures stir-bar FPSE and
magnetic stir-FPSE are shown in Figure 5.

Three FPSE sorbents: sol–gel PTHF, sol–gel PEG, and sol–gel PDMDPS, were prepared on cellulose
fabric substrates. Based on the medium polarity of three BFRs, the sol–gel PTHF fabric was selected
for further studies. In both analytical procedures 300 μL acetonitrile was used to elute the BFRs with
an elution time of 15 min. Due to the large sorbent loading capacity and unique stirring performance,
both techniques possessed high extraction capability and fast extraction equilibrium. Due to the low
solvent consumption, the proposed methods could meet the green analytical criteria.

70



Separations 2017, 4, 20

Figure 5. Schematic presentation of stir-bar FPSE and magnetic stir-FPSE procedure. Reproduced
from [32] with permission of Elsevier.

6. Dynamic Fabric Phase Sorptive Extraction

As already mentioned, FPSE technique has been applied for the extraction of various analytes
from different types of samples providing satisfactory results by achieving better extraction recoveries
in several cases than in other sample preparation techniques. However, the main drawback of FPSE is
the extraction time, which takes up to four hours (see Table 4) for extraction equilibrium.

In order to overcome this drawback of the long extraction time, Lakade et al. [29] proposed
a new mode of FPSE, called dynamic phase sorbent extraction (DFPSE). DFPSE uses 47 mm circular
disks of FPSE media in a filtration assembly instead of 25 mm × 20 mm fabric media introduced
directly into the sample solution. The retained analytes on the FPSE disks are eluted by passing
a volume of elution solvent through them. This configuration decreases the extraction time extremely
as the interfacial area is highly increased. The performance efficiency of the DFPSE technique was
evaluated for the extraction of pharmaceuticals and personal care products (PPCPs), MPB, CBZ, PrPB,
DHB, BzPB, DHMB, DICLO, BP-3, TCC, and TCS, from river and wastewater samples, followed by
LC-MS/MS detection. Taking into account that the majority of the target PPCPs are either highly polar
(PARA, CAFF, APy, MPB, CBZ) or medium polar (PROP, PrPB, DHB, BzPB), a hydrophilic substrate
such as cellulose, would be a suitable choice. In addition, a polar polymer PEG was selected as organic
polymer from a large number of polymer candidates.

Initially, three FPSE disks were placed into the filtration assembly conditioned by passing MeOH
followed by ultrapure water and then they were dried by applying vacuum. For the extraction procedure,
50 mL of sample solution was loaded into the filtration assembly and left for 10 min in contact with
the FPSE disks for the adsorption of analytes. After that, the sample was passed entirely through the
FPSE disks by vacuum. Subsequently, the FPSE disks were dried by an air flow generated by vacuum.
The retained analytes were eluted by passing 10 mL of EtOAc, as it took less time to be evaporated in
comparison with other solvents that were examined. The analysis was performed by HPLC-MS/MS in
MRM mode in positive or negative ionization mode. Recovery values were better than those provided by
static FPSE except for PARA and CAFF whose recoveries were lower than 38%. The extraction time was
significantly reduced from 240 min to 10 min [31], proving that the proposed dynamic mode provides
promising results and that it can be used for the determination of various target analytes in different
kinds of samples, with shorter equilibrium time and higher retention than static FPSE.

7. Automated Fabric Phase Sorptive Extraction

Current trends in analytical chemistry, are mainly focused on three significant objectives namely
miniaturization, simplification, and automation. During recent years, noteworthy progress has been
made in order to enhance the quality of analytical results and follow the concept of green analytical
chemistry. The implementation of flow-based sample pretreatment methodologies used for fluidic
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manipulation and on-line sample/reagent pretreatment holds many advantages in contrast with
the batch mode of sample preparation. These include low consumption of solvents and reagents
and thus low cost of total analysis as well as a significant improvement of the repeatability of the
extraction procedure. The combination of flow injection analysis (FIA), sequential injection analysis
(SIA), and related techniques with atomic spectrometry (AS) [6,39] provide unique capabilities and
enhanced performance of the developed methods. Despite the numerous advantages of the FPSE
technique, there is a need for automation in order to reduce sample preparation time extremely and
considerably improve the analytical characteristics of each developed method.

Very recently, Anthemidis et al. [36], demonstrated and successfully evaluated for the first time, an
automated platform using the FPSE technique in an on-line column preconcentration system. The novel
automated on-line flow injection fabric disk sorptive extraction system (FI-FDSE) coupled with flame
atomic absorption spectrometry (FAAS), was applied for the preconcentration and determination of
lead and cadmium in environmental water samples. Generally, the automation of the FPSE technique
is based on the effective packing of a minicolumn with FPSE sorbent media in a shape of disks packed
in a series and fixed appropriately. The minicolumn was incorporated onto the FIA system as shown
in Figure 6. Four different FPSE sorbent media, sol–gel PDMDPS coated on a polyester substrate,
sol–gel PTHF, sol–gel PEO-PPO-PEO triblock copolymer, and sol–gel graphene coated on cellulose
substrates, were examined through the developed FDSE platform. Sol–gel PDMDPS presented the
highest extraction sensitivity and very good reproducibility in comparison to the other FPSE media,
so it was selected for further experiments. The way of FDSE media preparation as well as the way of
the minicolumn packing are given elsewhere [36].

Figure 6. Schematic diagram of the FI-FDSE-FAAS manifold for metal preconcentration and
determination by FAAS. APDC, aqueous solution 0.2% (m/v) ammonium pyrrolidine dithiocarbamate;
MIBK, methyl isobutyl ketone; W, waste; P, peristaltic pump; SP, syringe pump; IV, injection valve in
the load or elution position; V, two-position valve; FC, flow compensation unit; C, FDSE minicolumn.
(a) Sample loading step, (b) elution step. Reproduced from [36] with permission of Elsevier.
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Briefly, the FDSE minicolumn was created using the body of a polyethylene syringe (4.0 mm i.d.)
shortened to 1.5 cm and packed with 38–40 disks FPSE disks in a row as shown in Figure 7. No frits or
glass wool were used at either end of the column to block fabric disks.

Figure 7. FDSE technique: The FPSE fabric (up–left); the construction of the minicolumn packed
with the FPSE media in the form of disks in a row; the minicolumn with FPSE disks ready for use
(down–right). Reproduced from [36] with permission of Elsevier.

This configuration of the minicolumn provides limited backpressure due to the easy permeation
of the incoming flow through the pores of the FPSE substrate. Thus, high loading flow rates can be
applied, resulting in higher extraction efficiency and lower time of analysis. Enrichment factors of 140
and 38 and detection limits of 1.8 and 0.4 μg·L−1 were achieved for lead and cadmium determination,
respectively, with a sampling frequency of 30 h−1 for 90 s preconcentration time. The precision as
relative standard deviation (RSD) was 3.1% and 3.3% for lead and cadmium respectively. The FDSE
minicolumn was efficient and stable for at least 500 sorption/elution cycles.

8. Conclusions and Future Outlook

Fabric phase sorptive extraction is a newly developed technique used for isolation and
preconcentration of different analytes, from various matrices where even untreated samples demonstrate
high extraction efficiency, operational flexibility, simplicity, and a shortened sample pretreatment
scheme. FPSE has successfully eliminated inherent errors of conventional sample preparation as
well as excessive time consumption. Submerging the FPSE media directly into the sample solution
for analyte extraction offers great flexibility and simplicity, decreasing drastically potential analyte
loss. The FPSE is easy to use with chromatographic techniques (e.g., liquid chromatography and gas
chromatography) coupled with various detection systems such as spectrometry, mass spectrometry and
atomic absorption spectrometry.

The inherent porosity of sol–gel sorbent and characteristic permeability of flexible cellulose or
polyester fabric substrate result in rapid extraction of target analytes and complete the extraction
equilibrium in a short time. Small volumes of organic solvent for elution purposes, elimination of
solvent evaporation, and a sample reconstitution step, make the technique environmentally friendly
and cost effective in accordance with Green Analytical Chemistry requirements. This review of the
literature dealing with FPSE and its applications clearly shows that the technique has achieved great
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importance. Most of the applications have been developed for the selective extraction of drugs,
pharmaceuticals, and various chemical compounds in water, and in biological and food samples.

In the future, research will have the challenge to develop new sol–gel coatings and materials
to determine any type of analyte in complex sample matrices. The new automated approach opens
up the possibility of sample preparation and total analysis without human intervention, increasing
throughput, and improving several analytical performance characteristics.
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Alprazolam; BOL, Boldenone; BPA, Bisphenol A; BP-3, Benzophenone; BRZ, Bromazepam; BzPB, Benzylparaben;
C18-MTMS, Octadecyltrimethoxysilane; C8-TMS, Octyltrimethoxysilane; CAFF, Caffeine; CAP, Chloramphenicol;
CBZ, Carbamazepine; CHIMA81, Chimassorb 81; CLO, Cloxacillin; CYA1084, Cyassorb 1084; DBM, Dibutyl
maleate; DBP, Dibutyl phthalate; DEP, Diethyl phthalate; DFPSE, Dynamic fabric phase sorptive extraction; DHB,
2,4-dihydroxybenzophenone; DHEA, Dehydroepiaandrosterone; DHMB, 2,2-dihydroxy-4-4-methoxybenzophenone;
DIC, Diclofenac; DICLO, Dicloxacillin; DZP, Diazepam; E2, 17β- Estradiol; EE2, 17α-Ethynylestradiol; FF,
Florfenicol; FDSE, Fabric disk sorptive extraction; FPSE, Fabric phase sorptive extraction; GAA, Glacial acetic acid;
HAA C12, N-Lauryldiethanolamine; IBU, Ibuprofen; IRGA38, Irgafos38; IRGA168, Irgafos 168; IRGA1010, Irganox
1010; IRGA1076, Irganox 1076; KET, Ketoprofen; LRZ, Lorazepam; MGA, Megestrol acetate; MIBK, Methyl
isobutyl ketone; MPB, Methylparaben; MTBSTFA, N-Methyl-N-(tert-butyldimethylsilyl)trifluoroacetamide;
MTMS, Methyltrimethoxysilane; NAN, Nandrolone; NAP, Naproxen; NOR, Norgestrel; NORET, Norethisterone;
OXA, Oxacillin; PARA, Paracetamol; PDMDPS, Poly(dimethyldiphenylsiloxane); PDMS, Poly(dimethylsiloxane);
PDPS, Poly(diphenylsiloxane); PEG, Poly(ethyleneglycol); PEG-PPG-PEG, Poly(ethyleneglycol)–block-poly
(propyleneglycol) –block-poly(ethyleneglycol); PENG, Penicillin-G; PEO-PPO-PEO, Poly(ethylene oxide)–poly
(propylene oxide)–poly(ethylene oxide) triblock copolymer; PPCPs, Pharmaceuticals and personal care products;
PRO, Progesterone; PROP, Propranololhydrochloride; PrPB, Propylparaben; PTHF, Poly(tetrahydrofuran);
PTMOS, Phenyltrimethoxysilane; SDMX, Sulfadimethoxine; SFPSE, Stir fabric phase sorptive extraction; SIX,
Sulfisoxazole; SMTH, Sulfamethazine; TAP, Thiamphenicol; TBBPA, Tetrabromobisphenol A; TBBPA-BAE,
Tetrabromobisphenol A bisallylether; TBBPA-BDBPE, Tetrabromobisphenol A bis(2,3-dibromopropyl)ether; TBC,
Tributyl citrate; TBoAC, Tributyl-o-acetyl citrate; TCC, Triclocarban; TCS, Triclosan; TEOS, Tetraethoxysilane;
TES, Testosterone; TFA, Trifluoroacetic acid; TINU326, Tinuvin 326; TINU327, Tinuvin 327; TMSPA,
(Trimethoxysilyl)propylamine; TOPAC, Topanol CA; TXIB, 2,2,4-trimethyl-1,3-pentanediol diisobutyrate; UV 326,
2-tert-butyl-6-(5-chlorobenzotriazol-2-yl)- 4-methylphenol; UV 327, 2,4-ditert-butyl-6-(5-chlorobenzotriazol-2-yl)
phenol; UV 328, 2-(benzotriazol-2-yl)-4,6-bis(2-methybutan-2-yl) phenol; UV 329, 2-(benzotriazol-2-yl)-4-(2,4,4-
trimethylpentan-2-yl) phenol; UV 360, 2-(benzotriazol-2-yl)-6-[[3-(benzotriazol-2-yl)-2-hydroxy-5-(2,4,4-trimethy
lpentan-2-yl)phenyl]methyl]-4-(2,4,4-trimethylpentan-2-yl)phenol; UV 571, 2-(benzotriazol-2-yl)-6-dodecyl-4-methyl
phenol; UV P, 2-(benzotriazol-2-yl)-4-methylphenol; VTEOS, Vinyltriethoxysilane.
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Abstract: The theory and working principle of fabric phase sorptive extraction (FPSE) is presented.
FPSE innovatively integrates the benefits of sol–gel coating technology and the rich surface chemistry
of cellulose/polyester/fiberglass fabrics, resulting in a microextraction device with very high sorbent
loading in the form of an ultra-thin coating. This porous sorbent coating and the permeable
substrate synergistically facilitate fast extraction equilibrium. The flexibility of the FPSE device
allows its direct insertion into original, unmodified samples of different origin. Strong chemical
bonding between the sol–gel sorbent and the fabric substrate permits the exposure of FPSE devices
to any organic solvent for analyte back-extraction/elution. As a representative sorbent, sol–gel
poly(ethylene glycol) coating was generated on cellulose substrates. Five (cm2) segments of these
coated fabrics were used as the FPSE devices for sample preparation using direct immersion
mode. An important class of environmental pollutants—substituted phenols—was used as model
compounds to evaluate the extraction performance of FPSE. The high primary contact surface
area (PCSA) of the FPSE device and porous structure of the sol–gel coatings resulted in very high
sample capacities and incredible extraction sensitivities in a relatively short period of time. Different
extraction parameters were evaluated and optimized. The new extraction devices demonstrated part
per trillion level detection limits for substitute phenols, a wide range of detection linearity, and good
performance reproducibility.

Keywords: fabric phase sorptive extraction (FPSE); sol–gel; phenols; environmental pollution; sample
preparation; microextraction; green analytical chemistry (GAC)

1. Introduction

Sample preparation is an important but often neglected step in chemical analysis [1].
The importance of an efficient sample preparation technique becomes more inevitable when dealing
with trace and ultra-trace levels of target analytes dispersed in complex sample matrices e.g.,
environmental, pharmaceutical, food, and biological samples. These samples are not generally suitable
for direct injection into the analytical instrument. Three main factors may explain this unsuitability
of direct instrumental injection. First, the matrix ingredients may exert detrimental effect on the
performance of the analytical instrument, or they may interfere with the analysis of target analytes;
second, the concentration of the target analytes in the sample matrix may be below the detection
limit of the analytical instrument. Third, the sample matrix may be incompatible with the analytical
instrument. As such, the primary objective of sample preparation is to isolate and concentrate the
target analytes from various sample matrices to a new solvent/solvent system and to minimize matrix
interference so that the cleaner analytes solution can be introduced into the analytical instrument for
separation, identification, and quantification.

Classical sample preparation techniques such as liquid-liquid extraction (LLE) and solid phase
extraction (SPE) are still among popular choices for analytical sample preparation [2–4]. However,
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these procedures are time consuming, laborious, multi-step, generally utilize large volume of toxic
and hazardous organic solvents, and often involve lengthy and error-prone post-extraction steps such
as solvent evaporation and sample reconstitution in a suitable solvent. In order to mitigate some of
these problems, solid-phase microextraction (SPME) was introduced by Pawliszyn and co-workers
in 1987 [5] as a solvent-free/solvent-minimized microextraction technique. Due to the substantial
advantages over conventional sample preparation techniques, SPME has gained enormous popularity
within a very short period of time. The broad spectrum applications of SPME have been extensively
reviewed in a number of recent articles [6–8].

However, some major shortcomings of SPME are yet to be addressed. Among these, one major
shortcoming of SPME (fiber format) is the miniscule amount (typically ~0.5 μL) of sorbent loading that
often results in poor extraction sensitivity [9]. The low extraction sensitivity of fiber-SPME prompted
the invention of a number of microextraction techniques with higher sorbent loading including
in-tube SPME [10], SBSE [11], MEPS [12], rotating-disk sorptive extraction (RDSE) [13], and thin film
microextraction (TFME) [14]. A comprehensive list of different modifications of sorbent based sorptive
microextraction techniques can be found elsewhere [1].

SPME and its different formats, modifications, and implementations are generally governed by
two principle criteria: (1) thermodynamics and (2) kinetics [15]. Thermodynamic properties determine
the maximum amount of analytes that can be extracted by unit mass of sorbent under a specific set
of extraction conditions. Since higher sorbent loading allows the accumulation of a larger amount
of target analytes by the sorbent when adequate time is allowed to reach the extraction equilibrium,
sorbent loading is directly related to extraction efficiency. On the other hand, kinetics controls the
rate of extraction and hence the time required to reach the extraction equilibrium. The faster the
extraction equilibrium, the higher the throughput in the analytical lab. As a result, there is a pressing
demand for developing new microextraction techniques that can simultaneously satisfy the required
sensitivity (by increasing sorbent loading) and reduce the sample preparation time to its lowest level
(by minimizing the extraction equilibrium time).

A critical evaluation of different microextraction systems revealed that the shortcomings of all
contemporary microextraction systems originate from (1) coating technology used for immobilizing
the sorbent on the substrate surface [16] and (2) the physical format of the extraction system [14] that
determines the primary contact surface area (PCSA) of the device and consequently the extraction
kinetics. PCSA is defined as the surface area of the extraction medium that can be accessed directly
by the sample matrix containing the analytes during the extraction process. Therefore, if a sample
preparation technique is to be highly sensitive as well as fast, both the coating technology and the
PCSA have to be augmented.

One major challenging area of microextraction devices is the sorbent coating technology that often
use a dilute solution of pristine polymer to form a thin surface film on the substrate followed by a free
radical cross-linking reaction to immobilize the film [17,18]. The weak physical adhesion of the polymer
to the substrate results in a number of the unwanted phenomena such as high phase bleeding, washing
away of the polymer with organic solvent, long extraction equilibrium time, limited selectivity, poor
extraction reproducibility, and swelling of the sorbent when exposed to organic solvents. The lack of
chemical bonding between the polymeric sorbent and the substrate is believed to be the primary cause
of these coating-related problems. A number of alternative coating techniques have also been proposed
including physical deposition [19,20], electrochemical deposition of conducting polymers [21,22],
gluing with adhesives [23], and sol–gel column technology [1,16]. Nonetheless, sol–gel column
technology pioneered by Malik and co-workers [1,16] have been proven to be the most convenient
and versatile [1]. In addition to the suitability of the coating process, sol–gel technology opens up
the possibility of making multi-component materials that can be conveniently used to customize the
surface morphology, selectivity, and affinity of the sorbent toward the target analytes. The sorbent
coating created by sol–gel technology is highly porous and chemically bonded to the substrate. As an
outcome, such coatings demonstrate remarkable thermal, solvent, and chemical stability. Due to
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its inherent porosity, a thin film of sol–gel coating can extend equivalent or higher sensitivity than
commercially available thick SPME coatings. The high porosity of the sol–gel coating also makes it
possible to reach extraction equilibrium in a fraction of the time that is often required by commercial
SPME fibers.

Although tremendous efforts have been made to increase the sensitivity of the microextraction
systems by merely increasing the sorbent loading on the same substrate (fused silica fiber/glass
tube), little work has been done to increase the primary contact surface area (PCSA) of the extraction
device. The increase in PCSA of the extraction device not only allows higher sorbent loading without
increasing the coating thickness, but may also considerably reduce the extraction equilibrium time.
TFME, SBSE, RDSE, etc. were developed to increase the PCSA, but the use of conventional sorbent
immobilization approach did not offer much benefit in boosting the extraction sensitivity.

In addition to improving the coating technology and enhancing the PCSA of the microextraction
device, some other important factors that may potentially improve the quality of sample preparation to
a new height need further consideration: (1) the ability to preconcentrate target analytes directly from
the unmodified samples without any clean-up exercises; (2) resistance to harsh chemical environments
(i.e., highly acidic and basic) so that matrix pH can be adjusted to wider pH values; (3) the ability
to use any organic solvent to elute the extracted analytes so that the final solution can be injected
simultaneously into gas chromatograph (GC), high performance liquid chromatograph (HPLC), and/or
capillary electrophoresis (CE) to obtain complementary information depending on the analytical need;
(4) equal effectiveness in field sampling and sample preparation to eliminate the burden of sample
collection, transportation, storage, and sample preparation in the laboratory; (5) ability to achieve a high
preconcentration factor during the extraction so that solvent evaporation and sample reconstitution
may be avoided; and (6) ability to reach extraction equilibrium fast enough so that field sampling and
sample preparation do not become an inconvenient task.

Taking all of these challenges into consideration, a new green sample preparation approach
fabric phase sorptive extraction (FPSE) has been developed [24,25], which creatively addresses the
majority of the problems often encountered in contemporary sample preparation practices. In addition
to the advanced material properties of sol–gel derived hybrid organic-inorganic sorbents, FPSE has
successfully utilized flexibility, permeability, and the rich surface chemistry of natural/synthetic fabric
substrates, resulting in a microextraction sorbent chemically bonded to the substrate with a very
high, readily accessible active extraction surface for fast and high efficiency analytes extraction. FPSE
has introduced major advantages in solvent-less/solvent-minimized sample preparation techniques
including an extraordinarily high primary contact surface area (PCSA), and the ability to directly
preconcentrate the target analytes even from excessively complicated sample matrices containing
debris, cells, proteins, particulates, etc.

Although FPSE has emerged as a major analytical sample preparation technique [25–36],
the theory and principle of this simple, innovative and environment friendly technique is yet to
be fully studied and understood. As such, the primary objective of the current project is to thoroughly
study the theory and principle of fabric phase sorptive extraction. In order to investigate different
factors involved in fabric phase sorptive extraction, a polar sorbent sol–gel poly(ethylene glycol)
(sol–gel PEG) coated on a hydrophilic cellulose substrate was used as the extraction device and a
number of substituted phenols were used as the representative environmental pollutants. Substituted
phenols, a class of important industrial raw materials, are known as highly toxic environmental
pollutants. They are frequently found in the wastewater generated by wood processing and
pharmaceutical industries, organic synthesis, and oil refineries [37]. Substituted phenols have severe
health implications for human kidneys, heart, lungs, and the central nervous system [38,39]. As a
result, a rapid and efficient sample preparation strategy is warranted to monitor these pollutants.
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2. Materials and Methods

2.1. Chemicals and Materials

All chemicals used in the study were of analytical grade or superior. 4-chlorophenol (≥99%),
3,5-dimethylphenol (98%), 2,6-dichlorophenol (99%), 2,4,6-trichlorophenol (98%), 2,4-diisopropyl
phenol (98%), acetone (HPLC grade), dichloromethane (anhydrous), methyltrimethoxysilane (MTMS)
(98%), and trifluoroacetic acid (TFA) (99%) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Sodium hydroxide and hydrochloric acid were purchased from Thermo Fisher Scientific (Milwaukee,
WI, USA). Polyethylene glycol was purchased from Alfa Aesar (Ward Hill, MA, USA). Fabric phase
sorptive extraction vials (20 mL) and HPLC sample vials (2 mL) were purchased from Supelco
(St. Lois, MO, USA). HPLC grade methanol and water were purchased from Fisher Scientific (Pittsburg,
PA, USA). Unbleached Muslin 100% cotton cellulose fabrics were purchased from Jo-Ann Fabric
(Miami, FL, USA).

2.2. Instrumentation

An Agilent 1100 series HPLC-UV system (Agilent Technologies, Santa Clara, CA, USA) equipped
with G1311A quaternary pump, G1313A ALS auto sampler, tray holder, G1322A vacuum degasser,
G1316A thermostated column compartment, G1314A variable wavelength detector was used for the
separation, identification and quantification of substituted phenol compounds. The separation of
substituted phenols was performed on a reversed phase Zorbax Extend-C18 HPLC column (5 μm,
150 mm, 4.6 mm; Agilent Technologies, Santa Clara, CA, USA). Extraction conditions: 5 cm2 FPSE
media, sample volume 10 mL, stirring speed 1100 rpm, salt content 15%, extraction time 40 min,
desorption time 5 min, and desorption solvent MeOH:ACN (50/50) followed by: high-performance
liquid chromatographic analysis. HPLC conditions: isocratic elution 69/31 H2O/ACN, 1 mL/min
flow rate, UV detection at 200 nm, ambient temperature. Gas chromatography-mass spectrometry
(GC-MS) analysis was carried out in an Agilent 5973 GC-MS. GC-MS conditions: DB-5MS column,
30 m × 0.25 mm, 0.5 μm, splitless injection, Injector temperature 280 ◦C, GC oven temperature
programmed from 40 ◦C for 1 min, increased temperature to 100 ◦C at 7 ◦C/min, stayed for 0 min,
then increased the temperature to 250◦ at 25 ◦C/min. MS ion source temperature 230 ◦C, MS transfer
line temperature 280 ◦C, Injection vol. 1 μL. Centrifugation of different solutions to obtain particle free
solutions was carried out in an Eppendorf Centrifuge Model 5415 R (Eppendorf North America Inc.,
Hauppauge, NY, USA). A Fisher Scientific Digital Vortex Mixer (Fisher Scientific, Pittsburg, PA, USA)
was employed to thoroughly mixing different solutions. On-line data collection and processing of
chromatographic data was done using ChemStation software (Revision A.08.03) for Windows (Agilent
Technologies, Santa Clara, CA, USA). A Philips XL30 scanning electron microscope equipped with an
EDAX detector was used to obtain SEM images presented in the article. A Perkin Elmer Spectrum 100
FT-IR Spectrometer equipped with Universal ATR Sampling Accessory (Santa Clara, CA, USA) was
used to perform FT-IR characterization of the substrates and FPSE media coated with sol–gel sorbents.
A Barnstead NANOPure Diamond (model D11911) deionized water system (Dubuque, IA, USA) was
employed to obtain high purity deionized water (18.2 MΩ) used in sol–gel synthesis and aqueous
sample preparation for fabric phase sorptive extraction.

2.3. Preparation of Sol–gel PEG Coated FPSE Media

2.3.1. Surface Cleaning and Activation of Fabric Substrates

A 100 cm2 segment of the cellulose fabric was cleaned with a copious amount of deionized water,
followed by soaking in 1 M NaOH solution for 1 h under continuous sonication. The base-treated
fabrics were then washed several times with deionized water, followed by treating with 0.1 M HCl
solution for 1 h under sonication. The treated fabric was then washed with copious amount of
deionized water and finally dried in home-made drying chamber with continuous helium gas flow at
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50 ◦C overnight. The dried fabric was stored in clean airtight glass container until they are coated with
sol–gel sorbents.

2.3.2. Preparation of the Sol Solutions for Coating on the Substrate

The sol solutions for creating the sol–gel PEG coatings were prepared using a modified version of a
previously described formulation [25,40]. Briefly, the sol solution for sol–gel PEG coating was prepared
by dissolving 10 g of poly(ethylene glycol) polymer, 10 mL methyltrimethoxysilane sol–gel precursor
(MTMS), 20 mL methylene chloride as the organic solvent, 4 mL trifluoroacetic acid (5% water) as the
sol–gel catalyst. The mixture was then vortexed for 3 min, centrifuged for 5 min, and finally the clear
supernatant of the sol solution was transferred to a clean 100 mL amber colored glass reaction bottle.

2.3.3. Creation of Sol–gel PEG Coatings on the Substrate

For the sol–gel PEG coatings, cellulose fabric was used as the substrate. The clean and
treated fabrics were gently inserted into the reaction bottle containing the sol solution so that a
three-dimensional network of sol–gel PEG could be formed on the surface of the substrate as well as
throughout the porous matrix. The fabrics were kept inside the sol solution for 4 h. After completing
the coating period, the sol solution was expelled from the reaction bottle and the coated fabrics were
dried and aged in a home-made conditioning device built inside a gas chromatography oven with
continuous helium gas flow at 50 ◦C for 24 h. Before using for extraction, the sol–gel PEG coated
fabrics were rinsed sequentially with methylene chloride and methanol followed by drying at 50 ◦C
under an inert atmosphere for 1 h. The fabric phase sorptive extraction media coated with sol–gel
PEG were then cut into 2.5 cm × 2.0 cm pieces (area of each side, 5 cm2) and stored in a closed glass
container to prevent contamination.

2.4. Fabric Phase Sorptive Extraction and Back-Extraction Procedure

2.4.1. Preparation of Standard Solutions for Fabric Phase Sorptive Extraction

All primary stock solutions (substituted phenols) were prepared by dissolving 100 mg of each
analyte in 10 mL methanol in a 22 mL amber glass vial to obtain a solution concentration of 10 mg/mL.
The intermediate stock solution was prepared by diluting the primary stock solution to 1.0 mg/mL
in methanol. All working solutions were prepared by diluting intermediate stock solutions in
HPLC grade water to reach the desired concentrations. FPSE method development and validation
exercises were carried out using HPLC grade water impregnated with substituted phenols at different
concentration levels.

2.4.2. Fabric phase Sorptive Extraction

A 5 cm2 piece (2.5 cm × 2.0 cm) of sol–gel PEG coated FPSE device was immersed in 1 mL
methanol: acetonitrile (50:50, v/v) for 5 min to ensure cleanliness. The device was air dried to remove
the residual organic solvent. The clean FPSE device was then immersed into the sampling vial (10 mL)
containing the sample impregnated with the analytes of interest. A small Teflon coated magnet was
placed into the vial. Finally, the vial was placed on top of a magnetic stirrer to promote diffusion of
the analytes throughout sample for a predetermined period of time. After that, the FPSE device was
removed from the sampling vial and was shaken off or dried with a Kim wipe. This is particularly
important if the prepared sample is to be analyzed in gas chromatography.

2.4.3. Back-Extraction/Solvent Desorption

The analytes extracted on the FPSE device were back-extracted into a suitable solvent system.
500 μL of the solvent system was transferred into a 1 mL glass vial. The dry FPSE device containing
the extracted analytes was immersed into the solvent mixture. The back-extraction was carried out
by simply keeping the FPSE device immersed into solvent system for a predetermined period and
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no external diffusion mechanism (stirring/sonication) was imposed. The back-extraction solution
containing the extracted analytes was then transferred into an Eppendorf tube for centrifugation to
compel any remaining particulates to precipitate. Finally, the particle free preconcentrated solution of
analytes was transferred into a HPLC/GC sample vial for chromatographic analysis. In order to reuse
the FPSE medium in future, it was cleaned with 1 mL methanol: acetonitrile (50:50, v/v) for 5 min,
dried on a watch-glass for 5 min and then stored in a clean glass container. A series of photographic
images presented in Figure 1 to demonstrate different steps involve in fabric phase sorptive extraction.

Figure 1. Steps in fabric phase sorptive extraction (FPSE): (1) unfiltered, dirty environmental sample;
(2) FPSE media on watch glass; (3) an FPSE medium on a tweezer; (4) fabric phase sorptive extraction;
(5) back-extraction in organic solvent; (6) transferring preconcentrated eluent into sample vial;
(7) analysis in GC; (8) analysis in HPLC.

3. Results and Discussion

3.1. Theoretical Considerations

The principle of FPSE, similar to SPME and related equilibrium-driven sorptive microextraction
techniques [14,41,42], is based on the interactions between the analytes and the extraction sorbent.
Under equilibrium extraction conditions, the amount of analyte extracted (n) by FPSE medium is
proportional to the partition coefficient between the extraction phase and the sample matrix (Kes),
volume of the extracting phase (Ve), volume of the sample (Vs), equilibrium extraction amount (n) of
the analytes, and the original concentration of the analyte (C0) as expressed in Equation (1):

n =
KesVeVsC0

KesVe + Vs
(1)

When the sample volume is large compared to the volume of the extraction sorbent, KesVe << Vs,
Equation (1) can be simplified to,

n = KesVeC0 (2)

As Equation (2) suggests, the amount of the extracted analyte(s) is directly proportional to the
volume of the extraction sorbent and hence can be increased by expanding the volume of the extraction
sorbent if the analyte(s) concentration is kept constant.
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However, according to the kinetic theory of extraction, expanding the volume of extraction
sorbent by increasing the coating thickness of sorbent may result in long extraction equilibrium time
as expressed in Equation (3). When the extraction sorbent is dispersed as a thin film on the substrate,
the diffusion of analytes through the boundary layer controls the extraction kinetic (rate of extraction).
As such, the time required to extract 95% of the equilibrium extraction amount of the analytes, te,95%

can be calculated as,

te,95% =
BδbKes

Ds
(3)

where b is the extraction sorbent thickness, δ is the boundary layer thickness, Kes is the distribution
constant of analyte between the extraction sorbent and the sample matrix, Ds is the diffusion coefficient
of the analyte in the sample matrix, and B is a geometric factor referring to the geometry on which the
extraction sorbent is coated.

As is evident from Equation (3), the equilibrium extraction time can be reduced by reducing the
coating thickness (b), by increasing primary contact surface area of the extraction medium (smaller B
value), or by increasing the analyte diffusion in the sample matrix by applying external stimuli e.g.,
stirring, sonication, shaking, etc.

The rate of extraction in sorptive microextraction is not linear. The extraction rate is very fast at the
beginning of the extraction process and slows down as the extraction progresses toward equilibrium.
The initial rate

(
dn
dt

)
of extraction is proportional to the surface area of the extraction phase, A as

shown in Equation (4):
dn/dt = (DsA/δ )C0 (4)

Therefore, it is obvious that in order to increase the sensitivity of the microextraction system,
the loading of the sorbent has to be increased. On the other hand, to reduce the extraction equilibrium
time, surface area of the extraction device has to be increased.

3.2. Significance of Porous Substrates for Microextraction Sorbent

The permeability of the microextraction substrate plays a pivotal role in the mass transfer rate from
the sample matrix to the microextraction sorbent. A plausible model explaining the events that occur
during the extraction process for both impermeable and permeable substrate is presented in Figure 2.
It is worthy to mention that among all contemporary sorbent based sorptive microextraction techniques,
FPSE is the only technique that utilizes permeable substrate to expedite the extraction equilibrium.

Figure 2. Comparison of liquid flow behavior through a permeable and impermeable substrate.
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Under the influence of external stimuli (stirring, sonication, etc.), a continuous flow of the
sample moves toward the substrate holding the microextraction sorbent for interaction. When an
impermeable substrate such as fused silica fiber is used, the flow bounces back and collides with
the incoming flow, redirecting some of the incoming flow away from the substrate surface. As a
consequence, only a fraction of the target analytes may interact with the sorbent. On the contrary,
when the substrate is permeable, majority of the incoming flow of the sample penetrates the surface
without being redirected. As a result, the mass transfer between the sorbent and sample occurs rapidly,
within a fraction of the time required for similar interactions with impermeable substrates. This is
consistent with the experimental result obtained by Alcudia-León et al. [43]. In this study, the authors
compared the extraction behavior of stir bars coated with impermeable PTFE of varying surface
areas to a porous PTFE stir-membrane unit. The highest extraction sensitivity was obtained by the
porous stir-membrane among all the test devices even though it had a low surface area relative to the
impermeable units. This observation was a clear manifestation of the role of porous substrates as the
hosts for microextraction sorbents.

3.3. Surface Chemistry of Cellulose Substrate

Cellulose is a hydrophilic linear polymer of β-D-glucopyranose, whose structure is shown in
Figure 3. Each dimer of cellulose contains three hydroxyl functional groups in positions 2, 3, and 6
that can participate in polycondensation during the sol–gel coating process at a varying degree of
reactivity [44]. As such, cellulose seems to be an excellent candidate as a potential substrate for sol–gel
sorbent coating.

Figure 3. Chemical structure of cellulose substrate demonstrating available hydroxyl functional groups
for anchoring sol–gel inorganic-organic network.

The cellulose fabric used in this experiment was activated by treating it with 1 M NaOH solution
for an hour under sonication. Swelling of cellulose, also known as mercerization, is an important
treatment that improves its chemical reactivity and significantly increases the availability of all the
hydroxyl groups for chemical reactions [45].

3.4. Sol–gel Coating Process on Fabric Phase Sorptive Extraction Media

Sol–gel process in creating the sorbent coatings on cellulose substrate involves the
following reactions:

(i) Catalytic hydrolysis of sol–gel precursor;
(ii) Polycondensation of hydrolyzed precursors leading to a growing sol–gel network;
(iii) Random incorporation of sol–gel active organic polymer into the growing sol–gel network;
(iv) Immobilization of the growing sol–gel network on the substrate surface via polycondensation.

Under the appropriate experimental conditions, sol–gel precursor MTMS undergoes hydrolysis
in the presence of sol–gel catalyst, trifluoroacetic acid (TFA). The hydrolyzed MTMS molecules
then participate in polycondensation to create a sol–gel network. Sol–gel active organic polymer,
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poly(ethylene glycol) present in the respective sol solution enters randomly into the growing sol–gel
network during this step. Polycondensation of the sol–gel network with the available hydroxyl
functional groups of cellulose results in a thin, chemically bonded layer of sorbent wrapped on
cellulose microfibrils.

A tentative reaction scheme of the sol–gel process is given in Figure 4.

Figure 4. Chemical reactions involved in the synthesis of surface-bonded sol–gel PEG coatings on fabric
substrate (a) hydrolysis of methyl trimethoxysilane (MTMS) under acid catalyst; (b) condensation
of hydrolyzed MTMS to generate a rapidly growing sol–gel network; (c) random incorporation of
poly(ethylene glycol) into the growing sol–gel network.

Figure 5 demonstrates the schematic representation of sol–gel PEG coated FPSE media.
Although the sol–gel PEG coating on the fabric substrate can’t be seen in naked eye, the structure
of the sorbent coating can be visualized at higher magnification in scanning electron microscopy or
similar imaging instrument.

Figure 5. Schematic representation of surface bonded sol–gel PEG coating on cellulose fabric surface.

The sol–gel coating process results in a highly porous and uniformly distributed ultra-thin
three-dimensional network of hybrid inorganic-organic sorbent chemically bonded to the substrate.
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As the coating occurs on individual cellulose microfibrils, the sorbent loading is relatively high with
low coating thickness.

3.5. Characterization of FPSE Media

3.5.1. Characterization of FPSE Media Using FT-IR

Figure 6 shows FT-IR spectra of uncoated cellulose, MTMS, poly(ethylene glycol), and sol–gel
PEG coated FPSE media.

Figure 6. FT-IR spectra of different components in (a) poly(ethylene glycol) polymer;
(b) methyltrimethoxysilane (MTMS); (c) uncoated cellulose substrate; (d) sol–gel PEG coated
FPSE media.

As can be seen from the FT-IR spectra, MTMS [46] demonstrates characteristic Si–O–C–H
band at 2944 cm−1. Uncoated cellulose demonstrated characteristics peaks at 3332 cm−1 and
2900 cm−1, 1315 cm−1, and at 1030 cm−1 corresponding to O–H, C–H and C–O stretching and
C–H bending vibration, respectively. In the fingerprint region between 1428 cm−1 and 850 cm−1,
the characteristic peaks were recorded at 1105 cm−1 (C–O–C) bridges, glycoside bonds; 1029 cm−1

C–OH primary alcohols, 1052 cm−1 C–OH secondary alcohols, 1000 cm−1, 983 cm−1 –CH-bonds [47].
The characteristic peak of poly(ethylene glycol) include 2866 cm−1, 1349 cm−1 which represent different
vibration modes of C–H bonds. The peak at 1294 cm−1 and 1248 cm−1 belong to C–C double bond [48].
For sol–gel PEG coated FPSE devices, no additional signals of deposited sol–gel network were clearly
visible due to the overlapping with characteristic absorption bands of uncoated fabrics. However,
the sol–gel coated FPSE media demonstrated a decrease in the absorption bands, which is considered
to be clear manifestation of the presence of the coating on the substrate [49].

3.5.2. Sorbent Loading on FPSE Media and Coating Reproducibility

Reproducibility of the sol–gel coating process is an important factor that potentially causes
significant impact on the overall error profile of FPSE process. In order to verify the reproducibility
of sol–gel coating as well as to determine sorbent loading per square centimeter of FPSE media,
four conditioned fabrics were coated under identical reaction conditions. The fabrics (with known area)
were weighed before and after the sol–gel coating followed by cleaning and drying to determine the
amount of sol–gel sorbent immobilized on the surface. FPSE media were found to host high mass of
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sol–gel sorbent. Average mass of sol–gel PEG sorbent on FPSE media were calculated as 8.63 mg/cm2

(~43.2 mg/FPSE unit).

3.5.3. Scanning Electron Microscopy of FPSE Media

Figure 7 represents scanning electron micrographs (SEM) of uncoated, surface activated,
and sol–gel PEG coated FPSE media.

As is evident from these micrographs, cellulose substrate is made up of microfibrils within the
individual thread that are weaved to form the fabric. In addition to the inherent pores, capillaries,
voids, and interstices, cellulose fibers are woven to contain well defined pores which are dependent
upon their end usage. Low viscosity sol solution can easily permeate through the microfibrils and
pores to create a uniform ultra-thin layer of sorbent coating on the surface. As such, sol–gel coating
on FPSE media is not limited to only its outer surface. Instead, the coating is bonded throughout the
three dimensional matrix of the substrate, resulting in a comparatively larger extraction surface with
enhanced sorption capacity for the target analytes.

Figure 7. Scanning electron microscopy images of (a) uncoated cellulose fabric surface at
100× magnifications; (b) uncoated cellulose fabric surface at 500× magnifications; (c) sol–gel PEG
coated cellulose fabric surface at 100× magnifications; (d) sol–gel PEG coated cellulose fabric surface at
500× magnifications.

3.6. Optimization of Fabric Phase Sorptive Extraction (FPSE) Conditions

In order to maximize the extraction efficiency of FPSE as a novel new-generation microextraction
technique, a number of factors that can impact extraction performance were evaluated including sample
volume, extraction time, stirring speed, back-extraction solvent type and volume, and ionic strength.

3.6.1. Sample Volume

Although FPSE follows the general principle of sorption-based microextraction techniques,
the high sorbent loading and extended primary contact surface area (10 cm2 for a typical 5 cm2

FPSE unit) have made this system different from other microextraction techniques. Therefore, it is
important to study the impact of sample volume on the extraction behavior. The amount of analyte(s)
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extracted in any microextraction system is expected to increase with the increase in the sample volume
up to a certain point, at which no further increase is expected. This optimum sample volume was
determined by extracting substituted phenols at 5 ng/mL concentration from 10 mL, 15 mL, and 20 mL
aqueous solutions for 40 min. The extraction results revealed that there is no statistically significant
difference (p ≥ 0.05) in the extraction of 3,5-dimethyl phenol, 2,4,6-trichlorophenol, and 2,4-diisopropyl
phenol between 10 mL, 15 mL, and 20 mL. However, a slight change (statistically significant,
but practically insignificant) was observed for 4-chlorophenol and 2,6-dichlorophenol with different
volumes. Based on these results, a 10 mL sample volume was used in all the subsequent experiments.

3.6.2. Extraction Time

Extraction time is one of the most important factors that influence extraction efficiency. In this
work, the effect of extraction time on substituted phenols were investigated in over the span of
10–40 min. Experimental data (Figure 8) demonstrate that the extraction equilibrium for all five
phenols was reached in 40 min.

Figure 8. Extraction profiles of substituted phenols for the sol–gel PEG coated FPSE device.

3.6.3. Stirring Speed

Diffusion of the analytes through the sample matrix increases mass transfer rate to the extraction
phase, reduces the time required for reaching extraction equilibrium, and augments the extraction
kinetics [50,51]. Diffusion of the analytes can be increased in a number of ways including sonication,
heating the sample matrix, and stirring [52,53]. In the current study, different stirring speeds
(0–1100 rpm) were studied to determine the impact of stirring on extraction sensitivity. Extraction
sensitivity of all 5 analytes was increased with higher stirring speed. Based on the results obtained,
a stirring speed of 1100 rpm was selected as optimum.

3.6.4. Effect of Salt Content

Adding salt to the sample matrix generally decreases the solubility of organic analytes in water
and thus results in higher extraction efficiency. On the other hand, the presence of salt in the sample
matrix increases the viscosity of the solution and consequently reduces the rate of diffusion of the
analytes. Since both factors counter-balance each other, experimental determination of the impact of
salt addition is recommended [53]. The influence of salt was studied by adding different amounts
of sodium chloride ranging from 0–20% (w/v) to the sample. Addition of salt in substituted phenols
solution generally increased sensitivity up to 15% NaCl (w/v) (Figure 9). Therefore, NaCl concentration
at 15% (w/v) is considered optimum for extracting substituted phenols from aqueous solutions.
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Figure 9. Graphs demonstrating the impact of salt addition to the FPSE efficiency for extracting
substituted phenols.

3.6.5. Optimization of Elution Solvent, Volume of Solvent, and Elution Time

Due to the polarity differences among all the substituted phenols (logKow 2.4–3.8),
all back-extraction solvents may not be equally effective for quantitative solvent mediated desorption.
Considering the high to medium polarity of the substituted phenols, 500 μL of methanol (MeOH)
(relative polarity 0.762), acetonitrile (ACN) (relative polarity 0.46) or methanol-acetonitrile mixture
(MeOH: ACN) (50:50 v/v) were used for elution/back-extraction of substituted phenols from FPSE
media. MeOH was found better than MeOH: ACN mixture and ACN for back-extraction of
4-chlorophenol, while MeOH: ACN mixture performed better than MeOH or ACN for back-extraction
of 2,6-dichlorophenol. The trend changes with the polarity of the analyte relative to the back-extraction
solvents. The back-extraction of high polarity compound 4-chlorophenol (logKow 2.4) was favored by
highest polarity solvent MeOH. 2,6-dichlorophenol (logKow 2.7), being relatively less polar, was better
extracted by MeOH:ACN. However, other substituted phenols did not show preference for any specific
solvents. Because the MeOH:ACN mixture provided better reproducibility in solvent back-extraction,
it was considered optimum and was used as the back-extraction solvent in all subsequent experiments.

Due to the ultra-thin coating of sol–gel sorbent as well as well-preserved pores in the fabric
substrate, it was expected that low viscosity organic solvent would easily penetrate the sorbent to
quantitatively desorb the extracted analytes back very fast. Two desorption times, 5 min and 10 min,
were investigated with the MeOH:ACN (50:50 v/v) mixture. No discernible difference in extraction
sensitivity was observed between 5 min and 10 min desorption. Therefore, a 5 min back extraction
was accepted as the optimum desorption time.

These experiments showed that 500 μL of the ACN: MeOH mixture is the minimum volume
needed for complete immersion of the 5 cm2 FPSE unit and quantitative desorption of analytes
without any carry over problem. The ultra-thin coating of highly porous sol–gel sorbent is easily
accessible to organic solvent without any external stimuli (e.g., stirring, sonication), resulting in
complete desorption within a very short period of time. A low volume of back-extraction solvent
maintains the preconcentration achieved from the extraction, and therefore, reduces the time required
for typically laborious and time consuming solvent elution and sample reconstitution steps.

3.7. Model Correlating Octanol-Water Coefficient and Absolute Recovery in FPSE

Mathematical model was created for sol–gel PEG coated FPSE media that can be used as a
predictive tool to estimate approximate absolute recovery of a given compound on the specific
FPSE media using its octanol-water coefficient value. In order to develop this model, a series of
substituted phenol solutions (10 ppm, 20 ppm, 40 ppm, 60 ppm, and 80 ppm) were prepared in DI
water. For each compound, a calibration curve was developed using concentration and corresponding
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chromatographic peak area. All samples were analyzed in HPLC-UV before and after the fabric phase
sorptive extraction in triplicate. The single and average absolute recovery of individual compounds
across the concentration range was calculated. The average for an individual compound was plotted
against its logKow value. Based on the data, absolute recovery of any analyte in sol-gel PEG can be
calculated using its logKow value into the following equation:

Absolute % recovery in sol-gel PEG coated FPSE medium= −77.61822 + 44.931167 × logKow.

Figure 10 shows that substituted phenols demonstrates excellent linear relationship between
average absolute recovery and logarithm of octanol-water coefficient. This graphs can be used as a
predictive tool to estimate absolute recovery of a compound using its logKow value and may assist in
selecting the appropriate FPSE media suitable for a particular analytical problem.

Figure 10. Graphs showing relationship between absolute percentage recovery and logKow for sol–gel
PEG coated FPSE media.

3.8. Analyte Sorption Capacity of FPSE Media

As seen in Section 3.5.2, FPSE media contained high volume of sorbents. This high sorbent loading
should be translated into high sample loading capacity. In order to establish the maximum amount
of analytes FPSE media can retain, the FPSE media were exposed to a series of increasingly higher
concentration of analytes. An aliquot of each solution was injected before and after the extraction.
Extraction of phenols up to 80 ppm (Figure 11) without competing against each other. As such, a 5 cm2

unit of sol–gel PEG coated FPSE media was able to retain approximately 2000 μg of phenols (combined),
which is about 10% of the sorbent loading. This high sample capacity may open up a new application
of FPSE media as a scavenger of environmental pollutants.

Figure 11. Analyte sorption capacity study for sol–gel PEG coated FPSE device.
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3.9. Operational Stability of Sol–gel Coated FPSE Media

Exposing FPSE media to different organic solvents for solvent mediated desorption is an integral
part of the FPSE process if analytes are to be transferred to a suitable organic solvent for subsequent
analysis. Unlike commercially available SPME fibers, due to the strong chemical bonding between the
sorbent and the substrate of FPSE media, they can be exposed to any organic solvent. To verify that,
a set of 3 FPSE media were used to extract phenols before and after exposing to acetone, methylene
chloride, and acetone: methylene chloride (50:50 v/v) (for 8 h at room temperature). No significant
changes were observed between the extraction sensitivity before and after the treatments.

Adjusting the pH of the sample matrix to maximize the ionizable analytes is a common practice
routinely used by analytical chemists. The chemical stability of FPSE media were evaluated at both
acidic (pH 1) and basic (pH 12) environment. Extractions were performed in triplicate before and
after an 8 h exposure to an acidic or basic environment. Extraction sensitivity was similar for all
fabrics before and after the acid/base treatment. Although both silica-based sorbent and cellulose
substrate are vulnerable to highly acidic/basic environments, these experiment suggests that short
exposure of FPSE media to highly acidic and basic environment does not have an impact on their
performances. Thus, FPSE media coated with sol–gel PEG sorbents have demonstrated remarkable
operational stability.

3.10. Analytical Performance

The analytical parameters including linear range, correlation coefficient (r2), intra-day and
inter-day repeatability, and limit of detection of substituted phenols were investigated under the
optimized extraction conditions and are presented in Table 1 (sample volume 10 mL, stirring speed
1100 rpm, salt content 15%, extraction time 40 min, desorption time 5 min, and desorption solvent
MeOH: ACN (50/50 v/v).

Table 1. Analytical figures of merit for the proposed FPSE-HPLC-UV method for substituted
phenols analysis.

Compound
Class

Compound Name
Linear Range

(μg·L−1)

Determination
Co-Efficient (r2)

Repeatability (RSD%) a
LOD c

(μg·L−1)Intra-Day b Inter-Day b

Substituted
Phenols

4-chlorophenol (4-CP) 1–5000 0.9970 1.8 25.5 0.03
3,5-dimethylphenol

(3,5-DMP)
1–5000 0.9997 1.6 9.8 0.01

2,6-dichlorophenol
(2,6-DCP)

1–5000 0.9983 1.3 0.5 0.04

2,4,6-trichlorophenol
(2,4,6-TCP)

1–5000 0.9952 1.6 6.0 0.02

2,4-diisopropylphenol
(2,4-DIPP)

1–5000 0.9981 5.1 4.9 0.02

a Expressed as relative standard deviation; b Intra- and inter-day repeatability was calculated by analyzing water
samples spiked with substituted phenols at 50 μg·L−1 within one day (n = 5) and over a period of three days (n = 3);
c Limit of detection (LOD) calculated as S/N = 3.

As can be seen in Table 1, the FPSE-HPLC-UV method demonstrates a wide linear range for all
the tested analytes with correlation coefficients of r2 > 0.99. The repeatability (%RSD) of substituted
phenols at 50 ppb level concentration within a day were between 1.3 and 5.1, whereas, the between
days repeatability were found to be between 0.5–26.0. As such, the method can be conveniently used
in routine environmental monitoring laboratories.

3.11. Analysis of Prepared Sample Using Multiple Analytical Systems

As different chromatographic systems have different advantages, e.g., GC favors the analysis of
highly volatile, low molecular weight compounds, whereas the HPLC is suitable for medium to high
molecular weight compounds. In some cases, the whole ranges of analytes are of interest. Samples are
prepared differently for both the system which inflicts additional burden to the analyst. FPSE has
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ingeniously solved this problem. Selection of a solvent equally compatible to both the GC and HPLC
as the FPSE back-extraction solution and injection of the eluent simultaneously into the GC and HPLC
may offer complimentary information that cannot be obtained from either of the systems alone.

Figure 12 presents GC and HPLC chromatograms obtained from analyzing the same sample
prepared by FPSE.

Figure 12. Fabric phase sorptive extraction of substituted phenols using a sol–gel PEG
coated FPSE media (a) Chromatogram obtained from HPLC analysis: peaks: (1) 4-chlorophenol,
(2) 3,5-dimethyl phenol, (3) 2,6-dichlorophenol, (4) 2,4,6-trichlorophenol, (5) 2,4-diisopropyl phenol;
(b) Chromatogram obtained from GC-MS analysis: peaks: (1) 3,5-dimethyl phenol, (2) 4-chlorophenol,
(3) 2,6-dichlorophenol, (4) 2,4,6-trichlorophenol, (5) 2,4-diisopropyl phenol.

3.12. Method Comparison

A literature review of selected methods used for the determination of substituted phenols
is presented in Table 2. As evident from the Table 2, the new FPSE method has unequivocally
demonstrated superior extraction sensitivity, higher pre-concentration factor, precision and simplicity.
Considering only a fraction of the eluent was injected for analysis, the sensitivity of FPSE method can
be easily increased even further by evaporating 500 μL sample solution to dryness and reconstituting
the sample in a smaller volume of organic solvent or by increasing injection volume.
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Table 2. Comparison of limit of detection of the proposed FPSE-HPLC-UV method with other reported
methods for substituted phenols analysis.

Compound a Sample Preparation Method Sorbent Chemistry Analytical Instrument
Limit of Detection

(μg·L−1)
Reference

2,4-DCP; 2,4,6-TCP SPME
Vinyl-SBA-15
mesoporous
organosilica

GC-MS 0.002–0.004 [54]

4-CP; 2,6-DCP; 2,4,6-TCP HS-SPME (after derivatization) PDMS/DVB GC-ECD 0.0001–0.122 [55]
4-CP;2,4,6-TCP HS-SPME polyaniline GC-FID 1.3–58 [22]

2,6-DCP; 2,4,6-TCP HS-SPME Polyacrylate GC-MS 0.0500 [56]

2,4,6-TCP SPME Polyacrylate HPLC-UV; HPLC-ED 2.0 (UV);
0.017 (ED) [57]

4CP; 3,5DMP; 2,6-DCP;
2,4,6-TCP; 2,4-DIPP FPSE sol–gel PEG HPLC-UV 0.01–0.03 Current study

a Abbreviations: 4-Chlorophenol (4-CP); 2,6-Dichlorophenol (2,6-DCP); 2,4,6-Trichlorophenol (2,4,6-TCP);
3,5-Dimethylphenol (3,5-DMP); 2,4-Diisopropylphenol (2,4-DIPP).

3.13. Applications of the FPSE-HPLC-UV Methods for Environmental Sample Analysis

The optimized FPSE-HPLC-UV methods for substituted phenols were applied for the
determination of these compounds in tap water, pond water and reclaimed water released from
a sewerage treatment plant. The pond water and reclaimed water samples were visibly cloudy
with high content of suspended soil particles and biomass. However, no filtration or other clean-up
procedure was applied to these samples prior to FPSE procedure. Extraction recoveries of sol–gel
PEG coated FPSE media were calculated by comparing the extraction efficiency obtained by extracting
spiked environmental blank samples with 50 μg/L of substituted phenols compounds to that of the
deionized water at the same concentration. The relative percentage recovery data of substituted
phenols are shown in Table 3.

Table 3. Analytical results of substituted phenols in real samples for FPSE-HPLC-UV method.

Compound Name Sample Matrix
Amount

Added (ng)
Amount

Recovered (ng)
Relative Recovery (%) %RSD (n = 3)

4-chlorophenol

Tap water 100

91.0 91.0 3.6
3,5-dimethylphenol 73.2 73.2 1.3
2,6-dichlorophenol 19.7 19.7 11.4

2,4,6-trichlorophenol 26.9 26.9 2.0
2,4-diisopropylphenol 35.8 35.8 15.9

4-chlorophenol

Pond water 100

109.5 109.5 0.9
3,5-dimethylphenol 88.0 88.0 3.3
2,6-dichlorophenol 21.9 21.9 7.8

2,4,6-trichlorophenol 34.5 34.5 5.7
2,4-diisopropylphenol 77.2 77.2 6.3

4-chlorophenol

Reclaimed
water

100

106.8 106.8 4.4
3,5-dimethylphenol 90.7 90.7 1.2
2,6-dichlorophenol 40.7 40.7 7.2

2,4,6-trichlorophenol 57.0 57.0 7.3
2,4-diisopropylphenol 90.8 90.8 9.9

The percentage recovery of substituted phenols in tap water, pond water, and reclaimed water
were in the range of 19.7–91.0, 21.9–109.5, and 40.7–106.8, respectively. The probable cause of the
low recovery of substituted phenols in environmental water may be attributed to the formation of
complexes with numerous treatment chemicals and/or particulates. A holistic investigation is needed
to understand the real cause behind the low recovery of substituted phenols from environmental
water samples.

4. Conclusions

The theory and working principle of FPSE that candidly explains the uniquely superior
performance of the new and emerging microextraction system have been presented. In a very
short period of time, FPSE has found applications in a wide variety of sample matrices including
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pharmaceutical, environmental, food, biological, and toxicological samples. In all these applications,
FPSE has established itself as an efficient, green, new-generation sample preparation technique. Unique
integration of the sol–gel coating technology into highly porous fabric substrate resulted in an efficient
sample preparation device capable of extracting target analytes from complex environmental samples
with high efficiency. Strong chemical bonding between the sol–gel extraction sorbents and the host
substrates provide excellent solvent and chemical stability to FPSE device. As a result, utilization of a
back-extraction solvent equally compatible with both gas chromatography and liquid chromatography
opens up the possibility of analyzing the same preconcentrated sample simultaneously in GC and LC
to obtain complimentary information, if necessary. High chemical stability of FPSE media extends the
ability of matrix pH adjustment between pH 1 to pH 12 that is often important to efficiently extract
ionizable compounds (organic acids/bases) from an aqueous solution. High sorbent loading in FPSE
media provided very high sample capacity. The inherently porous structure of the sol–gel sorbent and
the permeability of fabric have significantly reduced the equilibrium extraction time from hours to
minutes, making FPSE an excellent field-deployable sample preparation technique.

Parts per trillion level detection sensitivities were achieved for substituted phenols. Eliminating
the necessity of sample clean-up prior to the extraction, FPSE presents a new possibility in analyzing
complex samples such as environmental water, biological fluids, foods, and pharmaceuticals with high
matrix interference leading to high quality analytical data that truly represents the sample of interest.
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Abstract: Fabric phase sorptive extraction (FPSE) combines the advanced material properties of
sol–gel derived microextraction sorbents and the flexibility and permeability of fabric to create
a robust, simple and green sample preparation device. It simultaneously improves the extraction
sensitivity and the speed of the extraction by incorporating high volumes of sponge-like, porous
sol–gel hybrid inorganic–organic sorbents into permeable fabric substrates that are capable of
extracting target analytes directly from both simple and complex aqueous sample matrices. For the
first time, this technique was applied to the trace-level determination of selected polycyclic aromatic
hydrocarbons (PAHs) in environmental water samples using a non-polar sol–gel C18 coated FPSE
media. Several extraction parameters were optimized to improve the extraction efficiency and to
achieve a high detection sensitivity. Validation tests of spiked samples showed good linearity for
four selected PAHs (R2 = 0.9983–0.9997) over a wide range of concentrations (0.010–10 ng/mL).
Limits of detection (LODs) and quantification (LOQs) were measured at pg/mL levels; 0.1–1 pg/mL
and 0.3–3 pg/mL, respectively. Inter- and intra-day precision tests showed variations of 1.1%–4.1%
for four selected PAHs. Average absolute recovery values were in the range of 88.1%–90.5% with
relative standard deviations below 5%, surpassing the values predicted by the recovery prediction
model. Finally, the developed FPSE-HPLC-FLD protocol was applied to analyze 8 environmental
water samples. Out of four selected PAHs, fluoranthene (Flu) and phenanthrene (Phen) were the
most frequently detected in four samples, at concentrations of 5.6–7.7 ng/mL and 4.1–11 ng/mL,
respectively, followed by anthracene (Anth) and pyrene (Pyr) in two samples. The newly developed
FPSE-HPLC-FLD protocol is simple, green, fast and economical, with adequate sensitivity for trace
levels of four selected PAHs and seems to be promising for routine monitoring of water quality
and safety.

Keywords: fabric phase sorptive extraction (FPSE); polycyclic aromatic hydrocarbons (PAHs); persistent
pollutants; green analytical chemistry (GAC); environmental water; sorptive microextraction
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1. Introduction

Polycyclic aromatic hydrocarbons are toxic, carcinogenic and mutagenic organic compounds,
and can exert immunologic and reproductive effects. They are introduced into the environment
from both natural and anthropogenic sources, typically formed as unintentional byproducts of the
incomplete combustion of organic matter. PAHs are ubiquitous in nature and the most damaging
pollutants with regard to the ecosystem [1–5]. Although they have low water solubility and exist
in the environment at very low concentrations, PAHs are strongly bioaccumulative (e.g., by fish)
and can, therefore, pass up the food chain to top predators, including humans [6,7]. Natural inputs
such as forest and prairie fires, volcanic eruptions and anthropogenic inputs, such as oil spills, waste
incineration, coke and asphalt production, oil refining, aluminum production, urban runoff, emissions
from combustion and industrial processes are the main sources of PAHs in the environment [8–10].
The elevated concentrations of PAHs in the environment, together with their ecological toxicity
and health risk for humans, have spawned numerous environmental studies [11–14]. Due to their
environmental concern, PAHs are included in the USEPA (United States Environmental Protection
Agency) and in the EU (European Union) priority lists of pollutants [15]. Human exposure to PAHs
occurs mainly by direct inhalation of polluted air and tobacco smoke, dietary intake of smoked food
stuffs, direct intake of and contact with contaminated water, direct contact with contaminated soil and
dermal contact with soot, tars and oils [16]. PAHs enter the aquatic environment through run off from
contaminated roads or sealed parking lots [17], urban and industrial waste water discharge, direct
spillage and wet and dry deposition of atmospheric contaminants [18]. Therefore, trace determination
of PAHs in water matrices [19] is considered to be a valuable tool in risk assessment, remediation and
management of PAHs in the environment.

In this study, four selected small PAHS including anthracene (a linear three ring PAH),
phenanthrene (a fused three ring PAH), pyrene (a fused four ring PAH), and fluoranthene
(a non-alternant four ring PAH) (Figure 1).

Figure 1. Chemical structures of four selected polycyclic aromatic hydrocarbons (PAHs): (A) Anthracene;
(B) Phenanthrene; (C) Pyrene; (D) Fluoranthene.

Anthracene is used as a raw material in the industrial production of hydrogen peroxide and in
the manufacturing of alizarin and anthraquinone dyes for cotton fibers [20]. Phenanthrene, a tricyclic
aromatic hydrocarbon, has a “K-region” and a “bay-region”, where the main carcinogenic species
can be formed and is therefore commonly used as a model substrate for carcinogenic studies [21].
Fluoranthene, a non-alternant PAH, contains a five-member ring and is a persistent environmental
organic pollutant structurally similar to other environmentally important compounds such as fluorene,
dibenzothiophene, acenaphthylene, carbazole, dibenzofuran, and dibenzodioxin, i.e., compounds
of [22,23]. Pyrene occurs at relatively high concentrations in PAH mixtures and is one of the most
highly concentrated PAHs detected in drinking water [24].

Until now, numerous protocols comprising gas chromatography (GC) and high-performance
liquid chromatography (HPLC) have been successfully developed for the determination of PAHs
in the environment [25–29]. However, since PAHs are generally present at trace levels in the
environment and are accompanied by diversified matrices, they cannot be directly handled by
analytical instruments. This means that sample pre-treatment is required, with the aim of concentrating
the PAHs, as well as eliminating or decreasing interference [30]. For the isolation of PAHs in
environmental matrices, various sample pre-treatment techniques have been proposed, including
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solid-phase extraction (SPE) [31,32], liquid-liquid extraction (LLE) [33], miniaturized homogeneous
liquid-liquid extraction (MHLLE) [34], solid-phase microextraction (SPME) [35,36] and single drop
microextraction (SDME) [37,38]. Although these techniques are very useful, they possess some serious
drawbacks. For example, LLE and SPE are laborious, time consuming, utilize high volumes of organic
solvents and sample solutions, often incur significant loss of analytes and have poor reproducibility.
The shortcomings of SPME include high cost, fragility of the fiber, low thermal and chemical stability,
swelling if exposed to organic solvents, limited lifetime and sample carry-over problems [39,40].
Breaking of the organic drop due to fast stirring, reduced extraction rate due to air bubble formation,
time-consumption and non-equilibrium are the major drawbacks associated with SDME [41].

Nowadays, a number of unique materials have been synthesized and applied as sorbents
for PAH extraction, including multi-walled carbon nanotubes [32], magnetic nanoparticles [42],
and metal-organic frameworks [43]. However, the synthesis process of such materials is rather
complex and often consumes large amounts of organic solvents and time. Therefore, new, versatile
and high-performance adsorbents with a simple preparation process are still highly desirable.

Kabir et.al., in 2014 integrated the rich surface chemistry of cellulose cotton fabric substrates and
sol–gel technology to develop a novel sorptive microextraction technique called fabric phase sorptive
extraction (FPSE) The inherent advantages of the synthesized sorptive material include (1) a flexible
hydrophobic/hydrophilic fabric substrate that can be bent, twisted and squeezed to insert directly into
unmodified samples; (2) the ability to extract target analytes directly from a raw sample matrix i.e.,
environmental water, whole milk, whole blood, urine, saliva containing proteins, lipids, particulates,
biomasses or debris without any sample pre-treatment; (3) a high loading capacity with unique and
tunable selectivity; (4) the possibility of using any organic or aqueous-organic solvent mixture for
elution/solvent back-extraction; (5) the capability to extract polar, nonpolar, acidic, and basic compounds;
(6) the absence of a requirement for solvent evaporation and analyte reconstitution; (7) the fact that
its operational simplicity meets green analytical chemistry and economic criteria as well. One major
advantage of FPSE is its ability to immobilize highly polar polymers in a sol–gel hybrid organic–inorganic
network, chemically bonded to the fabric substrate, resulting in a microextraction material that can
efficiently extract both polar and nonpolar analytes directly from an aqueous sample matrix. This has
been used in the analysis of a wide variety of analytes in environmental and biological samples [44–47].

PAHs are inherently nonpolar, hydrophobic compounds which do not ionize in water. Intuitively,
the selective extraction of highly nonpolar analytes, such as PAHs, from an aqueous sample matrix
would be facilitated by a hydrophobic sorbent as the extraction phase material [48] and consequently
sol–gel C18 coated FPSE media containing long hydrophobic C18 chains has been evaluated and
successfully applied in this case.

Herein, we describe the design and preparation of sol–gel C18 coated FPSE media and the
development of a novel application protocol for the efficient extraction of trace amounts of four selected
small PAHs of high environmental interest from aqueous solutions. The hydrophilic cellulose fabric
substrate incorporated in the core of the adsorbent aids in the extraction kinetics by attracting water
molecules containing PAHs towards its surface for a successful sorbent-analyte interaction, resulting
in the trapping of the analyte on the FPSE media. Our strategy offers the following advantages in
water analysis: (1) highly efficient analysis of PAHs (to ppt level concentrations); (2) simultaneous
determination of four different PAHs in water using just one adsorbent; (3) facile regeneration of the
adsorbent; (4) no solvent evaporation or analyte reconstitution is needed and (5) the FPSE strategy can
be extended to design a range of adsorbents for sensitive determination of related pollutant compounds.
This study serves the analytical and environmental community by providing a better and superior
pathway for effective extraction and determination of trace PAHs in water matrices of domestic and
environmental interest. In addition, HPLC-FLD was used for chromatographic separation of four
PAHs with the advantage of a shorter analysis time and superior resolution and sensitivity. Finally,
and most importantly, this is the first manuscript presenting the application of FPSE for the trace
analysis of polycyclic aromatic hydrocarbons in aqueous media.
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2. Materials and Methods

2.1. Choice of Target PAHs

The four selected small, low molecular weight PAHs are in the list of 16 priority PAHs
designated by USEPA [1] and are source markers in water with diagnostic ratios for discriminating
petrogenic from pyrolytic sources (fluoranthene/pyrene) [27], a model substrate for cancer studies
(phenanthrene) [21], and the PAHs most detected in the highest concentrations in drinking water
(fluoranthene, phenanthrene, pyrene, and anthracene) [49]. In addition to the feasibility of HPLC-FLD
analysis, the commercial availability of PAHs for analytical standards was also considered.

2.2. Chemicals and Materials

The Muslin 100% cotton cellulose substrate for the creation of sol–gel C18 coated FPSE media
was purchased from Jo-Ann Fabric (Miami, FL, USA). The precursors for sol–gel synthesis, octadecyl
trimethoxysilane, tetramethyl orthosilicate, trifluoroacetic acid (TFA) and organic solvents such as
acetone and dichloromethane were purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium
hydroxide and hydrochloric acid were purchased from Thermo Fisher Scientific (Milwaukee, WI, USA).

Certified analytical standards of anthracene (Anth), fluoranthene (Flu), pyrene (Pyr),
and phenanthrene (Phen) were purchased from Sigma-Aldrich (Darmstadt, Germany). HPLC grade
methanol, acetonitrile and water were purchased from Sigma-Aldrich (Darmstadt, Germany) and
filtered through a 0.22 μm filter before use. Stock solutions of each PAH were made at a concentration
of 1 mg/mL, and a standard mixture of all four PAHs (1 mg/mL each) was prepared in methanol to
achieve a response at the comparable level in HPLC-FLD. Working solutions were freshly prepared
by diluting the mixed standard solution with HPLC-grade water to the required concentrations.
All standards and working solutions were stored at 4 ◦C. All other reagents were of analytical grade.

2.3. Instrumentation

HPLC-FLD analysis of four PAHs was performed with a Dionex P680 HPLC pump (Germering,
Germany) equipped with a Dionex Ultimate 3000 Fluorescence detector and the Chromeleon
chromatography management software (Dionex, Germering, Germany). An Acentis Express
reverse-phase C18 column (10 cm × 4.6 mm, particle size 5 μm, Supelco, Darmstadt, Germany)
maintained at 25 ◦C was used for separation. Ultrasonic degassing was performed with an ultrasonic
bath (Sarthak Scientific Services, Panchkula, India). The mobile phase consisted of water (solvent A)
and acetonitrile (solvent B) and the flow rate was 1 mL/min. The isocratic elution mobile phase was
set as follows: 15% A and 85% B with a total chromatographic run time of 10 min at λex = 260 nm and
λem = 420 nm using a fluorescent detector. The injection volume was 20 μL.

2.4. Water Sample Collection

The water samples selected for the investigation included two river water samples collected
from the Chakki river (Pathankot, Punjab, India), two rain water samples and two bore-well drinking
water samples collected from the Punjabi university campus (Patiala, Punjab, India), two metal factory
wastewater samples were collected from a chemical factory (Patiala, India). Before the experiments
were performed, all the water samples were filtered through Whatman filter paper and then through
0.22 μm micropore membranes and stored at 4 ◦C in a refrigerator.

2.5. Preparation of Sol–Gel C18 Coated FPSE Media

Due to the presence of starch and other finishing chemicals on the commercially available cellulose
fabric used in apparel making, the substrate required a thorough cleaning. At the same time, a chemical
treatment was applied to the substrate that maximizes the number of available hydroxyl groups which
are required to effectively bind the sol–gel network via a condensation reaction. Preliminary cleaning of
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the substrate was accomplished by immersing a 100 cm2 section of cotton cellulose fabric in deionized
water for 30 min under constant sonication, followed by multiple rinsing steps with excess deionized
(DI) water. For the surface chemical activation, the fabric was immersed in 1M NaOH solution for
an hour under constant sonication. This step was followed by thorough rinsing with DI water and
treatment with a 0.1M HCl solution for an hour to neutralize any residual NaOH which might still be
on the fabric surface. Finally, the cleaned and activated cellulose substrate was dried and stored in
an air-tight container until it was used for sol–gel C18 coating.

The sol solution used to create the sol–gel C18 coated FPSE media was prepared by
sequentially mixing the sol–gel precursors methyl trimethoxysilane (MTMS); solvents methylene
chloride and acetone; organically modified sol–gel precursor, octadecyl trimethoxysilane; sol–gel
catalyst, trifluoroacetic acid (TFA) and water. In order to obtain a uniform sol solution for
coating the fabric substrate, the molar ratio between methyl trimethoxysilane precursor:methylene
chloride:acetone:trifluoroacetic acid:water was maintained at 1:2.33:1.94:0.5:0.20. The molar ratio
between methyl trimethoxysilane and octadecyl trimethoxysilane was maintained at 1:0.38. To ensure
that all the sol solution ingredients mixed homogeneously, the sol solution was vigorously vortexed for
3 min after adding each of the ingredients. The final sol solution was centrifuged for 5 min, followed
by collection of the supernatant into a clean 3 oz. amber-colored glass reaction bottle. The solution was
then sonicated for 10 min to remove trapped gaseous molecules from the sol solution.

The cleaned and pretreated cellulose fabric substrate was then gently immersed into the sol
solution to initiate the substrate coating via a dip-coating process. The substrates were kept in the
appropriate sol solutions for 2 h. During this surface coating period, a three-dimensional sol–gel
network chemically bonded to the substrate was formed. At the end of the coating period, the
sol solutions were expelled from the reaction bottle, the coated fabrics were dried in a desiccator
and finally the sol–gel sorbent coated FPSE media was conditioned/aged in a home-made thermal
conditioning device built inside a gas chromatography oven with continuous helium gas flow at 50 ◦C
for 24 h. After conditioning/ageing, the sol–gel C18 coated FPSE media were cleaned sequentially
with dichloromethane and methanol. Finally, the FPSE media were dried in the presence of continuous
helium gas flow at 50 ◦C for 1 h. The FPSE media were then cut into 2.5 cm × 2.0 cm pieces, the typical
application size for FPSE, and were stored in an airtight glass container for future use.

2.6. Fabric Phase Sorptive Extraction Procedure

Firstly, the sol–gel C18-coated FPSE media was conditioned in a mixture of 1 mL methanol and
1 mL acetonitrile for 5 min and then rinsed with 2 mL deionized water to remove any residual organic
solvent. The FPSE procedure is shown in Figure 2.

Figure 2. Chemical structure of sol–gel C18 coated fabric phase sorptive extraction (FPSE) media and
the schematic representation of FPSE protocol.
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The extraction process was performed quickly in a 20 mL glass vial containing 10 mL of the
aqueous sample solution. A piece of sol–gel C18 coated FPSE media was directly immersed in the
sample solution for 30 min under constant stirring at 1000 rpm at room temperature. After extraction
from the sample solution, the PAHs were eluted from the sol–gel C18-coated FPSE media in 300 μL
of acetonitrile with sonication for 5 min. Finally, 20 μL of this solution was injected directly into the
HPLC-FLD system for analysis.

3. Results and Discussion

3.1. Selection of Fabric Phase Sorptive Extraction Sorbent Chemistry

Taking the nonpolar, hydrophobic characteristics of the selected PAHs into consideration (log Kow

values between 4.45 and 5.16), it is obvious that a nonpolar sorbent would provide the best affinity
towards the PAHs to selectively isolate them from complex environmental water sample matrix.
As such, octadecyl trimethoxysilane was selected as the source of the C18 pendant group in the sol–gel
silica network during the sol solution design. C18 has long been known as a nonpolar sorbent in solid
phase extraction and in nonpolar stationary phase in reversed phase liquid chromatography. It is
worth mentioning that the selectivity of commercially available C18 sorbent is substantially different
from that of sol–gel C18 sorbent and often the latter demonstrates unique selectivity towards a wide
range of analytes including polar, moderately polar and nonpolar analytes due the presence of residual
surface silanol groups in the sol–gel C18 sorbent matrix.

Unlike the substrate used in C18 sorbent (silica particles), the substrate used in FPSE plays
an active role in determining the overall polarity and selectivity of the FPSE media. A fabric substrate
made of 100% cotton cellulose was selected as the support for sol–gel C18 coating because the
hydrophilic nature of the substrate can cause water molecules to come close to the extraction device
during extraction so that the requisite interactions between the C18 pendant groups and the PAHs can
result in successful extraction of PAHs onto the FPSE media. The permeable structure of the fabric
support also plays an important role as a pseudo-solid phase extraction disk and facilitates rapid
analyte extraction due to the continuous diffusion of water through the FPSE media when under the
influence of magnetic stirring during the extraction.

3.2. Characterization of Sol–Gel C18 Coated FPSE Media

3.2.1. Scanning Electron Microscopy

Figure 3 represents the scanning electron micrographs (SEM) of (a) the uncoated Muslin cotton
(100% cellulose) substrate at 100× magnification; (b) sol–gel C18 coated fabric phase sorptive extraction
media at 100× magnification; and (c) sol–gel C18 coated fabric phase sorptive extraction media at
500× magnification.

Figure 3. Scanning electron microscopy images of (a) uncoated cotton (100%) cellulose fabric substrate
at 100× magnification; (b) uniformly coated sol–gel C18 sorbent coating on fabric matrix at 100×
magnification; (c) sol–gel C18 coated FPSE media at 500× magnification.
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The extraction efficiency of FPSE primarily depends on the sponge-like porous architecture of the
sol–gel sorbent coating (for faster analyte diffusion) and the permeability of the fabric substrate that
mimics a solid phase extraction disk. The highly porous sorbent coating as well as the permeability and
hydrophilicity of the cellulose fabric synergistically allow the aqueous sample matrix to flow through
the FPSE medium, leading to rapid interaction between the sorbent and the analytes. Consequently,
the analytes are adsorbed on the sorbent with high efficiency in a short period of time. As such, it is
important to study the surface morphology of the FPSE media before and after the coating to ensure
that the pores of the fabric substrate are well maintained even after the sol–gel coating.

The SEM images demonstrated that the microstructures and the pores of the cellulose substrate
were well preserved even after the sol–gel C18 sorbent coating. This flow-through extraction
mechanism is only exploited in solid phase extraction (SPE), and is totally absent in solid phase
microextraction and related techniques (such as stir bar sorptive extraction, thin film microextraction,
etc.) due to the impermeable nature of the substrate used in these microextraction techniques.
The flow-through extraction system consequently helps to achieve faster extraction equilibrium.
The enlarged image of the sol–gel C18-coated FPSE media demonstrates that C18 coatings are
homogeneously distributed on the fabric substrate surface while maintaining the pores of the substrate.

3.2.2. Fourier-Transform Infrared Spectroscopy (FT-IR)

Figure 4 illustrates FT-IR spectra representing (a) uncoated Muslin cotton (100% cellulose) fabric;
(b) octadecyl trimethoxysilane; (c) sol–gel C18 coated fabric phase sorptive extraction media.

Figure 4. FT-IR spectra of (a) uncoated cellulose substrate; (b) octadecyl trimethoxysilane; and (c) sol–gel
C18 coated FPSE medium.

The FT-IR spectra of the uncoated Muslin cotton 100% cellulose fabric demonstrates characteristic
absorption bands at ~3330 cm−1, 2916 cm−1, 1315 cm−1, and 1028 cm−1 that correspond to O–H, C–H,
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C–O vibration and C–H bending vibration, respectively [50]. The characteristic peaks of octadecyl
trimethoxysilane appear at 2917 cm−1, and 2849 cm−1 which correspond to asymmetric and symmetric
vibrations of –CH2–, –CH2– groups, respectively [51]. The strong peak at 1467 cm−1 and 1085 cm−1 are
due to the vibration absorption of Si–O–C, and Si–O–Si, respectively. The strong peak at 815 cm−1 is
assigned to Si–C bonds and the peak at 795 cm−1 is assigned to the vibration of (–CH2–)n (n ≥ 4) [52].
The characteristic peaks of sol–gel C18-coated FPSE media appeared at 2890 cm−1 and 2851 cm−1 which
represent symmetric vibration of –CH2– and asymmetric vibration of –CH3, respectively. The same
characteristic peaks are also seen in octadecyl trimethoxysilane spectra. In addition, the presence
of ~1467 cm−1, ~1268 cm−1, ~1977 cm−1 in both the sol–gel C18 coated FPSE media and octadecyl
trimethoxysilane strongly suggests the successful integration of octadecyl moieties into the sol–gel
network. The substantial reduction of the O–H stretching vibrations (at 3325 cm−1) in sol–gel C18
coated FPSE media compared to uncoated cotton (100% cellulose) indicates the chemical integration of
the sol–gel C18 network to the cellulose structure via condensation. Due to the chemical integration of
sol–gel sorbent to the substrate surface, the resulting FPSE media offers a remarkably superior thermal,
solvent and chemical stability than its commercial counterparts such as SPME, SBSE etc.

3.3. Optimization of the FPSE Procedure

In order to achieve accurate and sensitive chromatographic quantification of the trace PAHs in the
water samples, the optimum conditions for using sol–gel C18 coated FPSE media were investigated.
Several conditions affecting the extraction efficiency were optimized, including extraction time, sample
volume, eluting solvent, elution time, volume of organic modifier, and salt concentration. Optimization
experiments were performed using a standard aqueous solution of PAHs containing 0.10 μg/mL each
of four PAHs to ensure a comparable level of response to each compound.

3.3.1. Optimization of Sample Volume

To obtain high enrichment factors and high recoveries for all PAHs, the initial sample volume
should be as large as possible. Therefore, different volumes (5 mL, 10 mL, 15 mL, 20 mL) of an aqueous
solution were investigated. It was found that the highest extraction efficiency was obtained with
a sample volume of 10 mL, as shown in Figure 5a. As the sample volume was increased up to 15 mL,
recovery increased and after 15 up to 20 mL no obvious change was observed. After 20 mL, recovery
decreased up to 50 mL, inferring that the extraction efficiency was insufficient at volumes above 20 mL.
Therefore, the initial sample volume was set at 15 mL for future FPSE protocols.

Figure 5. (a) Effect of sample volume; (b) Effect of extraction time; (c) Selection of the best elution
solvent; (d) Optimization of back-extraction time. Extraction conditions: extraction time: 30 min; eluent
solvent: acetonitrile; volume of elution solvent: 300 μL, desorption time: 5 min.
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3.3.2. Optimization of Extraction Time

Another key factor affecting extraction efficiency is the extraction time and it so it was imperative
that this factor be thoroughly investigated. The extraction time was set from 10 to 60 min. As shown in
Figure 5b, recoveries of all four PAHs increased with extraction time as it was increased from 10 to
30 min, and then remained unchanged even when the time was increased up to 60 min, implying that
the extraction equilibrium was achieved at about 30 min. Thirty minutes was therefore selected as the
extraction time of FPSE protocol.

3.3.3. Optimization of Desorption Solvent and Time

As far as the FPSE protocol is concerned, PAH desorption from the sol–gel C18 coated FPSE
media can significantly affect the sensitivity of PAH extraction. Therefore, choice of an appropriate
elution solvent plays a key role in the process. Having considered the properties of PAHs, acetone (A),
n-hexane (H), acetonitrile (Ace), ethanol (E) and methanol (M) were selected as potential elution
solvents in this experiment. As shown in Figure 5c, acetone and n-hexane were poor eluents for PAHs.
Methanol yielded the highest recovery for Pyr, whereas acetonitrile was preferable for recovery of all
four PAHs. Therefore, acetonitrile was chosen as the elution solvent and was used for further studies.
Furthermore, the elution efficiency also relies on the volume of the elution solvent. As shown in
Supplementary Figure S1, for most of the PAHs, the recovery increased as the eluent volume increased
from 100 μL to 300 μL, but remains nearly unchanged if the volume is further increased from 300 μL to
700 μL, after which dilution causes a decrease in recovery. To get maximum recovery with minimum
solvent use, 300 μL of acetonitrile was selected for desorption.

In order to resolve any possible carry-over problems and to avoid any loss of PAHs, the sonication
desorption time was further optimized. The process of desorption was carried out in an ultrasonic
bath with desorption times of 1, 3, 5 and 10 min. The results shown in Figure 5d prove that the
peak areas of PAHs increased as the desorption time increased from 1 min to 5 min, but remained
unchanged as the desorption time was increased further. Therefore, 5 min was sufficient to achieve
maximum desorption.

3.3.4. Effect of Salt Concentration and Organic Modifiers

Salt ions in the sample might also affect FPSE by competitive interaction between the salting-in
and the salting-out effect. The salting-out effect causes the analyte to enhance its partition onto the
sol–gel C18-coated FPSE media by decreasing its solubility in water, while the salting-in effect has the
opposite effect. Thus, the effect of the addition of salt to the samples was investigated and is shown in
Supplementary Figure S2. No obvious change was observed for the recoveries with KCl at 0–0.15 M,
indicating that salt ion addition does not affect extraction efficiency. This is probably due to the low
polarity of all four PAHs. Thus, no salt was added in the following experiments.

Addition of an organic modifier, such as methanol, might promote the extraction efficiency of
FPSE for PAHs by preventing the FPSE C18 carbon chains from cross-linking and thus retaining
the ability to contact the target analytes completely. It was found that methanol addition (0–3 mL)
did not cause any changes in extraction efficiency as shown in Supplementary Figure S3. This was
probably because of the fact that FPSE media coated with C18 hydrophobic long chains spreads out
well in the form of a uniform film on both sides of cellulose fabric substrate, due to strong chemical
bonding between the sol–gel sorbent and the fabric substrate. Therefore, no organic modifier is needed.
This indicates that the sol–gel C18 coated FPSE media is stable in various solutions, and the extraction
efficiency is independent of the salinity and the presence of an organic modifier.

3.4. Regeneration and Reusability of Sol–Gel C18 Coated FPSE Media

The durability of sol–gel C18 coated FPSE media was also investigated by extracting PAHs
from a water sample 30 times using the same FPSE media. The FPSE media was regenerated with
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sonication in 10 mL acetonitrile for 15 min. The extraction efficiency of the sol–gel C18 coated
FPSE media was almost unchanged after 30 extraction procedures the results of which are shown in
Supplementary Figure S4. These results indicate that sol–gel C18 coated FPSE media can be repeatedly
used for extraction.

3.5. Analytical Performance

All data were subjected to strict quality control procedures. The linearities of the chromatographic
responses of the protocol were tested with calibration standards at seven concentration levels ranging
from 0.01 to 10 ng/mL. Good linearities were observed for the four target PAHs, with all the correlation
coefficients (R2) above 0.99. Limits of quantification (LOQs) (signal-to-noise ratio = 10) and limits of
detection (LODs) (signal-to-noise ratio = 3) of the four target compounds are shown in Table 1.

Table 1. Linear range, linearity curve, correlation coefficients, limits of detection (LODs) and limits of
quantification (LOQs) for the determination of PAHs (n = 5).

Analyte Linear Range (ng/mL) Linearity Curve R2 LOD (pg/mL) LOQ (pg/mL)

Phen 0.010–10 y = 34,591x + 772 0.9997 1 3.33
Anth 0.010–10 y = 104,873x + 2147 0.9997 0.1 0.33
Flu 0.010–10 y = 90,258x + 247 0.9987 0.7 2.33
Pyr 0.010–10 y = 114,921x + 497 0.9983 0.4 1.33

The accuracy, precision and recovery studies were performed on 15 mL deionized organic-free
water spiked with (low, medium, and high concentration levels) 0.01, 0.5 and 5 ng of each PAH
per mL (five replicates). Mean recoveries ranged from 88.1% to 90.5% for all the target compounds.
The mixture of standards was analyzed five times within a day. The relative standard deviations
(RSD) of concentrations for all the targets ranged from 1.1% to 4.1% (Table 2), demonstrating the high
precision of the analytical protocol. In order to ensure the accuracy of the analysis, all samples were
replicated five times, and the final concentration averages were used.

Table 2. Precision, accuracy and recovery of four selected PAHs in spiked deionized organic-free water
at (low, medium, and high concentration levels) (n = 5).

Analyte Phen Anth Flu Pyr

Precision (RSD%) 0.01 0.5 5 0.01 0.5 5 0.01 0.5 5 0.01 0.5 5

Intra-day 5.6 4.7 3.6 1.9 2.8 2.2 2.1 2.8 1.8 1.9 2.1 1.1
Inter-day 4.9 5.01 4.1 2.2 2.3 2.5 1.8 2.9 1.9 3.1 2.7 2.0

Accuracy (%)
Intra-day 88 87 90 90 92 91 91.1 90.1 92.1 90.8 91.6 92.8
Inter-day 86 89 89.4 91 90 89.3 91 90 92 90 89 91

Recovery (%)
(RSD%)

88.1
(2.9)

88
(4.1)

88.4
(3.8)

88.6
(3.1)

88
(3.2)

88.1
(2.4)

92
(2.2)

91
(2.8)

90.5
(1.8)

90.7
(3.2)

91
(4.2)

90.1
(1.4)

3.6. Mathematical Model for Predicting Extraction Efficiency (Absolute Recovery, %)

A mathematical model was created for sol–gel C18 coated FPSE media that can be used as
a predictive tool to assess the extraction efficiency (expressed as the absolute recovery) of analytes
on sol–gel C18-coated FPSE media using their log Kow values. A carefully chosen test mixture
was created to develop the mathematical model, consisting of 10 compounds representing different
polarity and functionality (log Kow values ranging from 0.3 to 5.07). The selected test compounds
included piperonal (PIP), phenol (PHE), furfuryl alcohol (FA), benzodioxole (BDO), naphthalene (NAP),
4-nitrotoluene (4NT), 9-anthracene methanol (9AM), 1,2,4,5-tetramethyl benzene (TMB), triclosan
(TCL) and diethylstilbestrol (DESB). The extraction recovery value of each compound from an aqueous
solution of the test mixture was determined and the values were plotted against their log Kow values
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to obtain a second order mathematical model: Extraction efficiency (absolute recovery, %) = −2.274875
+ 20.816015 × log Kow − 4.1478973 × (log Kow − 2.737)2. This second order mathematical model can
be used to predict the extraction efficiency of sol–gel C18-coated FPSE media for a given analyte using
its log Kow value. A graphical representation of the model is shown in Figure 6.

Figure 6. Correlation curve between absolute recovery and logarithmic values of octanol-coefficients
of analytes with wide polarity range.

The predicted recovery values for four PAHs using the mathematical model and their actual
recovery values are given in Table 3.

Table 3. Data demonstrating model predicted absolute recovery (%) and actual recovery (%) obtained
by FPSE–HPLC–FLD method.

Compound Log Kow Expected Recovery (%) Actual Recovery (%)

Phen 4.46 78.30 88.4
Anth 4.45 78.24 88.1
Flu 5.16 80.85 90.5
Pyr 4.88 80.32 90.1

For all the target PAHs, the actual extraction recovery values were found to be higher than the
predicted values obtained from the model. This was attributed to the strong hydrophobic interactions
between the PAHs and the sol–gel C18 sorbent, in addition to efficient trapping of the PAHs on
the sol-gel C18 extraction media with high primary contact surface area, high loading of sol–gel
nanocomposite sorbent (in the form of ultrathin film), as well as the permeability of the extraction
device that mimics a solid phase extraction disk (characterized by exhaustive extraction).

3.7. Application to Real Water Samples

Subsequently, the FPSE-HPLC-FLD protocol developed was applied for PAH determination in
real environmental water samples: bore-well water, river water, rain water and factory wastewater.
Quintuplicate analyses were performed and the concentrations found for the target PAHs are
summarized in Table 3. In the four types of environmental water samples, the target four PAHs
were not detected in bore-well water and rain water. Phen and Flu were detected in two river water
samples and all four target PAHs were found in each of the two metal-fabrication factory wastewater
samples (Table 4).
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Table 4. The four selected PAHs concentrations detected in real water samples (n = 5).

Sample Phen (ng/mL) Anth (ng/mL) Flu (ng/mL) Pyr (ng/mL)

A a n.d n.d n.d n.d
B a n.d n.d n.d n.d
C b 7.8 ± 2.6 n.d 5.6 ± 3.3 n.d
D b 8.8 ± 2.9 n.d 6.8 ± 3.4 n.d
E c n.d n.d n.d n.d
F c n.d n.d n.d n.d
G d 11 ± 3.1 7.8 ± 2.5 7.5 ± 3.8 5.8 ± 4.1
H d 4.1± 3.2 3.7 ± 3.1 7.7 ± 3.3 3.0 ± 2.8

a: bore-well water; b: river water; c: rain water; d: factory waste water; n.d: not detected.

The two river water samples, collected from two different locations in the Chakki River in
Pathankot were analyzed. At one outlet point of metal factory wastewater, Phen, Anth, Flu, Pyr
were detected at 11 ng/mL, 7.8 ng/mL, 7.5 ng/mL and 5.8 ng/mL, respectively, while at second
outlet point, Phen, Anth, Flu, Pyr were detected at 4.1 ng/mL, 3.7 ng/mL, 7.7 ng/mL and 3.0 ng/mL,
respectively, (shown in Table 3); suggesting that the PAHs came mainly from the wastewater. These
results indicated that the method could be successfully applied to PAH analysis in real water samples.
The typical chromatograms of a river water sample and a metal factory waste water sample are
presented in Figure 7.

Figure 7. Chromatogram representing analysis of real environmental samples: (a) Chakki river water
sample 2; (b) factory wastewater sample 2.

3.8. Comparison of Sol–Gel C18 Coated FPSE Media with Other Sorbent Materials

The performance of the new analytical protocol with the sol–gel C18-coated FPSE media as
the adsorbent material was also compared with other materials reported in the literature (as shown
in Table 5).

Table 5. Comparisons of the analytical performance of the method developed with reported methods
in the literature.

Method Sorbent Material
Sorbent Preparation

Time (Hours)
LOD (pg/mL) References

MSPE-HPLC-FLD TPA-functionalized MNPs 37.5 0.04–3.75 [53]
μ-SPE-GC-MS Functionalized graphene sheet 29.5 0.8–3.9 [54]

SPE-HPLC-FLD Cotton fiber 0.5 0.1–2 [55]
MIPs-SPE-GC-MS Imprinted sol-gel adsorbent 38 5.2–12.6 [56]
FPSE-HPLC-FLD Sol-gel C18 (Cellulose) 24 0.1–1 Current work

Abbreviations: MIPs: molecularly imprinted polymers; MSPE: magnetic solid-phase extraction; TPA-functionalized
MNPs: triphenylamine functionalized magnetic microspheres. HPLC-FLD: high performance liquid chromatography
with fluorescence detector; GC-MS: gas chromatography mass spectrometry.
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The time required in sorbent preparation and the LOD values were compared. The LOD values
achieved in the present research are lower than those reported in the literature. Furthermore, sol–gel
C18-coated FPSE media as a sorbent has obvious advantages: preparation of sorbents often requires
several days to complete the synthesis process, involves dozens or hundreds of milliliters of organic
solvents, is time consuming and may cause environment pollution, whereas sol–gel C18-coated FPSE
media, an advanced inorganic–organic hybrid material with tunable porosity, selectivity, thermal and
chemical stability, high reproducibility and solvent resistance, requires less organic solvents, is fast
and is a green analytical endeavor. Therefore, the proposed FPSE-HPLC-FLD protocol is proven to
be a green, convenient, efficient and reliable method for the pre-concentration of trace PAHs from
water samples.

4. Conclusions

In summary, for the first time, sol–gel C18-coated FPSE media was directly and successfully
applied as a selective adsorbent for PAH analysis in real environmental water samples. The LODs
obtained for four target PAH compounds using the novel analytical protocol were 0.1–1 pg/mL.
Compared to traditional SPE methods, the sol–gel C18-coated FPSE media is simple to prepare
and regenerate for recurring usage, thereby meeting the need for rapid analysis. In addition, the
costs of the preparation of the sol–gel C18-coated FPSE media are economical and organic solvent
consumption is minimal. Sol–gel C18-coated FPSE media can also be regenerated and reused more
than 30 times. The FPSE media is also degradable and therefore more environment friendly. Utilizing
the unique attributes of FPSE, a novel, simple, efficient, fast, sensitive, green, economical and reliable
FPSE-HPLC-FLD protocol is presented for trace level determination of four environmentally important
PAHs. This protocol is suitable for many applications in health-related water contamination studies
and offers new analytical capabilities for water quality assurance, particularly for routine monitoring of
the presence of PAHs in water samples in order to ensure water quality, safety and consumer protection.

Supplementary Materials: The following are available online at http://www.mdpi.com/2297-8739/4/2/22/s1,
Figure S1: Effect of eluent solvent volume: Extraction conditions: Sample volume, 15 mL; extraction time: 30 min;
eluent solvent: acetonitrile; sonication desorption time 5 min. Figure S2: Effect of salt concentration: Extraction
conditions: sample volume, 15 mL; extraction time: 30 min; eluent solvent, acetonitrile; volume of elution solvent,
300 μL desorption time, 5 min. Figure S3: Effect of organic modifier volume: Extraction conditions: sample
volume, 15 mL; extraction time: 30 min; eluent solvent, acetonitrile; volume of elution solvent, 300 μL desorption
time, 5 min. Figure S4: Regeneration and reusability of sol–gel C18 coated FPSE media. Extraction conditions:
sample volume, 15 mL; extraction time: 30 min; eluent solvent: acetonitrile; volume of elution solvent: 300 μL
desorption time, 5 min.
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Abstract: Antipsychotic drugs are a class of psychiatric medication worldwide used to treat psychotic
symptoms principally in bipolar disorder, schizophrenia and other psycho-organic disorders.
The traditional sample preparation techniques such as liquid-liquid extraction (LLE) or solid phase
extraction (SPE), which were widely used, tend to have many drawbacks because they include
complicated, time-consuming steps and they require large sample size as well large amounts of
organic solvent. Therefore, due to the modern analytical requirements, such as miniaturization,
automation and reduction of solvent volume and time, many microextraction procedures have been
developed. In this review we aim to present an overview of those techniques which are used prior to
liquid chromatography analyses both for forensic toxicology in different biological matrices as well
as for therapeutic drug monitoring.

Keywords: antipsychotics; pharmaceuticals; microextraction; biofluids; HPLC; SPME; MEPS; LPME

1. Introduction

Antipsychotic drugs are a class of psychiatric medication primarily used to manage psychotic
symptoms principally in schizophrenia, bipolar disorder and other psycho-organic disorders. Based
on World Health Organization, sixty four compounds are classified as antipsychotics and for about
70% of these, analytical methods have been developed to determine them in human matrices [1].

Typical antipsychotics, known as first-generation antipsychotics were primarily discovered at
1950s and they tend to act on D2 and D4 receptors in the dopamine pathways of the brain. Those
drugs are used much less frequently now because they show severe side-effects. For this reason
second-generation antipsychotics, or atypical antipsychotics have been developed. Those drugs have a
tendency to act less to those receptors, and therefore they show less side-effects than the primarily used
typical antipsychotic drugs [2]. Figure 1 illustrates the chemical structures of common antipsychotics,
which are currently used.
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Figure 1. Chemical structures of common antipsychotic drugs.
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Due to the wide use of these drugs worldwide, there is a great need of analytical methods in order
to analyze biological samples. The quantitative determination of antipsychotics in human matrices is
of great interest both for therapeutic drug monitoring and for forensic toxicology [1].

The modern trend in drug analysis is shifting from gas chromatography to liquid chromatography
not only because of its good quantitative results, its high reproducibility, sensitivity and wide
applicability, but also because most antipsychotic drugs are not volatile. For the moment ultrahigh
performance liquid chromatography-tandem mass spectrometry UHPLC-MS/MS is the most preferred
technique for the separation and analysis of antipsychotic drugs in biofluids.

Conventional matrices used for this purpose are serum, plasma and whole blood. However, other
alternative matrices like oral fluid and urine; which are easily collected, keratinized matrices namely
hair and nails; which are stable and capable of providing information for long periods of time, dry
blood spots (DBS) and cerebrospinal fluid, are widely used [1].

Due to the high complexity of biological materials, which often contain proteins, salts, organic
compounds with similar properties to the analytes and other endogenous compounds that may
deteriorate the performance of separation, a sample preparation procedure is required. An ideal
sample preparation technique should be fast and comprise the minimum number of working steps,
should be easy to learn and easy to use, should be economical and environmental friendly and should
be compatible with many analytical instruments [3].

The four major sample preparation techniques used for those matrices are liquid–liquid extraction
(LLE), solid-phase extraction (SPE), protein precipitation (PP) and direct injection. However, these
conventional techniques tend to have many fundamental drawbacks because they include complicated,
time-consuming steps and they require large amounts of sample and organic solvents, while there are
many difficulties in automation [1,3].

Therefore, there is a great need of developing novel, relatively simple, fast and solvent-free
microextraction procedures which use smaller volumes of samples and solvents (microliter range or
even smaller) and can be widely used to analyze these samples. To date, there is a big number of
different microextraction techniques which are used for sample preparation of biological fluids and
other biological matrices in order to enhance compatibility with modern analytical instrumentation, as
well as to minimize the use of toxic chemicals and to decrease the size of biofluids or reagents’ demand.

In this review we aim to present an overview of microextraction techniques which are used prior
to liquid chromatography analysis in order to analyze biological fluids and to detect and quantify
antipsychotics in conventional and alternative biological matrices.

2. Solid Phase Microextraction for the Determination of Antipsychotic Drugs in
Biological Samples

Solid-phase microextraction (SPME) is an efficient solvent-free sample preparation method
which was first introduced in the early 1990s by Pawliszyn and co-workers. It enables automation,
miniaturization and high-throughput performance. This technique uses fibers and capillary tubes
coated by stationary phases and it can be applied to samples in any state of matter gaseous, liquid
and solid. The technique is based on partitioning of the analytes between the sample matrix and the
extraction phase which is immobilized on a fused-silica SPME fiber coated with polymers, until the
equilibrium is reached and subsequent thermal desorption of the extracts into a gas chromatograph,
reconstitution in the mobile phase used for a separation with a liquid chromatograph, or direct injection
to an HPLC injection port using suitable interface [4].

The type of the polymers which are used depends on the properties of the analyte. For drug
analysis of biological matrices the most common coatings are the polydimethylsiloxane (PDMS) and
polyacrylate (PA) while other polymers such as polypyrrole coatings, coatings based on restricted
access materials, and those based on mixtures of biocompatible polymers with sorbents used for SPE
have also been developed and used [5,6].
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The most widely used technique is fiber-SPME. In this technique the analyte is directly extracted
onto the coating of the fiber which is usually is inside a needle in a device with an assembly holder.
For the procedure of SPME the sample is placed in a capped vial with a septum which is pierced
by the needle of the device followed by the extension of the fiber either to the vapor above the
sample (Head-Space SPME) for volatile analytes or directly to the sample (Direct Immersion-SPME)
for the extraction of non-volatile analytes until equilibrium is reached. An alternative microextraction
technique is in-tube SPME that uses a fused-silica capillary column. The extraction of the analytes
takes place either onto the inner coating of the fiber or onto a sorbent bed. Compared to fiber SPME,
in-tube SPME is more mechanically stable and can be used with on line coupling with HPLC or LC/MS
instruments [7].

Various SPME methods have been developed for the analysis of antipsychotic drugs in biological
matrices prior to liquid chromatography analysis.

Theodoridis et al. developed a method for the determination of a typical antipsychotic;
haloperidol, together with other four drugs: quinine, naproxen, ciprofloxacin and paclitaxel in urine.
Each analyte was studied independently. Haloperidol was determined using an Analyticals Erbasil
Symmetry C18 column, with a mixture of 0.05 M aqueous ammonium acetate and acetonitrile (35:65 v/v)
as a mobile phase, while the detection was accomplished with a UV detector at 210 nm. For the SPME
procedure, a PDMS 100 μm fiber was conditioned for 30 min in a GC injector operating at 250 ◦C. Then,
4 mL of a solution of each pharmaceutical in buffer (20 μg/mL in 0.9% NaCl, pH 9) was transferred in
a glass vial containing a magnetic stirring bar, which was then capped and the sample was agitated at
700 rpm. Multiple SPME was also applied, but it did not provide yield enhancement for haloperidol,
despite that this technique is supposed to be an excellent way to increase extraction yields. At the end
of the extraction, the analyte was desorbed in 200 μL of methanol and an aliquot of 80 μL was injected
to the HPLC. This method overcomes the problems that exist in conventional sample preparation
techniques and can be applied to real urine samples [5].

In 2012, Bocato et al. published a method for the analysis of paliperidone after stereoselective
fungal biotransformation of the atypical antipsychotic drug risperidone with SPME extraction prior
to HPLC-MS/MS analysis. Paliperidone or 9-hydroxyrisperidone (9-RispOH) is characterized by
the same pharmacologic activity of the parent drug risperidone. Another metabolite of risperidone,
7-hydroxyrisperidone, was also included in this study. The chromatographic separation was achieved
using a Chiralcel OJ-H column with a mixture of methanol: ethanol (50:50, v/v) plus 0.2% triethylamine
as a mobile phase at a flow rate of 0.8 mL·min−1. Firstly, the SPME C18 fiber probe 45 μm which was
selected, was conditioned for 30 min with methanol and water (50:50, v/v). Extraction was performed
by immersing the fiber in the fungal sample, the pH of which was controlled with a phosphate buffer
(pH 7) and also 20% NaCl (w/v) was added. The addition of the electrolyte reduces its solubility of the
organic analyte and increases its extraction yield. The adsorption lasted 30 min at room temperature
with 600 rpm stirring speed following desorption in a 120 μL glass vial filled with the mobile phase.
After 5 min, the fiber was withdrawn into the needle and an aliquot of 20 μL was injected into the
HPLC–MS/MS system with no further treatment. To avoid carryover, after each desorption step the
fiber was washed for 30 min with methanol. The obtained SPME recoveries were 28% for risperidone,
16% for 9-RispOH and 11% for 7-RispOH [6].

Kumazawa et al. have successfully developed an HPLC-MS/MS method to determine eleven
phenothiazine derivatives (clospirazine, fluphenazine, perazine, thiethylperazine, thioridazine,
flupentixol, thioproperazine, trifluoperazine, perphenazine, prochlorperazine and propericiazine)
in human whole blood and urine using solid-phase microextraction (SPME) with a polyacrylate-coated
fiber. The pH of the samples was adjusted to about 8 with KOH solution and the vial was sealed
with a silicone-rubber septum cap. The syringe needle of the SPME device was passed through
the septum and the polyacrylate fiber was pushed out from the needle and immersed directly in
the sample solution in the vial at 40 ◦C and the extraction lasted 60 min at continuous stirring at
250 rpm. The fiber was then injected into the desorption chamber of the SPME-HPLC interface.
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This was filled with distilled water containing 10 mM ammonium acetate plus 0.1% formic acid—100%
acetonitrile (70:30, v/v). The desorption time was 10 min. Subsequently the entire contents of the
desorption chamber were flushed directly on to the HPLC column by means of the mobile phase flow
at 0.2 mL/min. This method was effectively applied to real samples after oral administration and it
can be recommended for use in both therapeutic monitoring and clinical or forensic toxicology [8].

3. Microextraction by Packed Sorbent for the Determination of Antipsychotic Drugs in
Biological Samples

Another microextraction technique developed in the last decade is microextraction by packed
sorbent (MEPS). This novel technique is based on the same general principle of solid phase extraction
(SPE), but with MEPS the packing is integrated directly into the syringe, in a very small barrel
(BIN) which sets up the needle assembly of an HPLC syringe and not in a separate SPE cartridge.
The sorbents that are used in MEPS are usually the same as conventional SPE columns. Most of the
applied sorbents include silica-based sorbents (C2, C8 and C18). When the biological sample passes
through the solid support of the syringe, the analytes are adsorbed onto the sorbent which is packed
in the BIN. Because MEPS and SPE build on the same principles there is the option of transferring a
method from conventional SPE to MEPS relatively straight forward [9–12].

MEPS holds the high selectivity, the good sample purifying efficiency and extraction yields of
SPE. Compared to traditional sample preparation techniques like LLE and SPE, MEPS procedure is
faster, simpler, cheaper, more feasible, more environmental friendly, more user-friendly and uses both
small amounts of biological sample (10 μL of plasma, urine or water) and large volumes (1000 μL).
Compared to protein precipitation, this microextraction procedure is much more efficient. In general,
MEPS can reduce sample volume and time necessary for the analysis. Moreover it can be fully
automated and it can be connected to liquid chromatography (LC), gas chromatography (GC) or
capillary electrochromatography (CEC) [9,13].

The most important factors in MEPS performance, which should be optimized before the sample
analysis are conditioning, loading, washing and eluting solvents, sample flow rate, washing solution
and the type and volume of the elution, which should be suitable for injection into LC or GC systems.
Also, the volume of the sample should be optimized leading to the best equilibrium between a good
analytical performance and a good extraction methodology. The optimum conditions will be contingent
to the nature of the matrix being used and the retention capacity and specificity of the sorbent in order
to obtain the highest recovery of the analytes [9].

To date, there are several MEPS methods that have been developed for the determination of
antipsychotic drugs in biological matrices prior to liquid chromatography analysis.

In 2010 Saracino et al. aimed to develop an analytical method for the determination of an
atypical antipschycotic drug; risperidone and its main active metabolite 9-hydroxyrisperidone in
human plasma and saliva based on HPLC with coulometric detection and an innovative MEPS
procedure. Those two analytes were also studied with a SPME procedure prior to HPLC-MS/MS
analysis. The microextraction procedure was carried out using a BIN containing 4 mg of solid-phase
material silica-C8, after being activated with 100 μL of methanol for three times and conditioning
with 100 μL of water for another three times, at a flow rate of 20 μL/s. For the extraction of the
analytes, the samples were drawn up and down through the syringe 15 times (at a flow rate of 5 μL/s)
without discarding and a washing step once with water (100 μL) and once with a mixture of water and
methanol (95:5, v/v) took place, in order to remove biological interference from the samples. Then, the
analytes were eluted with 250 μL of methanol and they were subsequently separated on a reversed
phase C18 column, using a mobile phase composed of acetonitrile (26%) and a pH 6.5 phosphate buffer
(74%).After extraction, the sorbent was cleaned similarly to the activating and conditioning step in
order to decrease memory effects and to condition for the next extraction. The same sorbent was
used for about 50 extractions. The limit of quantitation for the two compounds was 0.5 ng/mL, while
the limit of detection was 0.17 ng/mL. Extraction yields were higher than 90.1% and intra-day and
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inter-day precision results were good. As a result, this method was successfully applied to real saliva
and blood samples from patients [13].

For the determination of the same analytes in plasma, urine and saliva, there is also a more
recent MEPS-HPLC-UV method. The column which was used was a Chromsep C8 reversed-phase
(150 × 4.6 mm i.d., 5 μm) and the mobile phase consisted of a mixture of acetonitrile (27%, v/v) and a
pH 3.0, 30 mM phosphate buffer containing 0.23% (v/v) triethylamine (73%, v/v) with a gradient elution
program. The UV detector was set at 238 nm and diphenhydramine was used as the internal standard.
The C8 MEPS cartridges were activated and conditioned with 300 μL of methanol and then with 300 μL
of water. For the loading step the samples were drawn into the syringe and discharged back 10 times.
The cartridge was then washed with 200 μL of water and then with 200 μL of a water/methanol
mixture. For the elution step, 500 μL of methanol were used. The eluate was dried and redissolved in
mobile phase and 50 μL of the solution was injected into the HPLC system. For the MEPS procedure,
extraction efficiencies were higher than 90%, while relative standard deviation (RSD) for precision was
always lower than 7.9% for the two compounds. In the biological samples limits of quantification were
lower than 4 ng/mL for risperidone and lower than 6 ng/mL for 9-hydroxyrisperidone. Finally, the
developed method was successfully applied to the analysis of biological samples from patients and
seems suitable for therapeutic drug monitoring [14].

In 2014, Mercolini et al. developed an HPLC method for the determination of a recent atypical
antipsychotic; ziprasidone in plasma samples, using MEPS procedure. The analytes were separated on
a RP C18 column, with a mobile phase which was a mixture of acetonitrile (30%, v/v) and a pH 2.5,
50 mM phosphate buffer containing 0.2% (v/v) diethylamine (70%, v/v) that was delivered isocratically
and the detection was performed at 320 nm. For the microextration, the C2 sorbent which was chosen
was conditioned with 200 μL of methanol and equilibrated with 200 μL of water. The sample was
loaded and discarded back 10 times. Washing of the sorbent took place with 100 μL of water and
100 μL of a water/methanol mixture (90/10, v/v). Finally, the elution was done by drawing and
discharging 500 μL of methanol. The eluate was dried under vacuum, redissolved in 100 μL of
mobile4 phase and injected in the HPLC-UV system. Extraction yields were higher than 90% while
limit of quantitation was 1 ng/mL. The sensitivity and the selectivity of the method was also good.
The developed method was compared to a SPE procedure, using C2 cartridges and the results were
satisfactory. As a result, this procedure was successfully applied to real plasma samples from patients
who were using ziprasidone and can be used for therapeutic drug monitoring of patients undergoing
treatment with ziprasidone [15].

In 2015, Souza et al. synthesized hybrid silica monoliths which were functionalized with
aminopropyl- or cyanopropyl- groups by sol-gel process and used the mass selective stationary phase
for MEPS to determine five antipsychotics, namely: olanzapine, quetiapine, clozapine, haloperidol and
chlorpromazine) simultaneously with seven antidepressants, two anti-convulsants and two anxiolytics
in plasma using UPLC-MS/MS. Due to the higher selectivity of the cyanopropyl hybrid silica for most
of the drugs and its good mechanical strength, it was finally selected as the stationary MEPS phase.
For the MEPS procedure, the stationary phase was conditioned with 4 × 200 μL of a methanol and
acetonitrile mixture (50:50 v/v) and 4 × 200 μL of water. Then, 4 × 100 μL of plasma samples diluted
with ammonium acetate solution (pH 10) was manually drawn. Then, the sorbent was washed with
150 μL of water and desorption took place using 100 μL of a 50:50 (v/v) mixture of methanol and
acetonitrile. The extract was dried, and reconstituted with 50 μL of the mobile phase, which consisted
of ammonium acetate solution 5 mmol/L (with 0.1% formic acid) and acetonitrile and then injected
into a XSelects CSH C18 (2.5 μm, 2.1 × 100 mm) column for analysis with liquid chromatography.
The linearity of the method ranged from 0.05 to 1.00 ng/mL (limit of quantification) to 40–10,500 ng/mL.
The absolute recoveries, the precision and the accuracy were good, so the developed method can be
applied to the therapeutic drug monitoring of patients [16].

Clozapine and its metabolites were also determined in dried blood spots on filter paper with a
HPLC method coupled with a coulometric detection, after being extracted with phosphate buffer and
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cleaned-up with MEPS procedure. The use of this matrix has many advantages because it eliminates
the blood withdrawal, it has low cost and low biohazard risk and it is easy to use and to store. For the
microextraction procedure, the sorbent which was 4 mg of solid phase silica-C8 material, inserted into
a syringe was activated using 3 × 100 μL of methanol and subsequently conditioned with 3 × 100 μL
of water. For the clean-up 10 × 150 μL of the extract from DBS was drawn up and down, followed by
a washing step first with 100 μL of water and second with a mixture of water and methanol (95:5, v/v).
The elution step took place using 150 μL of the mobile phase and the liquid was injected into the
HPLC system. For the HPLC analysis a reversed phase C18 column was used with a mobile phase
composed of methanol, acetonitrile and phosphate buffer. All MEPS steps namely: activation, loading,
washing and elution were carried out in manual mode. The extraction yields were higher than 90%,
the method validation gave satisfactory results for accuracy, precision, sensitivity and selectivity. The
developed method was successfully applied to real samples obtained from patients. Therefore, this
developed method is suitable for therapeutic drug monitoring for patients undergoing treatment with
clozapine [17].

Hendrickx et al. developed a capillary UHPLC-UV method in combination with MEPS as a sample
clean-up procedure, in order to determine chlorpromazine, olanzapine and their flavin-containing
monooxygenase mediated N-oxides in rat brain microdialysates. The analysis was carried out with
an Acclaim Pepmap RP C18 capillary column. For the MEPS procedure 4 mg of a mixed solid phase
M1 (80% C8, 20% SCX) cartridge was selected. Firstly, the sorbent was activated using first 100 μL
of a solution consisting of 5% ammonia in 80% methanol (v/v) and second 100 μL of methanol and
then conditioned with a 1:3 mixture (v/v) of Ringer's solution and phosphate buffer (pH 2.5). For the
adsorption 3 × 50 μL microdialysate sample diluted with the same buffer was drawn through the
syringe and ejected. Then the sorbent was washed first with 100 μL 5% acetic acid (v/v) and second
with 100 μL of a mixture of methanol and water (10:90, v/v). The elution step took place with 50 μL of
a solution containing 5% ammonia in 80% methanol (v/v) and the extracts were diluted with 150 μL
of mobile phase which consisted of 10 mM ammonium acetate with 0.05% triethylamine, adjusted to
pH 3.00 using formic acid and acetonitrile and injected into the UHPLC system. For the examined
analytes MEPS recoveries were higher than 92% and intra- and inter-day variabilities were below 15%.
The applicability of the method was checked by analyzing real samples from patients, thus proving
that it can be used for therapeutic drug monitoring [18].

4. Liquid Phase Microextraction for the Determination of Antipsychotic Drugs in
Biological Samples

Liquid Phase Microextraction (LPME) is a miniaturized form of liquid-liquid extraction, which
was firstly introduced at 1990s, when Dasgupta [19] and Jeannot and Cantwell [20] suggested almost
at the same time the use of extraction solvents in the low microliter range. It is considered as a simple,
rapid and cheap sample preparation technique, which requires only several microliters of organic
solvents in contrast to traditional LLE, which requires several hundred of milliliters.

Based on hydrodynamic features, this technique can be classified into static LPME and dynamic
LPME. In the static LPME, a solvent is used as an extractant and it is suspended in the sample.
As a result transference of the target compounds to the extractant is carried out. On the other
hand, in the dynamic mode, the exractant solvent forms a microfilm inside of an extraction unit,
such as a microsyringe and the mass transfer of the analytes takes place between the sample and the
microfilm [21].

The main forms of LPME are (1) single drop microextraction; the oldest form of LPME, which is
less frequently used today compared to more recently developed techniques, because it was based on a
droplet of solvent hanging at a needle of a syringe and it was not considered very robust, (2) Dispersive
LPME (DLLME) and (3) Hollow fiber LPME (HF-LPME). Hollow fiber LPME is a recently developed
technique, which is based on immobilized organic solvents inside pores of hollow fibers. This technique
partly consists of (1) a donor phase, which is the aqueous sample containing the target compounds,
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(2) the porous fiber with the organic solvent trapped inside and (3) a receptor phase inside the hollow
fiber lumen.

Prior to analysis, the organic solvent is immobilized in the fiber’s pores by dipping the hollow
fiber in a vial containing the solvent in order to form a layer. Next, the lumen is filled with the acceptor
phase, which could be an organic, an acidic or a basic solution. For the analysis, the fiber is inserted
in the sample, which is the donor phase containing the analytes and extraction takes place into the
immobilized organic solvent [22].

Depending on the acceptor phase that is used HF-LPME can be classified into (1) two phase
HF-LPME, in which the organic solvent, which is immobilized in the hollow fiber and the receptor
phase, which is inside the lumen of the fiber are the same solvent. In this case the solution that is used
as a receptor phase can be directly injected to the gas chromatography system, whereas, for liquid
chromatography and capillary electroapothesis, evaporation of the solvent and reconstitution in an
aqueous solution are mandatory, so that the sample is compatible with the analytical apparatus.

Another form of HF-LPME is the three-phase HF-LPME, in which the acceptor phase is an acidic
or basic aqueous solution. In this case, extraction of the analytes takes place from the aqueous sample
primarily into the immobilized organic solvent. After that, back extraction from the organic solvent
takes place in the final receptor solution, which is the aqueous solution placed into the lumen of the
hollow fiber. This extraction mode is limited to basic or acidic analytes that can be ionized [22].

Hollow fiber-LPME can also be classified as static HF-LPME, which includes magnetic stirring of
the solution and dynamic HF-LPME, in which small volumes of the sample are repeatedly pulled in
and out of the fiber in order to increase the extraction speed [21].

During the development of an ideal HF-LPME process, many parameters should be optimized in
order to achieve the best results. These parameters are the material of the fiber, the type of organic
solvent, the pH of the sample and the acceptor phase, the volume of sample and of solvent, the time,
the temperature, the ionic strength and the stirring speed [22].

Dispersive LLPME is a recent novel approach of liquid-phase microextraction, introduced by
Assadi and their co-workers in 2006 [23]. This technique is based on a ternary solvent system consisting
of an extraction solvent, a disperser solvent and an aqueous sample. A mixture consisting of the
organic and the disperser solvent is rapidly and vigorously injected in the aqueous sample, which
contains the target analytes. For this purpose a syringe is used [24]. As a result, a cloudy solution is
formed, which is supposed to be stable for a specific time. As a next step, phase separation takes place
by gently shaking and centrifuging the mixture. If the density of the organic solvent is higher than
this of water, the solvent goes to the bottom of the tube and it can be removed by a microsyringe, after
discarding the aqueous solution. The crucial parameters in this procedure are the type and the volume
of extraction and disperser solvents, the extraction time after the formation of the cloudy solution, the
pH of the sample and its ionic strength. As for the extraction solvent, it should be miscible with the
disperser solvent and it should be able to extract the target analytes. Moreover, its high density and
low solubility in water assist the centrifugation step. As for the disperser solvent, it has to be soluble in
the organic solvent and miscible in water in order to enable the organic solvent to be dispersed in the
sample and to form a cloudy solution. The most common disperser solutions are acetone, methanol
and acetonitrile [22].

4.1. DLLME for the Determination of Antipsychotic Drugs in Biological Samples

Several LPME methods have been developed for the determination of antipsychotic drugs in
biological matrices prior to liquid chromatography analysis using either HF-LPME or DLLME.

Cruz-Vera et al. published an almost solvent-less HPLC-UV method for the determination of
seven phenothiazine derivatives in urine using the dynamic liquid-phase microextraction (dLPME)
procedure. The whole process took place under dynamic conditions in an automatic flow system.
The extraction unit was consisted of a syringe pump and a 1 mL syringe connected to a Pasteur
pipette. For the microextraction, 100 μL of a mixture of ionic liquid 1-butyl-3-methyl imidazolium
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hexafluorophosphate and acetonitrile (50:50, v/v) were picked up in the pipette, which was then
inserted into a vial containing the sample, the pH of which was primarily fixed at 8. A volume of
10 mL was drawn with a flow rate of 0.5 mL·min−1. When the extraction was completed, 50 μL of the
ionic liquid were drawn out at a flow rate of 0.05 mL·min−1 and recovered in a vial containing
50 μL of acetonitrile. Finally, 20 μL of the mixtures were injected into tandem LiChrosorb C8

(4.6 mm × 150 mm)–LiChrosorb C18 (4.6 mm × 150 mm) cartridge columns and determined with
a mobile phase consisting of acetonitrile/water/acetic acid/trimethylamine 40/40/20/2 (v/v/v/v).
A new pipette was used for each extraction so there is no carry-over effect. The recovery values
was between 72% and 98%, the limits of detection were between 21 ng/mL and 60 ng/mL and the
repeatability expressed as RSD varied between 2.2% and 3.9% and the method was successfully
validated [22].

Xiong et al. developed a HPLC-UV method for the separation and quantitative determination
of three psychotropic drugs (amitryptiline, clomipramine and thioridazine) in urine, using DLLME
as a sample preparation technique. For the microextraction, 5 mL of the sample, the pH of which
was adjusted to 10 using NaOH, was placed in a test tube, in which 0.50 mL of acetonitrile (as a
disperser solvent) containing 20 μL of carbon tetrachloride (as an extraction solvent) were rapidly and
vigorously injected, in order to form a cloudy solution. Accordingly, the mixture was shaken and then
the separation of the phases took place by centrifugation at 4000 rpm for 3 min. The extraction time
was fixed at 3 min. After slowly discarding the aqueous solution, the resulting droplet and the lipidic
solid were dissolved in 200 μL acetonitrile, filtered and injected into the HPLC system for analysis
with a C8column and a mixture of ammonium acetate (0.03 mol/L, pH 5.5)–acetonitrile (60:40, v/v)
as a mobile phase. The absolute recoveries were between 96% and 101%, the limit of detection was
3 ng/mL, while the limit of quantification was 10 ng/mL. The developed method was efficiently
applied to urine samples obtained from patients to estimate and personalize the drug dose [24].

In 2011, Chen et al. developed a DLLME-HPLC-UV method for the determination of
two antipsychotic drugs; clozapine and chlorpromazine in urine. For the DLLME procedure 10 mL of
the sample was placed in a test tube after adjusting the pH to 10 with NaOH and 200 μL of ethanol (as a
disperser solvent) containing 40 μL CCl4 (as an extraction solvent) was fast and vigorously injected,
in order to form a cloudy solution, which was then shaken and centrifuged for 2 min at 4000 rpm to
achieve phase separation. After that, the precipitate was dissolved by 0.5 mL methanol after careful
removal of the supernatant solution, the extract was filtered and injected into the HPLC. For the
separation, a Symmetry® C18 column packed with 5.0 μm particle size of dimethyloctylsilyl bounded
amorphous silica was used with a mixture of CH3COONH4 (0.03 g/mL, pH 5.5)-CH3CN (60:40, v/v)
as a mobile phase. With these conditions, the limits of detection were lower than 6 ng/mL, and the
limits of quantification lower than 39 ng/mL. The absolute extraction efficiencies were higher than
97%. The method was successfully applied to the analysis of real samples obtained from patients [25].

In 2011, Zhang et al. developed a DLLME-HPLC-UV method for the determination of
tetrahydropalmatine and tetrahydroberberine in rat urine; two active components in Rhizoma corydalis,
which possess strong antipsychotic actions. For the DLLME procedure 1.00 mL of the sample solution
was placed in a glass tube and 100 mL of 1 mol/L of NaOH solution were added. The mixture was
vortexed and 100 μL of methanol (dispersive solvent) containing 37 μL of chloroform (extraction
solvent) was injected rapidly and vigorously in order to form a cloudy solution which was then
centrifuged for 3 min at 4000 rpm. After discarding the upper layer solution, the sedimented phase
was evaporated to dryness and the dry residue was reconstituted in 50 μL of a acetonitrile-0.1%
phosphoric acid solution which was used as a mobile phase and a 20 μL aliquot was injected into a
Ultimate XB-C18 (150 × 4.6 mm i.d., packed with 5 mm particles) column. The extraction recoveries
with this technique were higher than 69% and this method was efficiently applied in real urine
samples [26].

In 2015, Fisichella et al. developed a DLLME method for the determination of many different
classes of drugs including main drugs of abuse (cocaine and metabolites, amphetamines and
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analogues, LSD, ketamine, opiates, methadone and fentanyl and analogues), Z-compounds and
44 benzodiazepines and antipsychotic drugs in blood samples followed by analysis with liquid
UHLC-MS/MS. For the microextraction procedure, 100 μL of chloroform (extraction solvent) and
250 μL of methanol (disperser solvent) were rapidly and vigorously injected into the blood which
was primarily deproteinized with 500 μL of methanol and its pH was fixed at 9 with the use of 0.2 g
of NaCl and 100 μL of saturated carbonate buffer. A cloudy solution was formed, which was then
shaken for 1 min using an ultrasonic water bath and centrifuged at 4000 rpm for 5 min. About 50 μL
of the organic phase was evaporated to dryness and reconstituted in 100 μL of mobile phase. Then,
10 μL was then injected into a superficially porous Kinetex Biphenyl column (2.6 μm, 100 × 2.1 mm)
with UHPLC-MS/MS instrument. The mobile phase consisted of H2O with 0.1% HCOOH MeOH
with 0.1% HCOOH and a gradient elution program was chosen. The limits of detection were lower
than 2 ng/mL and limits of quantification were lower than 10 ng/mL, with satisfactory accuracy and
precision. The developed method was subsequently applied to the analysis of 50 blood samples from
forensic cases [27].

4.2. HF-LPME for the Determination of Antipsychotic Drugs in Biological Samples

For trace amounts of chlorpromazine in biological fluids, a hollow fiber liquid phase
microextraction HF-LPME-HPLC-UV method was also developed. The drug was extracted from
11 mL of sample into an organic phase which was n-dodecane trapped in the pores of the fiber
followed by the back-extraction into a receiving aqueous solution consisting of 0.01 M phosphate
buffer (pH 2.0), located inside the lumen of the hollow fiber. For the extraction 11 mL of the aqueous
sample solution was placed into a glass vial with a stirring bar and the vials were put on a magnetic
stirrer. The stirring speed was 1000 rpm. Then, 20 μL of the receiving phase were injected into the
polypropylene fiber, which was placed into the organic solution for 5 s and then into water for 5 s to
remove the extra organic solution from its surface. After that, the fiber was bent and placed into the
sample for 60 min and at the end of the extraction the fiber was removed, the receiving phase was
withdrawn into the syringe and 10 μL of the receiving phase was injected into the HPLC. The whole
procedure was carried out in absence of salt. The detection limit for chlorpromazine was 0.5 μg/L and
intra-day and inter-day assay (RSD %) were lower than 10.3%.The method was successfully applied
to drug level monitoring in biological fluids (urine and serum) of patients and gave satisfactory
results [28].

5. Novel LPME and SPME Techniques for the Determination of Antipsychotic Drugs in
Biological Samples

Except for the conventional DLLME process, which was described above, many DLLME variations
are widely used nowadays. Firstly, in-situ DLLME is also gaining attention, while temperature
assisted-DLLME, UV-assisted-DLLME, Microwave-assisted-DLLME and vortex-assisted DLLME are
becoming more and more popular as observed in the literature. Additionally, DLLME variations which
use deep eutectic solvents (DES’s), surfactants, or ionic liquis (ILs) in order to form emulsions are also
reported through scientific papers. Some of these processes are described below.

These procedures tend also to avoid the main problems existed in conventional sample preparation
techniques such as LLE, SPE and PP which have been widely used to extract antipsychotic drugs from
biological fluids.

In 2013 Fisher et al. developed an HPLC-MS/MS method for the determination of amisulpride,
aripiprazole, dehydroaripiprazole, clozapine, norclozapine, olanzapine, quetiapine, risperidone,
9-hydroxyrisperidone, and sulpiride in small volumes of plasma or serum and they also investigated
its ability to be applied to haemolysed whole blood as well as to oral fluid. The extraction took place in
glass test tubes, where 200 μL of the sample and 100 μL of tris solution (2 mol/L pH 10.6) was added.
For the extraction, 100 μL of butyl acetate:butanol (9 + 1, v/v) was added and the mixture was firstly
vortexed for 30 s and then centrifuged (13,600× g, 4 min). After taking the upper layer an aliquot of
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200 μL was injected into a Waters Spherisorb S5SCX sulfopropyl-modified silica column for HPLC
analysis, using 50 mmol/L methanolic ammonium acetate, (pH 6.0) as a mobile phase. The limits of
quantification varied between were 1–5 μg/L depending on the analyte. Recoveries varied between
16% and 107%and the reproducibility of the method was good. Thus, the developed method can be
applied in the therapeutic drug monitoring of patients who undergo treatment with the examined
drugs [29].

Also, in 2013, Ebrahimzadeh et al. developed a high-performance liquid chromatography coupled
to photodiode array detector (HPLC-DAD) method to preconcentrate and determine the antipsychotic
drug (haloperidol) in biological samples using ultrasound-assisted emulsification microextraction.
The use of ultrasonic radiation helps to speed up different procedures such as homogenization, mass
transfer and emulsion formation. In this microextraction procedure, a small volume of a solvent which
is not miscible with water is injected into an aqueous sample solution and an emulsion is formed using
sonication without any need for a dispersive solvent. When the microextraction is over the mixture is
centrifuged and the two different phases are separated. In this case, 30 μL of 1-undecanol was injected
into a glass-centrifuge tube containing 4 mL of the sample solution after fixing its pH to 10 (NaCl 4%
w/v). The mixture was put in an ultrasonic water bath for 20 min at 25 ◦C in order to form an emulsion,
which was then centrifuged at 4000 rpm for 5 min. The droplets of the extraction solvent floated
at the top of the tubes and they were solidified after being cooled in an ice bath. Finally, they were
removed and they were melt again at room temperature and analyzed with HPLC. An ODS-H C18

(250 × 4.6 mm i.d., 5 μm) column was used, using a mixture of methanol and monobasic potassium
phosphate solution (0.02 mol/L, pH 4) (60:40, v/v) as a mobile phase. The extraction yields were
higher than 90% and the limits of quantification varied between 4 and 8 μg/L. As a result, the method
can be successfully applied in real plasma and urine samples obtained from patients who undergo
treatment with haloperidol [30].

In 2015, Zare et al. developed an ionic-liquid-based surfactant-emulsified microextraction
procedure accelerated by ultrasound radiation followed by HPLC analysis for the determination
of antidepressant and antipsychotic drugs; doxepine and perphenazine in urine. This procedure is
based on the replacement of less green solvents with ionic liquids, which pose some unique properties
such as tunability of their viscosity and surface tension and are widely used in green chemistry.
For the microextraction of the drugs, 4 mg of the lipophilic SDS surfactant was poured into 6 mL
of the sample, followed by the addition of 50 μL of the ionic liquid 1-hexyl-3-methylimidazolium
hexafluorophosphate, which was used as an extracting solvent. The mixture was vortexed for 10 min
and sonicated for another 10 min and a cloudy solution was formed. After centrifugation for 5 min at
5000 rpm the aqueous phase was removed and the phase containing the analytes was dissolved in
methanol and injected into the HPLC system. For the analysis a Zorbax SB-C8 (250 mm × 4.6 mm,
5 μm) column was used with a mixture of acetate buffer (pH 4)/acetonitrile (70:30, v/v) as a mobile
phase. For the examined drugs extraction recoveries were between 89% and 98%. The performance of
the developed method was compared with two other methods, one including dispersive liquid–liquid
microextraction and one including ultrasound-assisted surfactant-based emulsification microextraction.
The novel microextraction procedure showed some significant advantages and can be used for
preconcentration, separation and determination of above mentioned drugs in real urine samples [31].

In 2016 Li et al., prepared novel magnetic octadecylsilane (ODS)—polyacrylonitrile (PAN)
thin-films for microextraction of the antipsychotic drugs; quetiapine and clozapine in plasma and
urine samples followed by HPLC-UV analysis. Thin-film microextraction (TFME) is a novel form of
solid-phase microextraction for preconcentration and clean-up of analytes in biofluids. Thus, those
films are supposed to be superior to conventional SPME because of their high extraction rate, their
sensitivity and their low extraction time. These parameters can be optimized by using novel film
coatings. In this work, the thin firms were made magnetic by adding superparamagnetic SiO2@Fe3O4

nanoparticles to the films. For the drug microextraction procedure, the films were preconditioned
with methanol and water and then they were added into the sample, the pH of which was adjusted
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to 9.5 by adding a 0.1 mol/L NaOH solution. The mixture was mechanically shaken for 50 min and
then the film was removed by a strong magnet and cleaned with 3 mL of water. For the desorption of
the analytes the film was again mechanically shaken in 1 mL of methanol for 5 min and the obtained
solution was evaporated and redissolved in 100 μL of methanol and injected into a C18 reversed-phase
column for HPLC-UV analysis. The repeatability of the method was good, the films were reusable
up to 15 times, extraction recoveries were higher than 99% and detection limits were lower than
0.015 μg/mL. The method was successfully applied to real plasma and urine samples and it can be
used for therapeutic drug monitoring of patients [32].

All of the developed methods that are mentioned in the following paragraphs are summarized in
Table 1.

Table 1. Microextraction techniques used for determination of antipsychotic drugs in biological fluids
(HPLC: high performance liquid chromatography; UPLC: Ultra performance liquid chromatography
UV: ultraviolet visible; MS: mass spectrometry; SPME: solid-phase microextraction; MEPS:
microextraction by packed sorbent; LPME: liquid phase microextraction; DLLME: dispersive
liquid/liquid microextraction).

Analyte Microextraction Determination Matrix Recovery Reference

Haloperidol, quinine, naproxen,
ciprofloxacin and paclitaxel

SPME HPLC-UV Urine 85–95% [5]

Risperidone and its
biotransformation products

SPME HPLC-MS/MS Liquid culture
medium 11–28% [6]

Clospirazine, fluphenazine, perazine,
thiethylperazine, thioridazine,
flupentixol, thioproperazine,

trifluoperazine, perphenazine,
prochlorperazine, propericiazine

SPME HPLC-MS/MS
Fungi pool

Whole blood,
urine

0.0002–39.8% [8]

Risperidone and
9-hydroxyrisperidone

MEPS HPLC-Coulometric
Detection Plasma, saliva >90.1% [13]

Risperidone and
9-hydroxyrisperidone

MEPS HPLC-UV Plasma, urine,
saliva >90.0% [14]

Ziprasidone MEPS HPLC-UV Plasma >90.0% [15]
Olanzapine, quetiapine, clozapine,
haloperidol and chlorpromazine in

combination with seven
antidepressants, two anticonvulsants

and two anxiolytics

MEPS UPLC-MS/MS Plasma Not
mentioned [16]

Clozapine and its metabolites MEPS HPLC-Coulometric
detection DBS >90% [17]

Chlorpromazine, olanzapine and
their FMO mediated N-oxides in rat

brain
MEPS Capillary

UHPLC-UV
Rat Brain

Microdialysates 92–98% [18]

Seven phenothiazine derivatives dynamic LPME HPLC-UV Urine 72–98% [21]
Amitryptiline, clomipramine and

thioridazine
DLLME HPLC-UV Urine 96–101% [24]

Clozapine and chlorpromazine DLLME HPLC-UV Urine >97% [25]
Tetrahydropalmatine and

tetrahydroberberine
DLLME HPLC-UV Rat urine >69% [26]

Drugs of abuse (cocaine and
metabolites, amphetamines and

analogues, LSD, ketamine, opiates,
methadone and fentanyl and

analogues), Z-compounds and 44
benzodiazepines and antipsychotic

drugs

DLLME UHPLC-MS/MS Plasma Not
mentioned [27]

Chlorpromazine HFLPME HPLC-UV Urine, serum >70% [28]
Amisulpride, aripiprazole,

dehydroaripiprazole, clozapine,
norclozapine, olanzapine, quetiapine,

risperidone, 9-hydroxyrisperidone,
and sulpiride

Liquid extraction
with small volumes HPLC-MS/MS

Plasma, serum,
oral fluid and

hemolysed
whole blood

16–107% [29]

Haloperidol
Ultrasound-assisted

emulsification
microextraction.

HPLC-DAD Urine, plasma >90% [30]
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Table 1. Cont.

Analyte Microextraction Determination Matrix Recovery Reference

Doxepine and perphenazine

Ionic-liquid-based
surfactant-emulsified

microextraction
procedure

accelerated by
ultrasound
radiation

HPLC-UV Urine 89–98% [31]

Quetiapine and clozapine

Microextraction
with magnetic

ODS-PAN
thin-films

HPLC-UV Urine, plasma 99–110% [32]

6. Conclusions

Even in cases where simple biological matrices are involved, sample pretreatment cannot
be avoided. Based on their useful benefits, microextraction techniques in the extraction and
pre-concentration of various antipsychotic drugs in different biological matrices are growing. With the
use of novel procedures, the main disadvantages of traditional sample preparation techniques such as
LLE, SPE and protein precipitation can be overcome. At the same time, microextraction techniques are
compatible with green chemistry, which is nowadays a trend in analytical chemistry. It also agrees
with simplification and miniaturization which are trends gaining more and more interest day by day.
Thus, more innovative methods can be developed, for the determination of a greater variety of typical
and atypical antipsychotics in different biological samples. Nevertheless, a lot of progress is expected
to be made with the use of new sorbents and/or new solvents which would make the whole sample
preparation process simpler, faster, more economical, more efficient and more environmental friendly.
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Abstract: The widespread use of antibiotics in veterinary practice and aquaculture has led to the
increase of antimicrobial resistance in food-borne pathogens that may be transferred to humans.
Global concern is reflected in the regulations from different agencies that have set maximum permitted
residue limits on antibiotics in different food matrices of animal origin. Sensitive and selective
methods are required to monitor residue levels in aquaculture species for routine regulatory analysis.
Since sample preparation is the most important step, several extraction methods have been developed.
In this review, we aim to summarize the trends in extraction of several antibiotics classes from shrimps
and give a comparison of performance characteristics in the different approaches.
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1. Introduction

According to FAO (CWP Handbook of Fishery Statistical Standards, Section J: AQUACULTURE),
“aquaculture is the farming of aquatic organisms: fish, mollusks, crustaceans, aquatic plants, crocodiles,
alligators, turtles, and amphibians. Farming implies some form of intervention in the rearing process
to enhance production, such as regular stocking, feeding, protection from predators, etc.” [1].

Since 1960, aquaculture practice and production has increased as a result of the improved
conditions in the aquaculture facilities. Such improvements include better water quality, infection
control, high nutrition feeds and improved aquatic species, through newly developed hybridization
techniques, particular species breeding and the use of molecular genetics [2]. According to FAO 2005,
in the time span from 1990 to 2005, aquaculture production each year has tripled from 16.8 million
tons to 52.9 million tons. By 2015, it was also predicted that aquaculture would constitute 39% of the
seafood production in weight worldwide, dramatically increasing from 4% in 1970 and 28% in 2000.
Eleven of the fifteen elite aquaculture producing countries are located in Asia, with 94% of the total
worldwide production, while China on its own has 71% of the total production [3].

Shrimp aquaculture is one of the most important aquacultures and makes a considerable
contribution to the national economies, both in developed and developing countries. According
to the “Global Study of Shrimp Fisheries” from FAO, the biggest domestic product percentage of
shrimp farming belongs to Madagascar (1%), excluding the traditional shrimp fishing. The gross
domestic values for other developing countries range between $2.72 million–$558 million US. Shrimp
is the most profitable exported product in Cambodia, Indonesia, Kuwait, Madagascar, Mexico, Nigeria,
and Trinidad and Tobago, and to a lesser extent Australia and Norway. Shrimp consumption, on the
other hand, is high in most developed countries, such as Australia and Norway, with the United States
presenting the highest consumption and, as a result, being the greatest shrimp market worldwide [4].

Separations 2016, 3, 8 129 www.mdpi.com/journal/separations



Separations 2016, 3, 8

The increased aquaculture practice has resulted in increased levels of infections among the species.
Usually the farming is done in cages, where high populations are confined to a limited space, and
infection outbreaks are common despite good hygiene levels. Bacteria, parasites, viruses and fungi can
infect the confined animals, with bacteria being the main source of infections [5].

Antibiotics are used in aquaculture in order to control the infection outbreaks. They are
natural, semisynthetic or synthetic compounds and their antibacterial effect resides on their ability to
eliminate the bacteria or hinder their growth. Antibiotics used for human disease treatment, such as
penicillins, macrolides, sulfonamides, tetracyclines and quinolones/fluoroquinolones, are often used
in aquaculture. Specifically, oxytetracycline, florfenicol, sarafloxacin, enrofloxacin, chlortetracycline,
ciprofloxacin, norfloxacin, oxolinic acid, perfloxacin, sulfamethazine, gentamicin, and tiamulin are
commonly used in aquaculture infections. Besides the use of antibiotics as bacterial infection treatment,
sulfonamides, β-lactams and macrolides can be used as growth-promoting or infection-preventing
agents. They are used in sub-therapeutic doses in animal feed or veterinary drugs [6–9].

The extensive use of antibiotics, however, may lead to residues in edible animal tissues and cause
allergic or toxic effects to sensitive groups or the development of persistent microorganisms. It poses a
risk to human health through the migration of antibiotics from aquaculture products to the human
organism. As a result, authorities in many countries have published regulations on the antibiotic usage
and residues in aquaculture and aquaculture products to minimize the risk to human health associated
with consumption of their residue [9].

These regulations are strict in Europe, North America and Japan, where only few antibiotics are
approved and maximum residue levels (MRLs) are introduced. However, the majority of aquaculture
production and export takes place in countries where few or no regulations exist [6,9].

To comply with the EU regulation, state laboratories have to put into practice methods for both
screening and confirming the presence in seafood.

Until every aquaculture country complies with regulations, controls are essential when importing
aquaculture products. Sensitive analytical methods have been developed in order to control the
product compliance to the regulations and ensure that the residue levels are lower than the MRLs.
Sample preparation is the most important step during the development and the application of such
analytical methods.

A significant number of multi-residue or single analytical methods have been reported in the
literature for the determination of antibiotics in shrimps.

In general, the most common sample preparation techniques are solid phase extraction (SPE),
using appropriate columns for each class examined, and solid-liquid extraction (SLE). However,
liquid-liquid extraction (LLE) has been also used in some cases. In addition to this, recently developed
materials, such as molecular imprinted polymers, have also been applied in some studies. The
distribution of sample preparation techniques for the extraction of each class of antibiotics from
shrimps is illustrated in the pie charts of Figure 1.

Figure 1. Cont.
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Figure 1. Sample preparation techniques used in the extraction of antibiotics from shrimps.

In this review, emphasis is put on extraction methods with regard to the isolation and purification
steps. Results of published methods are summarized in the text and presented comparatively in tables.

2. Antibiotics

The most effective and useful antibacterial agents inhibit or prevent the development of the cell
wall, the protein synthesis or the DNA replication and transcription. Less effective and clinically
useful are those agents that act on the cell membrane or inhibit a metabolic path of the cell.
Penicillins, cephalosporins and β-lactams inhibit the cell synthesis, chloramphenicol, tetracyclins
and macrolides inhibit the protein synthesis, and quinolones, nitrofurans and sulfonamides inhibit the
DNA synthesis [10].
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Quinolones are synthetic antibiotics with a broad-spectrum antibacterial effect. This antibiotic
group includes plain quinolones, such as oxolinic acid and nalidixic acid, and fluorinated quinolones,
known as fluoroquinolones, such as ciprofloxacin, flumequine and sarafloxacin [5].

Quinolones have a dual heterocyclic aromatic ring structure as shown in Figure 2, with the first
ring having a nitrogen atom at position 1, a carboxyl group at position 3 and a carbonyl group at
position 4, and the second ring having a carbon atom at position 8. Fluoroquinolones result from the
addition of a fluorine atom at position 6 of the second ring. Substitution at position 1 and 7 results in
new enhanced fluoroquinolones [11–13].
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Figure 2. General chemical structure of quinolones.

The maximum residue limit in muscle tissue according to the Commission Regulation (EU)
No. 37/2010 for danofloxacin, enrofloxacin-ciprofloxacin and oxolinic acid is 100 μg/kg [14].

Tetracyclines are broad-spectrum antibiotics, and their group includes tetracycline,
oxytetracycline, chlortetracycline, demeclocycline, lymecycline, doxycycline, minocycline and
tigecycline [15].

Tetracyclines were discovered in 1945 and were the first broad-spectrum antibiotics. The first
generation of tetracyclines includes chlortetracycline and tetracycline, which were introduced for
clinical use in 1948 and 1953, respectively [16,17]. Tetracycline antibiotics have a linearly arranged
naphthalene ring structure (Figure 3), with a nitrogen-containing functional group region (2N region)
and an oxygen-containing functional group region (C3-C4 region) [16].
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Figure 3. General chemical structure of tetracyclines.

The maximum residue limit in muscle tissue according to the Commission Regulation (EU)
No. 37/2010 [14] for chlortetracycline, oxytetracycline and tetracycline is 100 μg/kg, while only
oxytetracycline hydrochloride and oxytetracycline dihydrate are approved for use in aquaculture from
the U.S. Food and Drug Administration (FDA) [18].
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Amphenicols are a broad-spectrum antibiotic group that includes chloramphenicol and its
metabolites, thiamphenicol and florfenicol. Florfenicol also has its own metabolite, florfenicol amine [5].

Chloramphenicol is the oldest and the most known member of this antibiotic group. It was
originally isolated from cultures of Streptomyces venezuelae and was first used for clinical purposes
in 1947. It is effective against many bacteria strains, but its toxicity and unwanted effects limited its
use over the years [19,20].

The structure of chloramphenicol is shown in Figure 4.
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Figure 4. Chemical structure of chloramphenicol, florfenicol and thiamphenicol.

The maximum residue limit in muscle tissue according to the Commission Regulation (EU)
No. 37/2010 [14] for florfenicol and florfenicol amine is 100 μg/kg; for thiamphenicol, it is 50 μg/kg,
and chloramphenicol is completely prohibited. Florfenicol is only approved for use in aquaculture
from the U.S. Food and Drug Administration (FDA) [18].

Macrolides are a category of semi-synthetic medium-spectrum with a macrolyclic lactone nucleus
of 14–16 atoms to which different sugars are attached, forming the different types of the macrolide
antibiotics. The category‘s most common antibiotic is erythromycin with a cladinose at C3 and
desosamine at C5 (Figure 5).

Macrolides were discovered in natural products in 1950. Especially erythromycin was discovered
in 1952, and it is still the most widely used macrolide drug in medicine, while at the end of the 1980s,
two more semisynthetic derivatives of erythromycin were discovered.

The antibacterial activity of macrolides is due to their binding to the subunit 50S in the bacterial
ribosome; as a result, it prevents the bacterial protein synthesis [21].

The MRL set by the Committee for veterinary medicinal products is 200 μg/kg in muscles, liver
and kidneys of animal origin, 40 μg/kg in milk, and 150 μg/kg in eggs for the macrolide drugs [14].

Sulfonamides are derivatives of para-aminobenzenesulfonamide and their structure is similar
to the structure of para-aminobenzoic acid (PABA), a molecule which takes part in the biosynthesis
of dihydrofolic and folic acids by microorganisms (Figure 6). The basic structure of their molecule
consists of an unsubstituted amine (–NH2) on a benzene ring at C4 position and a sulfonamide group
para to the amine (Figure 5). Sulfonamides are separated into four groups: (1) short—or medium acting
sulfonamides; (2) long-acting sulfonamides; (3) topical sulfonamides and (4) sulfonamide derivatives
for inflammatory bowel disease [22,23].
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Figure 6. General chemical structure of sulfonamides.

The MRL set by the Committee for veterinary medicinal products is 100 μg/kg for the parent
drug or the residues of sulfonamides in milk, fish and other seafood [14].

Most common nitrofurans are furazolidone, furaltadone, nitrofurazone and nitrofurantoin and
their metabolites, 3-amino-2-oxazolidinone (AOZ), 3-amino-5-morpholinomethyl-2-oxazolidinone
(AMOZ), semicarbazide (SEM) and 1-aminohydantoin (AHD), respectively. Due to the binding
nitrofurans form, it is not easy to determine the parent nitrofuran, but it is possible to determine its
metabolite in tissue samples. The chemical structure of nitrofurans is shown in Figure 7 [24].

134



Separations 2016, 3, 8

O CHON2 NR1

Figure 7. Chemical structure of Nitrofurans.

Nitrofurans are used as broad-spectrum antibiotics in veterinary practice, as a treatment to
gastrointestinal infections [25] or against Salmonella sp., Mycoplasma sp. and some protozoa [26]. Since
1993, they have been banned in most of the countries in the world, but they are still used in some others.
No MRL is set by the Committee for veterinary medicinal because nitrofurans and their metabolites
are banned in EU [27].

3. Trends in the Extraction of Antibiotics from Shrimps

Shrimp tissue contains high amounts of protein. It also contains unsaturated fatty acids, such as
the necessary eicosapentaenoic and docosahexaenoic acids, and minerals, such as calcium. The tissue
composition depends on the feed given to the shrimps [28].

As mentioned above, a significant number of multi-residue or single analytical methods have
been reported in the literature for the determination of antibiotics in shrimps.

To begin with, quinolones are mostly determined in shrimps after using SPE or SLE as the sample
preparation technique. Furthermore, LLE and MIP-based techniques are equally applied in some of
the studies. The same phenomenon appears in the determination of the class of tetracyclines, where
SPE and SLE, including accelerated solvent extraction (ASE) and pressurized liquid extraction (PLE),
are almost equally and most frequently used in the analysis of shrimps.

The class of amphenicols is determined by using a wide variety of sample preparation techniques.
SLE is once again the primary preferable technique, followed by SPE. A different approach of
the extraction is achieved with the use of immunoaffinity columns (IAC) for the determination of
amphenicols in shrimps. Molecular imprinted—SPE (MISPE) are also used in a smaller number of
studies. In addition to these, there were some cases where matrix solid phase dispersion (MSPD),
LLE and supercritical fluid extraction (SFE) is performed in shrimp samples.

For the class of sulfonamides, SPE is the sample preparation of choice, followed by SLE.
In addition, there are some studies in which a combination of SLE and LLE is used for the extraction of
sulfonamide drugs from shrimp samples. Furthermore, MISPE and QuECheRS are applied for the
determination of sulfonamides.

The determination of nitrofurans is achieved by determining the derivatives of the drugs.
Derivatization takes place before or after the sample preparation. Derivatization is preformed after
sample preparation using SLE, or prior to SPE.

In the following paragraphs, analytical methodologies for the extraction of antibiotics from shrimp
tissue are presented and classified according to the category of antibiotics.

3.1. Extraction of Quinolones

Enrofloxacin and ciprofloxacin were extracted using 10 mL of acetonitrile. The extract was
evaporated to dryness at 37 ˝C, and the residue was re-dissolved with an ammonium acetate buffer
to a final volume of 2 mL. A SPE cleanup step was applied with a SDB-RPS cartridge (polyStyrene
Divinylbenzene-Reverse Phase sorbent) preconditioned twice with 1 mL of ethanol, 1 mL of water
and 1 mL of the ammonium acetate buffer, sequentially. Target compounds were eluted with 4 mL
methanol and ammonium hydroxide solution 1 M (75:25, v/v). The eluates were evaporated to dryness
at 37 ˝C, and the residue was re-dissolved in 300 μL of formic acid solution (pH = 2.5). The extraction
procedure yielded recoveries between 94.0%–106.0%, 97.0%–103.0% for ENR and CIP, respectively.
Analysis was carried out by an LC-MS/MS system, separation was achieved by a Polaris C18A 3 μm
(150 ˆ 2.0 mm) with a Chromsep guard column SS (10 ˆ 2.0 mm), and the mobile phase consisted of
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an acetonitrile and formic acid solution (pH = 2.5) delivered in gradient conditions. The LOD was
4 μg/kg and 3 μg/kg for ENR and CIP, respectively [29].

Ciprofloxacin, danofloxacin, enrofloxacin and sarafloxacin were extracted from shrimp samples
using 16 mL of acidic acetonitrile and the addition of dichloromethane (to a final volume of 25 mL).
A SPE cleanup step with a Strata C18 E was preconditioned with 2 mL of acetonitrile. The antibiotics
were eluted from the SPE cartridges with 2 ˆ 2 mL of acetonitrile. The eluates were evaporated to
dryness under a nitrogen stream at 45 ˝C, and the residue was re-dissolved in 200 μL of acetonitrile
and 800 μL of deionized water. The extraction procedure yielded recoveries between 63.0%–117.0%,
71.0%–87.0%, 72.0%–92.0%, 95.0%–125.0% for CIP, DAN, ENR and SAR, respectively. Analysis was
carried out by a UPLC-MS system, separation was achieved by a HSS T3 C18 column (1.8 mm,
2.1 ˆ 50 mm) (Waters, Milford, MA, USA), and the mobile consisted of 4 mM NH4OH/50 mM formic
acid buffer in either 10% MeCN or 90% MeCN (gradient elution). The LOD values were 0.13, 0.14,
0.19, 0.14 ng/g for for CIP, DAN, ENR and SAR, respectively. This method allows a single analyst to
prepare 25 samples each day [30].

Ofloxacin, norfloxacin, ciprofloxacin and lomefloxacin were extracted from the spiked samples
with 30 mL of a 1% acetic acid ethanol solution. A cleanup step using SPE was applied. SPE cartridge
was washed with 10 mL of methanol, water, methanol in order, and the quinolones were eluted with
10 mL of 25% ammonia methanol. The eluate was evaporated to dryness under a nitrogen stream
at 35 ˝C, and the residues were re-dissolved in mobile phase. The extraction procedure for a peeled
prawn sample without shell yielded recoveries between 88.3%–99.8%, 95.9%–109.4%, 91.2%–107.0%,
88.9%–103.4% for OFL, NOR, CIP and LOME, respectively. Analysis was carried out by a HPLC
system coupled with a chemiluminescence detector, and separation was achieved by a XDB-C8,
150 mm ˆ 4.6 mm i.d., 5 μm column. The LOD was 0.43, 0.36, 0.40 and 2.4 ng/mL for OFL, NOR, CIP
and LOME, respectively. This study established a novel HPLC chemiluminescence detection method
for quinolone determination, which was based on the Ce(IV)–Ru(bpy)3

2+–HNO3 system [31].
Enrofloxacin and ciprofloxacin were extracted from the spiked samples with 5 mL of

methanol:acetic acid (98:2, v/v), the extracts were evaporated (to a final volume of 2 mL) under
a nitrogen stream at 50 ˝C, and the residue was re-dissolved in 10 mL water:acetic acid (98:2, v/v). The
SPE cleanup step involved a Sep-Pak C18 (500 mg, 6 mL) cartridge preconditioned and equilibrated
with 6 mL of methanol and 6 mL of Milli-Q water sequentially. The quinolones were eluted with
6 mL of methanol:(1 M) phosphoric acid (9:1, v/v) and 4 mL of methanol, the eluate was evaporated
to dryness under nitrogen stream at 50 ˝C, and the dry residue was re-dissolved in 1 mL of Tris
buffer solution (pH 9.1). The extraction yielded 88.43%, 80.41% average recoveries for ENR and
CIP, respectively. Analysis was carried out by a HPLC system coupled with a fluorescence detector,
separation was achieved by a PLRP-S column (5 μm, 4.6 ˆ 150 mm) with a RP18-E guard column
(5 μm, 4 ˆ 40 mm) (Polymer Laboratories Inc., Church Stretton, UK), and the mobile phase consisted
of orthophosphoric acid, acetonitrile and tetrahydrofuran (gradient elution). The LOD was 0.015,
0.025 μg/g for ENR and CIP, respectively [32].

Nine fluoroquinolones and 3 acidic quinolones were extracted from the spiked samples with 20 mL
of AcCN/MeOH (1:1 v/v), a SPE cleanup step with a Fe3+ immunoaffinity cartridge followed, and
the quinolones were eluted with 0.5 mL of a McIlvaine-EDTA-NaCl buffer. The extraction procedure
yielded inter-day recoveries between 73.7%–89.7% for the fluoroquinolones and 75.7%–87.6% for the
acidic quinolones. Analysis was carried out by a HPLC system coupled with a spectrofluorometric
detector, separation was achieved by an Atlantis dC18 IS column (4.6 ˆ 20 mm, 3 mm), and the mobile
phase consisted of (15:85:0.1 v/v) MeOH-water-formic acid for the fluoroquinolones and (35:65:0.1 v/v)
MeOH-water-formic acid for the acidic quinolones (isocratic elution). The LOQ ranged between
1.5–50.0 mg/kg for the fluoroquinolones and 1.5–3.0 mg/kg for the acidic quinolones [33].

Flumequine, nalidixic acid and oxolonic acid were extracted from the spiked samples with 5 mL of
acetonitrile. Two mL of 0.1 mol/L an ammonia solution and 2 mL n-hexane were added to the extracts
in order to remove the colored and fatty components. The extracts were evaporated under a nitrogen
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stream at 45 ˝C and 6 mL of hydrochloric acid 0.1 mol/L, and 6 mL of ethyl acetate were added.
The ethyl acetate extract was evaporated to dryness at 40 ˝C, and the residue was re-dissolved in
300 μL of methanol. The extraction procedure yielded recoveries between 73.3%–84.5%, 80.4%–90.4%,
79.2%–88.3% for OXO, NAL and FLU, respectively. Analysis was carried out by a HPLC system
coupled with a fluorescence detector, separation was achieved by a C18-Nucleosil HD column (4 mm
ˆ 250 mm, 5 μm), and the mobile phase consisted of 0.01 mol/L oxalic acid (pH 2.3) and acetonitrile
(65/35, v/v) (isocratic elution). The CCβ was 610.9 μg/kg, 13 μg/kg, and 117.3 μg/kg for FLU, NAL
and OXO, respectively. This method gave good results concerning the complexity of the matrix and
allows evaluation of the shrimp samples being compliant to the current European legislation [34].

Oxolinic acid, flumequine and nalidix acid were extracted from the spiked samples with 12 mL
of ethyl acetate (re-extracted with another 12 mL) and the addition of 2 g anhydrous sodium sulfate,
the extract was evaporated to dryness, and the residue was re-dissolved in 2 mL of a 0.2% formic acid
aqueous solution. The extraction procedure yielded 92.6%, 79.3%, 79.8% average recoveries for OXO,
FLU and NAL, respectively. Analysis was carried out by an LC system coupled with a fluorescence
detector, separation was achieved by an Agilent Zorbax Eclipse XDB C8 column (4.6 mm ˆ 150 mm,
5 μm), and the mobile phase consisted of 60% oxalic acid (0.01 M), 30% acetonitrile and 10% methanol
(v/v/v) (isocratic elution). MDL was 3, 2.7 and 2.3 ng/g for OXO, NAL and FLU, respectively. The
simple extraction scheme provided LC-MS compound confirmation with increased sample throughout,
over previews GC-MS methods and selectivity for the above antibiotics [35].

Flumequine, oxolinic acid and nalidix acid were extracted from the spiked samples with 5 mL
of 1% acetic acid, 10 mL of acetonitrile and the addition of 2 g sodium chloride. The extract were
evaporated to dryness under nitrogen stream at 55 ˝C and re-dissolved in 2.5 mL of reconstitution
solution containing 40 ng/mL of piromidic and 100 mg/mL of EDTA in acetonitrile/water (1:1, v/v).
The extraction procedure yielded recoveries between 79.0%–88.0%, 91.0%–95.0%, 100.0%–101.0% for
FLU, OXO and NAL, respectively. The analysis was carried out by a LDTD source coupled to a triple
quadrupole mass spectrometer. The MDL was 1.7, 2.6, 4.4 ng/g for FLU, OXO and NAL, respectively.
This method was found to meet many of the drug residue analysis requirements in shrimp tissue
samples, using a single solvent extraction step, resulting in decreased sample analysis and increased
sample throughput [36].

OXO and FLU were extracted by mixing the spiked samples with 400 μL of supramolecular
solvent. The extraction procedure yielded recoveries between 100%–102%, 100%–101.4% for FLU and
OXO, respectively. Analysis was carried out by an LC system coupled with a fluorescence detector,
separation was achieved by a Kromasil C18 column (5 μm, 150 mm ˆ 4.6 mm), and the mobile
phase consisted of 55% oxalic acid (0.01 M) and 45% acetonitrile/methanol (75:25, v/v) delivered
isocratically. The CCβ was 109 g/kg, and 622 g/kg for OXO and FLU, respectively. This method
proved to be reliable, fast and low-cost. It demonstrates high extraction efficiency regardless of the
matrix composition, and a simple one-step analyte extraction with neither cleanup nor evaporation
was needed [37].

Shrimp samples were mixed with trichloroacetic acid aqueous solution (15%, w/v), and the
resulting extracts were spiked with ciprofloxacin. Yeast@MIPs or yeast@NIPs were dispersed in the
extracts, collected, and washed with a 10-mL methanol-acetic acid solution (59:1 v/v). The resulting
extracts were dried under nitrogen stream at 298 K, and the residues were re-dissolved in 0.4 mL
methanol. The extraction procedure yielded a 86.4% recovery. Analysis was carried out by HPLC
system coupled with ultraviolet detector, separation was achieved by a C18 (150 ˆ 4.6 mm2) column,
and the mobile phase consisted of methanol-water (24:76, v/v) (isocratic elution). The surface imprinted
yeast@MIPs developed for this paper exhibited high adsorption capacity, high selectivity, rapid binding
ability for CIP, and could be used at least five times without losing their adsorption capacity. Moreover,
they were successfully used in real sample analysis for CIP in shrimps yielding good recoveries [38].

An overview of the extraction methodologies for the determination of quinolones in shrimps is
presented in Table 1.
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3.2. Extraction of Tetracyclines

Tetracycline, oxytetracycline and chlorotetracycline were extracted from the spiked samples with
10 mL of succinic acid and an addition of 1–1.5 g sodium chloride and tissue disruptor. A SPE cleanup
step with OASIS hydrophobic-lipophilic-balanced (HLB) SPE columns (6 mL, 200 mg, Waters Corp,
Milford, MA, USA) were conditioned with 4 mL of methanol, water and succinic acid sequentially.
The tetracyclines were eluted with 2 mL of methanol, the eluates were evaporated to dryness under
nitrogen stream at 60 ˝C, and the residues were re-dissolved in 2 mL of 0.1% formic acid. The extraction
procedure yielded 82.9%, 93.2%, 76.8% average recoveries for TC, OTC, and CTC, respectively. Analysis
was carried out by an LC-MS/MS system, separation was achieved by a MacMod HydroBond PS C8,
100 mm ˆ 2.1 mm, column, and the mobile phase consisted of 75%, 0.1% formic acid, 18% acetonitrile
and 7% methanol (isocratic elution). The average LOQ was 50 ng/g for all analytes. The developed
method is ideal for routine analysis, avoids the use of complex buffers and provides a simple and fast
extraction procedure [39].

Oxytetracycline, tetracycline, chlorotetracycline and doxycycline were extracted from shrimp
samples with 12.5 mL of Na2EDTA-McIlvaine buffer at pH 4. A SPE cleanup step with the C-18E
cartridge (500 mg, 6 mL) (Phenomenex, Torrance, CA, USA) was activated with 10 mL of methanol
and 10 mL of Milli-Q water sequentially. The tetracyclines were eluted with 10 mL of methanol, the
solvent was removed under room temperature, and the residues were passed through 0.45 μm PTFE
filter. The extraction procedure yielded recoveries between 83.3%–96.5%, 88.4%–96.9%, 86.0%–93.3%,
90.6%–102.0% for OTC, TC, CTC and DC, respectively. Analysis was carried out by an LC system
coupled with an electrochemical detector with a nickel-implanted boron-doped diamond thin film
electrode (Ni-DIA), separation was achieved by a ODS-3 Inertsil C18 (5 μM 4.6 mm ˆ 250 mm) column,
and the mobile phase consisted of 0.01 M phosphate buffer (pH 2.5)-acetonitrile (80:20, v/v) delivered
isocratically. The LOD ranged between 0.1–0.5 g/mL for all analytes. This paper demonstrates the
first use of Ni-DIA electrodes for the electroanalysis of tetracyclines, with excellent performance for
the oxidative detection of tetracyclines, exhibiting well-defined voltammograms, high sensitivity and
significant advantages over the BDD and glassy carbon electrode [40].

Oxytetracycline, tetracycline, chlorotetracycline and doxycycline were extracted from the shrimp
samples with HPLC grade methanol. The extract was evaporated to dryness, and the residue was
re-dissolved in mobile phase. The extraction procedure yielded recoveries between 91.0%–98.0%,
81.0%–99.0%, 84.0%–101.0%, 80.0%–85.0% for TC, OTC, CTC and DC, respectively. Analysis was
carried out by an LC-MS/MS system, separation was achieved by a reverse phase Zorbax Eclipse Plus
C18 (5 μm particle size, 4.6 ˆ 100 mm) column, and the mobile phase consisted of 0.1% formic acid in
water and 0.1% formic acid in methanol under gradient elution. The LOD was 11, 12, 20, 23 ng/g for
TC, OTC, CTC and DC, respectively [41].

Seven tetracyclines were extracted from the spiked samples with a Dionex accelerated solvent
extractor 200 (Dionex, Sunnyvale, CA, USA), which provides the use of solvents at temperatures up to
80 ˝C and pressures up to 85 bar, and methanol and 1 mmol/L trichloroacetic acid at pH 4.0 as solvents.
The spiked samples were mixed with 5 g of Na2EDTA-washed sand and packed in an extraction cell at
pH 4.0. The extraction procedure yielded 75.6%–103.5% average recovery for all analytes. Analysis was
carried out by a HPLC system coupled with a dual λ absorbance detector, separation was achieved by
a ZORBAX SB-C18 (150 mm ˆ 4.6 mm I.D., 5 μm) (Agilent Technology, Santa Clara, CA, USA) column,
and the mobile phase consisted of methanol, acetonitrile and 0.01 M oxalic acid (gradient elution). The
CCβ ranged between 7.8–108.1 μg/kg. This method provided fast sample extraction with pressurized
liquid extraction, compared to conventional liquid-liquid extractions, with reduced solvent use [42].

An overview of the extraction methodologies for the determination of tetracyclines in shrimps is
presented in Table 2.
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3.3. Extraction of Amphenicols

Chloramphenicol was extracted from shrimps using 4 mL of a phosphate extraction solution.
An aliquot of 4.5 mL of ethyl acetate was added in the supernatants, the organic layer was evaporated
to dryness under mild nitrogen stream at 45 ˝C, and the residue was re-dissolved in 300 μL of
methanol/water (50:50 v/v). The extraction procedure yielded recoveries between 98.3%–100.0%.
Analysis was carried out by an LC-MS/MS system, separation was achieved by a C18 reverse-phase
analytical column (100 mm ˆ 2.1 mm, 4 μm) connected to a C18 pre-column (1 cm ˆ 4 mm, 4 μm), and
the mobile phase consisted of water and methanol (gradient elution). The LOD was 0.03 ng/g. The
extraction procedure used in this study proved to be simple and fast, with no cleanup step needed and
there was no matrix interference [51].

Chloramphenicol was extracted from shrimps with 7 mL of ethyl acetate and the addition of 1 g
sodium sulfate anhydrous. The extracts were evaporated to dryness under nitrogen stream at 40 ˝C,
and the residues were re-dissolved in 1 mL of acetonitrile. Analysis was carried out by an LC-MS/MS
system, separation was achieved by a X-Terra (2.1 ˆ 150 mm, 3.5 μm) column, and the mobile phase
consisted of methanol and water containing 0.1% NH4OH delivered using a gradient elution program.
The CCβ was 0.04 μg/kg [52].

Chloramphenicol was extracted from the spiked samples with 5 mL of ethyl acetate, and after
some evaporate/re-dissolve steps the final ethyl acetate extract was evaporated to dryness under
nitrogen stream at 45 ˝C. The residue was re-dissolved in 0.5 mL of hexane:CCl4 (1:1 v/v) and mixed
with 0.7 mL of HPLC-grade acetonitrile-water (1:1 v/v), and the upper clear phase was used for the
analysis. The extraction procedure yielded recoveries between 95.88%–96.96%. Analysis was carried
out by an LC-ESI-MS/MS system, separation was achieved by a C18 reverse phase Unisil HPLC column
(150 ˆ 4 mm i.d., 5 μm) (Gasukuro Kogyo, Inc., Tokyo, Japan), and the mobile phase consisted of
water 90% plus acetonitrile 10% and water 10% plus acetonitrile 90% (isocratic elution). The CCβ was
0.098 mg/kg [53].

Chloramphenicol was extracted from the spiked samples with 5 mL of acetonitrile. An aliquot
of 5 mL of chloroform was added to the extracts; after vortexing and centrifugation, the chloroform
layer was discarded. The acetonitrile extracts were evaporated to dryness under nitrogen stream, and
the residues were re-dissolved in 1 mL of mobile phase. The extraction procedure yielded recoveries
between 85.5%–115.6%. Analysis was carried out by an LC-MS/MS system, separation was achieved
by a Luna 5 μm C18 (150 ˆ 4.6 mm) column, and the mobile phase consisted of water and acetonitrile
delivered under gradient conditions. The LOD was 0.02 mg/kg. This method performed a simple and
rapid liquid–liquid extraction without using any other cleanup step such as SPE [54].

Chloramphenicol was extracted from the spiked samples with 20 mL of acetonitrile/4% NaCl
in water solution (1:1, v/v), the extract was de-fatted with 2 ˆ 10 mL of n-hexane, and 7 mL of
water-saturated ethyl acetate was added to the remainder. The ethyl acetate extracts were evaporated
to dryness and re-dissolved in 3 mL of water/acetonitrile (95:5, v/v). A SPE cleanup step with a C18

(500 mg/3 mL) cartridge preconditioned with 10 mL of methanol and 10 mL of water/acetonitrile
(95:5, v/v) followed, and the CAP was eluted with 3 mL of water/acetonitrile (45:55, v/v). 4 mL of
water-saturated ethyl acetate was added to the eluate, the extracts were evaporated to dryness under
nitrogen stream, and the residue was re-dissolved in 1 mL of acetone/toluene (20:80, v/v). A second
SPE step with a Silica cartridge preconditioned with 6 mL of acetone/toluene (20:80, v/v) followed.
CAP was eluted with 6 mL of acetone/toluene (70:30, v/v). The eluent was evaporated to dryness,
and 50 μL of derivatization mixture N,O-bis(trimethylsilyl)acetamide (BSA)/n-heptane (1:1, v/v) was
added to the residue. The extraction procedure yielded 95.0% average recovery. Analysis was carried
out by a GC-MS system, and separation was achieved by a 30 m ˆ 0.2, 5 μm I.D. column, 0.25 mm ZB5
column. The CCβ was 0.087 mg/kg [55].

Chloramphenicol and Chloramphenicol glucuronide were extracted from the spiked samples
with 7 mL of acetonitrile and a SPE cleanup step with a Chem-Elut cartridge followed. Analytes
were eluted twice with 15 mL and 15 mL of dichloromethane, the eluate was evaporated to dryness
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under a nitrogen stream at 45–50 ˝C, and the residue was re-suspended with 5 mL of hexane:ethyl
acetate (50:50 v:v). A second SPE cleanup step followed with a Bond Elut-NH2 cartridge. Analytes
were eluted with 3 mL of ethyl acetate:methanol (50:50 v:v), the eluate was evaporated to dryness
under nitrogen stream at 45–50 ˝C, and the residue was re-dissolved in 300 μL of HPLC grade water.
Analysis was carried out by an LC-MS/MS system, separation was achieved by a Nucleodur 5 μm
C-18 (EC), 125 ˆ 2.0 mm column, and the mobile phase consisted of 55% 10 mM ammonium acetate
and 45% methanol delivered isocratically. The CCβ was 0.17 μg/kg [56].

Chloramphenicol was extracted from spiked samples with 40 mL of a 0.05-mol/L phosphate buffer
(pH 7.0), and 3 mL of 15% trichloroacetic acid in water were added to the extracts in order to precipitate
the proteins. The extract was loaded into MISPE cartridges, the eluates were evaporated to dryness
under nitrogen stream, and the residue was re-dissolved in mobile phase. The extraction procedure
yielded recoveries between 84.9%–89.0%. Analysis was carried out by a HPLC system coupled with
a UV detector, separation was achieved by a Beckman C18 column cartridge (4.6 mm ˆ 250 mm,
5 μm), and the mobile phase consisted of methanol and water (40:60, v/v) delivered isocratically. The
developed MISPE method provides simple cleanup and preconcentration of CAP with high efficiency,
which can increase the sensitivity of conventional chromatographic methods. Additionally, MISPE can
be used for enrichment, purification and determination of trace CAP from complex food matrices [57].

Chloramphenicol, thiamphenicol, florfenicol and florfenicol amine spiked samples were blended
with 2 g of C18 material (dispersion adsorbent). The mixture was transferred to a glass column with
degreased cotton packed at the bottom and at the top of the sample mixture, and the column was
tightly compressed. The analytes were eluted with 5 mL of ethyl acetate-ACN-25% ammonium
hydroxide (10/88/2, v/v/v), the eluate was dried under nitrogen stream at 50 ˝C, and the residue was
reconstituted with 1 mL of 5% MeOH in a 0.1% formic acid-5 mmol/L ammonium acetate solution.
The extraction procedure yielded recoveries between 84.0%–98.8%. Analysis was carried out by an
LC-MS/MS system, separation was achieved by a Hypersil C18 column (150 mm ˆ 2.1 μm, 5 μm), and
the mobile phase consisted of 0.1% formic acid solvent (including 5 mmol/L ammonium acetate) and
methanol delivered using gradient elution. The CCβ was 0.05, 0.11, 0.13, 0.04 μg/kg for florfenicol,
florfenicol amine, thiamphenicol and CAP, respectively [58].

Chloramphenicol, florfenicol and thiamphenicol shrimp samples were mixed with 0.5 g of sea
sand and 1 g of anhydrous sodium sulfate using a glass mortar. The dry mixture was placed into a
SFE chamber that was closed and attached to the SFE system. The extract was evaporated to dryness
under nitrogen stream, and the residue was re-dissolved with ethyl acetate for GC-MS analysis.
The extraction procedure yielded 92.0%, 87.0%, 85.0% recovery for chloramphenicol, florfenicol and
thiamphenicol, respectively. The analytes were collected by in situ silylation with Sylon BFT, analysis
was carried out by a GC-MS system, and separation was achieved by a TR-5MS (30 m ˆ 0.25 mm i.d.
ˆ 0.25 μm film thickness (Thermo Electron, Waltham, MA, USA). The LOD was 8.7, 15.8, 17.4 pg/g for
chloramphenicol, florfenicol and thiamphenicol, respectively [59].

Chloramphenicol was extracted from the shrimp samples with ethyl acetate, the extract was
evaporated and the dry residue was re-dissolved in 15 mL of salting out solution. In order to remove
the fatty components, n-hexane was also added. A second extraction with ethyl acetate followed,
the extract was evaporated, and the dry residue was re-dissolved in 5 mL of ACN-water (10:90, v/v).
A cleanup step with sol-gel filter column on-line coupled to an immunoaffinity column containing
anti-CAP antibodies followed, and CAP was eluted with 10 mL of ACN-water (40:60, v/v). For better
analyte concentration, the eluate was extracted twice with 3 mL of ethyl acetate and the addition of
2 g sodium sulfate. The extract was evaporated to dryness under nitrogen stream, and the residue
was re-dissolved in 1 mL of ACN-water (10:90, v/v). The extraction procedure yielded 68.0% recovery.
Analysis was carried out by a HPLC system coupled with a UV detector, separation was achieved by a
Spherisorb S ODS1, 250 ˆ 4.6 mm I.D., 5 μm, column, and the mobile phase consisted of 10 mM sodium
acetate pH 5.4 and ACN using gradient elution. The LOD was LOD 1.8 ng/g. The immunoaffinity
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columns developed in this study could efficiently remove the shrimp matrix interferences and could
be repeatedly used without a decrease in their cleanup efficiency [60].

Ultrasound-assisted matrix solid phase dispersion (MSPD) was applied for the extraction of
Chloramphenicol, thiamphenicol and florfenicol. Preconditioned SPE sorbent was mixed with the
spiked sample, the mixture was replaced in the SPE cartridge, and the antibiotics were eluted with 1 mL
of acetonitrile and then with 1 mL of methanol. The extract was evaporated to dryness under nitrogen
stream at 40 ˝C, and the residue was re-dissolved in 400 μL of lamotrigine aqueous solution 10 ng/mL.
The extraction procedure yielded recoveries between 81.3%–114.5%, 72.0%–103.3%, 89.1%–120.6% for
thiamphenicol, florfenicol and CAP, respectively. Analysis was carried out by a HPLC system coupled
with a diode array detector, separation was achieved by a LiChroCART-LiChrospher® 100 RP-18 (5 μm,
250 ˆ 4 mm) (Merck, Darmstadt, Germany) column, and the mobile phase consisted of ammonium
acetate (0.05M) and ACN (70:30 v/v, isocratic elution). The LOQ was 20 μg/kg for all analytes [61].

An overview of the extraction methodologies for the determination of amphenicols in shrimps is
presented in Table 3.

3.4. Extraction of Sulfonamides

Sulfadiazine, sulfamerazine, sulfameter, sulfamethazine, sulfamethoxazole and sulfadimethoxine
were extracted using MIP-based SPE and determined with HLPC-UV. Extraction was performed on
the shrimp samples with an aquatic solution of acetic acid followed by vortexing, sonication and
centrifugation. The supernatant was loaded into the MISPE/NISPE cartridges. The cartridges were
washed with acetonitrile in water and elution took place with MeOH/acetic acid, and the eluate was
evaporated to dryness under nitrogen flow. The residue was dissolved in acetonitrile in water, filtered
and analyzed. Solvent A in the mobile phase was acetic acid/water and solvent B was acetonitrile.
Gradient analysis was performed at a flow rate of 1 mL¨ min´1, and the UV detector was set at 270 nm.
The recoveries obtained ranged from 85.5% to 106.1%, while LOD was among 8.4 to 10.9 μg/kg, and
LOQ was among 22.4 to 27.7 μg/kg [62].

Fourteen sulfonamides were determined in shrimp samples. Extraction was performed with
acetonitrile followed by a sonication step and a centrifugation step. The supernatant was kept, and the
same process of extraction was followed once more. C18 powder was added into the 2 supernatants
after being put together, the solution was homogenized and centrifuged. The supernatant of this step
was evaporated to dryness under nitrogen flow. The residue was dissolved with potassium dihydrogen
phosphate and filtered before HLPC injection. The mobile phase consisted of potassium dihydrogen
(A) and methanol (B). A Capcellpak C18 column was used, flow rate was set at 1 mL¨ min´1, and the
detection was performed at 270 nm. The recoveries ranged from 51.8% to 89.7%. The LOD for SAs was
among 3 and 6 μg/kg, and the LOQ among 9 and 18 μg/kg [63].

Fourteen sulfonamides, sulfanilamine, sulfadiazine, sulfathiazole, sulfapyridine, sulfamerazine,
sulfamethazine, sulfamethizole, sulfamethoxypyridazine, sulfachloropyridazine, sulfadimethoxine
and sulfadoxine, sulfamethoxazole, sulfamethoxine, and sulfaquinoxaline residues were determined
in shrimps. The samples were homogenized and a mixture of acetic acid-methanol-acetonitrile and
acetonitrile were added to them. After centrifugation, the supernatant was transferred to a separatory
funnel with DI water and DEG. Methylene chloride was added to the funnel, and separation was
performed; the bottom layer was collected and evaporated to a final volume of 2–3 mL with a
rotary evaporator. The solution was applied to a SCX SPE cartridge, and the sulfonamides were
eluted with acetone-ammonium acetate mix. The eluate was evaporated to a final volume of 2 mL,
prior to LC analysis. The analytical column used for the separation was a Symmetry C18, 3.5 μm,
150 mm ˆ 4.6 mm I.D. The mobile phase consisted of aqueous acetic acid-methanol-acetonitrile (A)
and acetonitrile (B). Post-column derivatization took place with fluorescamine solution. The fluorescent
detection was performed at 400 nm excitation wavelength and 495 nm emission wavelength. The
mean recoveries for the spiked shrimp samples at three levels ranged from 67.3% to 90.5% [64].
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Seven sulfonamides (sulfaguanidine, sulfadiazine, sulfamethazine, sulfamonomethixine,
sulfamethoxazole, sulfadimethoxine and sulfaquinoxaline) were determined in shrimp samples with
a monolithic column coupled with boron-doped diamond amperometric detection. Extraction was
performed to the samples with Na2EDTA-Mcllvaine’s buffer solution, and the mixture was sonicated
and centrifuged. The supernatant was applied to an Oasis SPE cartridge and elution was performed
with methanol. The eluate was evaporated under nitrogen flow, and the residue was dissolved with
the mobile phase and filtered, prior to HPLC-EC analysis. Separation was achieved with the use of a
monolithic column. The mobile phase consisted of phosphate buffer, acetonitrile and ethanol. The
LOD value was found between 1.2 ng/mL and 3.4 ng/mL, and the LOQ value was found between
4.1 ng/mL and 11.3 ng/mL [65].

Eight sulfonamides (sulfachloropyridazine, sulfadiazine, sulfamerazine, sulfamethazine,
sulfamethizole, sulfmethoxazole, sulfanilamine and sulfathiazole) were determined in shrimp samples
using LC-MS/MS analysis. The shrimp samples were spiked, the extraction of sulfonamides was
achieved with acetonitrile in acidic conditions, and EDTA was added to the extract, prior to SPE step.
An Oasis HLB SPE cartridge was loaded with the extract, the drugs were eluted with methanol, and
then the solution was evaporated to a final volume of 4 mL. The analysis was carried out using a triple
quadrupole LC-MS/MS with positive electrospray ionization and MRM mode. A reverse-phased C18

column was used for the separation of the drugs, and the mobile phase consisted of HPLC-grade water
with formic acid and ammonium formate (A) and a mixture 1:1 (v:v) of methanol-acetonitrile [66].

Eight sulfonamides (sulfadiazine, sulfamerazine, sulfaguanidine, sulfisoxazole, sufladimethoxine,
sulfamonomethoxine, sulfadoxine and sulfamethoxazole) were determined in shrimp samples with
UPLC analysis using a graphene/polyaniline modified screen-printed carbon electrode. The samples
were extracted with a Na2EDTA-Mckkvaine buffer solution. The mixture was vortexed, sonicated
and centrifuged. The supernatant was applied to a Microcolumn VertipakTM for the SPE procedure,
the sulfonamides were eluted with methanol, and the extract was filtered before UPLC injection.
The mobile phase consisted of phosphate solution: acetonitrile: ethanol, and the potential used was
+1.4 V vs. Ag/AgCl. The LOD was found between 1.162 ng/mL and 2.900 ng/mL, and the LOQ was
found between 3.336 ng/mL and 20.425 ng/mL [67]

An overview of the extraction methodologies for the determination of sulfonamides in shrimps is
presented in Table 4.

3.5. Extraction of Macrolides

Nine macrolides (erythromycin, tylosin, josamycin, spiromicyn, neospiromycin, tlmicosin,
gamithromycin, tildipirosin and oleandomycin) were determined in shrimp samples with LC-MS/MS
analysis. Extraction was performed to homogenized samples using bearing balls, water and acetonitrile.
The mix was centrifuged, the supernatant was kept to another tube, and extraction was performed
again to the sample with acetonitrile and phosphate buffer. The complete supernatant was centrifuged
and then applied to a Bond-Elut C18 SPE cartridge. Elution was achieved with methanolic ammonium
acetate, and hexane was added to remove the fat. Hexane was removed by aspiration, and the solution
was evaporated under nitrogen flow to a final volume of less than 1 mL. Methanolic ammonium
acetate and methanol was added to the solution to a final volume of 1 mL, and the mix was centrifuged.
A quantity of it was filtered and remained overnight before LC-MS/MS analysis. The analytical
column used for the separation of the macrolides was a Kinetex 2.6 μm XB-C18 2.1 mm I.D. ˆ 100 mm
and a SecurityGuard Ultra C18 2.1 mm guard. The mobile phase consisted of an aqueous solution
of formic acid and acetonitrile, and the detection was performed with a triple quadrupole MS/MS
combined with an electrospray ionization source in the positive mode. The LOD was 0.5 μg/kg, and
recoveries were found between 47% and 99% [68].
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Six macrolides (erythromycin, elandomycin, azithromycin, clarithromycin, tilmicocin and
roxithromycin) were determined in shrimp samples using HPLC-UV analysis, after sample preparation
with magnetic MIP-based SPE. The samples were spiked and remained overnight. NaOH and
acetonitrile were added the next day, and the mix was vortexed and centrifuged. MSPE was performed
to the supernatant with MMIPs, which were magnetically separated from the solution. Elution of
the macrolides from the MMIPs was achieved with a mixture of methanol and KH2PO4. The eluate
was evaporated to dryness under nitrogen flow, and the residue was dissolved with a mixture of
acetonitrile and KH2PO4. The separation of the macrolides was achieved with a SunFireTM C18

column (250 mm ˆ 4.6 mm I.D., 5 μm, Waters). The mobile phase consisted of acetonitrile (A) and
KH2PO4 (B), and the detection was performed at 210 nm. The LOD was found between 0.015 μg/kg
and 0.2 μg/kg, and the LOQ was found between 0.075 μg/kg and 0.5 μg/kg [69].

3.6. Extraction of Nitrofurans

Furazolidone, furaltadone, nitrofurazone and nitrofurantoin were determined in shrimp samples
with UPLC-MS analysis. The four drugs were extracted from the samples by using HCl and were
derivatized with 2-nitrobenzaldehyde (NBA). After remaining overnight, the samples were neutralized
and centrifuged, and the supernatant was applied to preconditioned Oasis HLB cartridges. Elution
was performed with ethyl acetate, and the eluate was evaporated to dryness under nitrogen flow,
reconstituted in the mobile phase and filtered. The mobile phase was methanol and an aqueous
solution of ammonium formate. The LOD was between 0.5–0.8 mg/kg, and LOQ was 1 mg/kg [70].
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Four nitrofuran metabolites, 3-amino-2-oxazolidinone (AOZ), 3-amino-5-morpholino-methyl-
1,3-oxazolidinone (AMOZ), semicarbazide (SEM) and 1-aminohydatoin (AHD), were determined
in shrimp tissue. The samples were washed with methanol, HCl solution was then added, and
derivatization was achieved with 2-NBA. After remaining overnight in an incubator, the samples were
neutralized and extracted with ethyl acetate. The extract was evaporated to dryness under nitrogen
flow, and the residue was reconstituted with reconstitution solvent (water, acetonitrile, glacial acetic
acid). Extraction with hexane was performed, and the final aqueous solution was filtered, prior to
HPLC analysis. The mobile phase consisted of water, glacial acetic acid (A) and acetonitrile, water,
glacial acetic acid (B). The UV detection was achieved at 275 nm. The recoveries for spiked samples,
for the four metabolites, were found between 107% and 115% [80].

Four nitrofuran metabolites, AOZ, AMOZ, SEM and AHD, were determined in shrimp samples
with LC-IDMS/MS analysis. The samples were acidified with HCl, derivatized with 2-NBA and
left in an incubator overnight. After being neutralized, the samples were extracted twice with ethyl
acetate and the extract was evaporated to dryness under nitrogen flow. The residue was dissolved
with HPLC grade water and filtered before LC analysis. A Symmetry C18 (2.1 ˆ 150 mm, 3.5 μm)
analytical column and a Symmetry C18 guard column (2.1 ˆ 10 mm, 3.5 μm) were used. The mobile
phase consisted of acetonitrile (A) and water with aqueous solution acetic acid (B). The CCα of the
derivatized metabolites was between 0.08 μg¨ kg´1 and 0.20 μg/kg. The CCβ was between 0.13 μg/kg
and 0.85 μg/kg [81].

Four nitrofuran metabolites (furalizone—AOZ, furaltadone—AMOZ, nitrofurazone—SEM and
nitrofurantoin—AHD) were determined in shrimp samples using LC-MS/MS analysis. The samples
were firstly washed with methanol, HCl and 2 NBA were then added to them, and the samples were
kept overnight in an incubator. After being neutralized with NaOH, ethyl acetate was added to the
samples, and they were centrifuged. The supernatant was evaporated near to dryness, the residue was
re-dissolved with methanol, and the final mixture was filtered before LC-MS/MS analysis. The CCα

was between 0.12 μg/kg and 0.23 μg/kg. The CCβ was between 0.21 μg/kg and 0.38 μg/kg, and the
recoveries were found to be 88%–110% [82].

An overview of the extraction methodologies for the determination of macrolides and nitrofurans
in shrimps is presented in Table 5.

3.7. Multi-Residue Methods

Thirteen sulfonamides, 3 fluoroquinolones and 3 quinolones were extracted from the spiked
samples with 10 mL of acetonitrile and the addition of 0.1 mL p-toluenesulfonic acid monohydrate
(p-TSA), 0.1 mL N,N,N1,N1-tetramethyl-p-phenylenediamine dihydrochloride (TMPD) solution, 2 g
NaCl and ceramic homogenizer pellet. The extract was evaporated to dryness under nitrogen stream
at 50–55 ˝C, and the residue was re-dissolved in 2 mL of acetonitrile:formic acid:water (10:0.4:89.6 v/v).
The extraction procedure yielded 98.0%–104.0% average recovery for all analytes. Analysis was carried
out by LC-MS/MS system, separation was achieved by a YMC ODS-AQ 2 ˆ 100 mm, 3 μm column,
and the mobile phase consisted of 0.1% formic acid in water and acetonitrile delivered under gradient
elution. This method does not require a SPE cleanup step because it is fast and inexpensive, and an
analytical chemist can prepare and analyze 12–16 samples per working day [83].

Five different sample treatment methods were tested for the extraction of multiclass antibiotics
and veterinary drugs: benzalkonium chloride, ethoxyquin, leucomalachite green, malachite
green, mebendazole, sulfadiazine, sulfadimethoxine, sulfamethazine, sulfamethizole, sulfanilamide,
sulfapyridine, sulfathiazole and trimethoprim. The sample preparation was as follows:

(1) Spiked samples were extracted with 10 mL of acetonitrile containing 1% acetic acid with the
addition of 4 g of anhydrous magnesium sulfate and 1.75 g of sodium chloride. 250 mg of
primary-secondary amine and 750 mg of anhydrous magnesium sulfate were added to 5 mL of
the acetonitrile supernatant. The final extract was evaporated to near dryness, reconstituted with
20% (v/v) methanol in water to a final volume of 2 mL.
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(2) Spiked samples were extracted with 6 mL of trifluoroacetic (20%, w/v), and the extract was
evaporated to near dryness and reconstituted with 20% (v/v) methanol in water to a final volume
of 0.5 mL.

(3) Spiked shrimp samples were mixed with 2 g of aminopropyl (Bondesil-NH2), and the mixture
was transferred to a SPE cartridge. The antibiotics were eluted twice with 5 mL of acetonitrile,
and the eluates were evaporated to near dryness and reconstituted with 20% (v/v) methanol in
water to a final volume of 1 mL.

(4) Spiked shrimp samples were mixed with 3 mL of sulfuric acid 0.17 M, 0.158 g of sodium tungstate
and 12 mL of acetonitrile in order to precipitate the proteins. An SPE cleanup step followed, with
a C18 cartridge preconditioned with 5 mL of methanol and 5 mL of water. The analytes were
eluted with 1 mL of acetonitrile/water (30:70 v/v), 2 ˆ 2 mL of ethyl acetate were added to the
eluate, and the organic extracts were evaporated to near dryness and with 20% (v/v) methanol in
water to a final volume of 1 mL.

(5) In order to precipitate the proteins, spiked shrimp samples were mixed with 100 mL of 0.2%
of metaphosphoric acid in acetonitrile, the mixture was filtered through a 0.45 μm filter, and
the extract was evaporated to a final volume of 30 mL. A SPE cleanup step followed with an
Oasis HLB SPE cartridge, and the analytes were eluted with 5 mL of acetonitrile. The eluate was
evaporated to near dryness and reconstituted with 20% (v/v) methanol in water to a final volume
of 1 mL.

The QuEChERS method was preferred. The extraction procedure yielded recoveries between
33.0%–118.0% for all analytes. Analysis was carried out by an LC–TOF/MS system, separation was
achieved by a RR Zorbax Eclipse XDB-C18 analytical column (50 mm ˆ 4.6 mm and, 1.8 μm), and
the mobile phase consisted of 0.1% formic acid and acetonitrile (gradient elution). The LOD ranged
between 0.06–7.1 μg/kg for all analytes [84].

Forty-three multi-class veterinary drugs were extracted from the spiked samples with 5 mL of
water and 15 mL of 1 vol. % formic acid in acetonitrile or acetonitrile. Four grams of magnesium
sulfate, 1.5 g trisodium citrate dehydrate and 2 g sodium chloride were then added to the mixtures.
The extract was used directly for LC-MS/MS analysis without further handling. Analysis was carried
out by an LC-MS/MS system, separation was achieved by a Syncronis aQ (2.1 mm i.d. ˆ 100 mm,
5 μm column, and the mobile phase consisted of 0.1% formic acid in 10 mmol/L ammonium acetate
and acetonitrile under gradient conditions [85].

Lomefloxacin, enoxacin, sarafloxacin, enrofloxacin, sulfadiazine, sulfamethoxydiazine and
sulfadimethoxypyrimidine were extracted from the spiked samples with accelerated solvent extraction
and acetonitrile was the extraction solvent. The extract was evaporated to dryness under nitrogen
stream at 45 ˝C, and the residue was re-dissolved in 1 mL of methanol. The extraction procedure
yielded recoveries between 88.9%–94.8%, 88.0%–93.1%, 87.6%–95.7%, 88.0%–93.2%, 88.7%–91.0%,
86.7%–90.0%, 85.4%–88.8% for LOME, ENO, SAR, ENR, sulfadiazine, sulfamethoxydiazine and
sulfadimethoxypyrimidine, respectively. Analysis was carried out by capillary zone electrophoresis
system couples with a UV detector, separation was achieved by a uncoated fused silica capillary of i.d.
50 μm with total length of 48.5 cm (effective length 40 cm), capillary was filled with a borate buffer
(25 mM, pH 8.8) containing methanol, and the analytes moved through the capillary by reversing
the polarity (´25 V). The LOD was 0.025, 0.033, 0.025, 0.020, 0.013, 0.013, 0.013 μg/mL for LOME,
ENO, SAR, ENR, sulfadiazine, sulfamethoxydiazine and sulfadimethoxypyrimidine, respectively.
The accelerated solvent extraction provides rapid extraction procedures and lower solvent usage in
comparison with the extraction procedures used in the literature [86].
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Sulfadiazine, sulfamethazine, sulfamethazine, sulfachloropyridazine, sulfadimethoxine and
sulfaquinoxaline were determined in shrimp samples after extraction with trichloroacetic acid and
hydroxylamine hydrochloride. The samples were vortexed and centrifuged. Sodium succinate and
NaOH were added to the supernatant, and it was then applied to Waters Oasis HLB cartridges. Elution
was performed with MeOH and CH3CN/MeOH. Into the eluate ammonium formate buffer, EDTA
and ascorbic acid were added. After evaporation under vacuum until 0.8 mL and an addition of
water/acetonitrile mix up to 1 mL, the final solution was vortexed and centrifuged. Half of the final
solution was used for analysis, which was performed by LC-MS/MS. Phenyl column separated the
analytes prior to analysis, and APCI was used as ionization source in negative mode. The estimated
recovery ranged from over 40% to over 90%. The LOD of SQX was achieved at 20 ng/g and 10 ng/g
for the other sulfonamides [87].

An overview of the extraction methodologies for the multi-class antibiotics analysis in shrimps is
presented in Table 6.
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4. Conclusions

Increased aquaculture practice has resulted in increased levels of infections among species.
Various classes of antibiotics including quinolones, tetracyclines, b-lactams, sulfonamides, etc. exhibit
activity against both Gram-positive and Gram-negative bacteria; therefore, they are widely used in
aquaculture to treat or prevent diseases.

However, the extended use of antibiotics in aquaculture has led to the demand for developing
sensitive methods for their determination. The focus of this review has been to present the trends in
microextraction techniques for the analysis of shrimps, as many different antibiotic classes are used in
shrimp aquaculture worldwide, although some of them have been forbidden in other countries due to
their dangerous side effects on humans.

Evidently, the analysis of antibiotics in shrimps still requires a significant amount of solvents
and tedious extraction protocols due to the complex matrix; therefore, microextraction techniques are
scarcely applied, indicating that there is still a lot of research to be done in this direction.
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Abbreviations

ACN Acetonitrile
AHD 1-Aminohydatoin
AMOZ 3-Amino-5-morpholino-methyl-1,3-Oxazolidinone
AOZ 3-Amino-2-Oxazolidinone
APCI Atmospheric Pressure Chemical Ionization
AQ Acidic Quinolones
ASE Accelerated Solvent Extraction
AVE Average
AZM Azithromycin
BC Benzalkonium Chloride
BDD Boron Doped Diamond
BG Brilliant Green
BSA N,O-Bis(trimethylsilyl)acetamide
CAP Chloramphenicol
CCα Decision Limit
CCβ Detection Capability
CIN Cinoxacin
CIP Ciprofloxacin
CLM Clarithromycin
CTC Chlortetracycline
CV Crystal Violet Cation
CWP Coordinating Working Party
CZE Capillary Zone Electrophoresis
d5-Cap d5-Chloramphenicol
DC Doxycycline
DES-CIP Desethylene Ciprofloxacin
DI water Deionized Water
DIF Difloxacin
DMC Demeclocycline
DNA Deoxyribonucleic Acid
EDTA Ethylenediaminetetraacetic Acid
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ELAN Elandomycin
ENR Enrofloxacin
EQ Ethoxyquin
ERY Erythromycin
EU European Union
FAO Food and Agriculture Organization
FAO Food and Agriculture Organization of The United Nations
FFC Florfenicol
FLU Flumequine
FQ Fluoroquinolones
GC Gas Chromatography
GC/MS-MS Gas Chromatography-Mass Spectrometry
GC/NCI/MS Gas Chromatography-Negative Chemical Ionization-Mass Spectrometry
GV Gentian Violet
HLB Hydrophilic-Lipophilic Balance
HPLC High-Performance Liquid Chromatography
HPLC-CE High-Performance Liquid Chromatography Cation-Exchange

HPLC-CL
High-Performance Liquid Chromatography-Chemiluminescenece
Detection

HPLC-FLD High-Performance Liquid Chromatography-Fluorescence Detection
HPLC-UV High-Performance Liquid Chromatography-Ultraviolet Detection
IAC Immunoaffinity Column
IS Internal Standard
LC dye metabolites Leuco Dye Metabolites
LC-ESI-MS/MS Liquid Chromatography-Electrospray Ionization-Mass Spectrometry
LC-FLD Liquid Chromatography-Fluorescence Detection
LC-FLD-MS Liquid Chromatography-Fluorescence-Mass Spectrometry
LC-MS/MS Liquid Chromatography-Tandem Mass Spectrometry
LC-TOFMS Liquid Chromatography-Time-Of-Flight Mass Spectrometry
LC-UV Liquid Chromatography-Ultraviolet Detection
LCV Leucocrystal Violet
LDTD-MS/MS Laser Diode Thermal Desorption-Mass Spectrometry
LGV Leucogentian Violet
L-L partition Liquid-Liquid Partition
LLE Liquid-Liquid Extraction
LMG Leucomalachite Green
LOD Limit of Detection
LOME Lomefloxacin
LOQ Limit of Quantification
MARB Marbofloxacin
MBZ Mebendazole
MCX Mixed Mode Cation Exchange
MDL Method Detection Limit
MeCN Acetonitrile
MeOH Methanol
MG Malachite Green Cation
MIP Molecularly Imprinted Polymer
MISPE Molecularly Imprinted Solid Phase Extraction
MNC Minocycline
MQCA 3-Methyl-quinoxaline-2-carboxylic Acid
MRLs Maximum Residue Levels
MSPD Matrix Solid Phase Dispersion
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MT Methyltestosterone
MTC Methacycline
NAL Nalidixic Acid
NBA Nitrobenzaldehyde
Ni-DIA electrode Nickel-Implanted Boron-Doped Diamond Thin Film Electrode
NIP Non-Molecularly Imprinted Polymer
NOR Norfloxacin
OFL Ofloxacin
ORB Orbifloxacin
OTC Oxytetracycline
OXO Oxolinic Acid
PABA Para-Aminobenzoic Acid
PEF Perfloxacin
PLE Pressurized Liquid Extraction
PSA Primary–Secondary Amine
PTFE Polytetrafluoroethylene
p-TSA p-Toluenesulfonic Acid Monohydrate
QCA Quinoxaline-2-Carboxylic Acid
QuEChERS Quick, Easy, Cheap, Effective, Rugged, and Safe
RNA Ribonucleic Acid
RXM Roxythromycin
SAR Sarafloxacin
SAs Sulfonamides
SCPD Sulfachloropyridazine
SCPZ Sulfachloropyrazine
SDB-RPS Polystyrenedivinylbenzene-Reverse Phase Sorbent
SDM Sulfadimethoxine
SDM Sufladimethoxine
SDMP Sulfadimethoxypyrimidine
SDX Sulfadoxine
SDX Sulfadoxine
SDZ Sulfadiazine
SEM Semicarbazide
SFE Supercritical Fluid Extraction
SG Sulfaguanidine
SLE Solid Liquid Extraction
SMD Sulfamethoxydiazine
SME Sulfameter
SMM Sulfamonomethoxine
SMP Sulfamethoxypyridazine
SMR Sulfamerazine
SMT Sulfamethazine
SMTZ Sulfamethizole
SMX Sulfamethoxazole
SMZ Sulfamethazine
SMZ-13C6 Sulfamethazine-13C6
SN Sulfanilamide
SPD Sulfapyridine
SPE Solid Phase Extraction
SPZ Sulfaphenazole
SQX Sulfaquinoxaline
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SSZ Sulfisoxazole
SSZ Sulfisoxazole
STZ Sulfathiazole

Sylon BFT
{N,O-Bis(Trimethylsily)
Trifluoroacetamide[BSTFA]-Trimethylchlorosilane [TMCS], 99 + 1}

TC Tetracycline
TCA Trichloroacetic Acid
TCs Tetracyclines
THI Thiamphenicol
TIM Tilmicocin
TMPD N,N,N1,N1-Tetramethyl-P-Phenylenediamine dihydrochloride
TOLSa Toltrazurisulfone
TPM Triphenylmethane Dyes
TRI Trimethoprim
UPLC-MS/MS Ultra-Performance Liquid Chromatography-Mass Spectrometry
UV Ultra Violet
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Abstract: Sulfonamides (SAs) represent a significant category of pharmaceutical compounds due to
their effective antimicrobial characteristics. SAs were the first antibiotics to be used in clinical
medicine to treat a majority of diseases, since the 1900s. In the dairy farming industry, sulfa
drugs are administered to prevent infection, in several countries. This increases the possibility
that residual drugs could pass through milk consumption even at low levels. These traces of SAs
will be detected and quantified in milk. Therefore, microextraction techniques must be developed
to quantify antibiotic residues, taking into consideration the terms of Green Analytical Chemistry
as well.
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1. Introduction

The term “sulfonamide” derives from para-amino-benzene-sulfonamide (sulfanilamide) and it
is also known as streptocid. The structure is similar to para-aminobenzoic acid (PABA), which is
demanded by microorganisms (such as bacteria) for dihydrofolic and folic acid synthesis. SAs (SAs) or
alternative sulfa drugs have been known since the middle of the twentieth century and were proved to
have antibacterial properties in 1935, thus they are some of the oldest antimicrobial drugs. Nowadays,
SAs are widely used as antibiotics in veterinary medicine either in single formulation or synergistically
with other antibiotics (such as tetracyclines (TCs), SAs, quinolones (Qs), fluoroquinolones (FQs) and
trimethoprim (TMP). Their use aims to protect the animals from infectious diseases. In addition,
their administration as additives to animal feed can promote growth that results in the rise of the
productivity of livestock, despite the fact that the use of antibiotics is prohibited in various places
around the world. For example, the concentration of SAs in meat produced in Denmark was on average
4.82 mg/kg (pork), 17.2 mg/kg (cattle), 0.033 mg/kg (broilers) and 58.5 mg/kg (fish). Human health
can be influenced by the consumption of meat and dairy products (such as eggs, milk and cheese)
which contain amounts of SAs. The use of SAs as additives is forbidden, aiming to ensure safety in
human health. Furthermore, SAs are widely used as antibacterial drugs because they are of low cost
and active against a broad spectrum of microorganisms. SAs can act, despite their bacteriostatic and
chemotherapeutic activity, against infections caused by gram-positive and gram-negative bacteria and
protozoa. As it is observed, every human is a passive consumer of sulfa-drugs, which are obtained
from the treatment of diseases in animals. The systematic and long-term intake of SAs through the
food could be characterized as dangerous and in some cases toxic, appearing in the form of allergic
reactions, suppression of enzyme activity and alteration of the intestinal microflora [1,2].

It should be noted that only 40 of the 10,000 sulfanilamide derivatives that have been synthesized
are used in medical and veterinary practice. SAs have similarities in their structure, as all of them
carry the same molecule with the addition of diverse radicals at the R position [2].
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The structures of some of the most commonly used SAs that are mentioned in this review are
presented in Figure 1.

Instructions for the withdrawal period have to be followed in order not be found as residues in
milk, eggs, meat, tissues and other livestock products after drug administration [1,3].

On the other hand, milk is one of the most widely consumed foods and it is a rich source of
protein and calcium, especially in children’s growth. With regards to its analysis, milk is considered
as a complex matrix, which contains water, proteins, lactose, fats, minerals and vitamins. According
to the European Union (EU), the combined total residues of all substances within the sulfonamide
group should not exceed 100 μg/kg [4]. This is the maximum residue level (MRL) which should be
in force for all target tissues (muscle, fat, liver and kidney) and for milk coming from bovine, ovine
and caprine. The same MRLs were established in the USA and Canada [3]. Also, the regulation of
Codex Alimentarius for the MRLs of the above drugs is referred to sulfadimidine and is set as 100 μg/kg
for all target tissues, except for milk that is set to 25 μg/L [5].

Several methods have been developed and validated for the determination of SAs in different
matrices such as environmental, biological or food by applying various techniques including
photometry, spectrophotometry, gas chromatography (GC), gas chromatography tandem mass
spectrometry (GC-MS/MS), capillary electrophoresis-ultraviolet detection (CE-UV), and high
performance liquid chromatography (HPLC) coupled with ultraviolet (UV) detection, fluorescence
detection (FD) and mass spectrometry (MS) [6]. All of the developed methods require various sample
preparation procedures. Sample preparation is the most demanding step of the analysis in comparison
with the other two steps, such as sampling or measurement. At this critical step, the analytes need to be
successfully isolated and the sample should reach a capable form for analysis. Sample preparation is
crucial to produce accurate results. Thus, this step requires special attention, and it is a time-consuming
procedure as well. There are many well-established sample preparation techniques and this field is very
interesting for researchers. Therefore, novel techniques are introduced and used in different matrices.
In recent years, the trend for every novel technique is to be environmentally friendly according to the
principles of Green Analytical Chemistry (GAC) [7].

During recent decades, several extraction techniques have been used for sample pre-treatment.
For the analysis of solid samples, the most applied techniques are Soxhlet (SOX) and pressurized
solvent extraction techniques (e.g., supercritical fluid extraction (SFE), accelerated solvent extraction
(ASE) and subcritical water extraction (SWE)), and the well-known liquid–liquid extraction (LLE) for
the analysis of liquid samples. However most of the conventional techniques (SOX, SPE and LLE) seem
to have significant drawbacks. They are time-consuming and complicated, consume large amounts of
sample and organic solvents and are difficult to be automated.

In 1990, a novel technique, known as solid phase microextraction (SPME), was introduced by
Pawliszyn and co-workers. SPME uses a fused silica fiber, which is coated with a sorbent (the fiber
is incorporated in a chromatographic syringe) to extract the target analytes which subsequently are
directly transferred into GC or HPLC. The technique has significant advantages. It is fast, simple,
solvent free and it is compatible with analyte separation and detection by a chromatographic system
(directly in gas chromatography, or via an interface in high-performance liquid chromatography) [8].
Due to the plethora of advantages, the SPME was extensively used for sample preparation of
environmental and food samples. The environmental samples include water, air, soil and sediments,
whereas food applications are based on fruits, vegetables, fats, oils, wine, meat and dairy products [9].
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Figure 1. Chemical structures of sulfonamides (SAs).
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However, the use of SPME fibers involves some drawbacks such as:

• their maximum operating temperatures are in the range between 240–280 ◦C
• they are not stable with the organic solvents due to swelling
• they break easily
• the possibility of stripping of coatings due to analyst’s handling errors.

A modification of SPME was introduced in 1999 by Baltussen. This novel technique is called stir
bar sorptive extraction (SBSE) and uses a stir bar consisting of a magnet covered with glass which
in turn is coated by a layer (typically 0.5–1 mm) of sorptive material (usually polydimethylsiloxane-
PDMS) for the extraction. Furthermore, microextraction by packed sorbent (MEPS) was developed
and introduced as a further miniaturization version of SPE. In MEPS, SPE’s conventional polymeric
cartridge was replaced by a stainless steel, miniaturized version termed the barrel insert and needle
(BIN), which could hold any of a great number of sorbents, such as those used in SPE [7,10].

In the meantime, liquid phase microextraction (LPME) was introduced in order to overcome
significant drawbacks of liquid phase extraction modes. In LPME, the amount of solvents is smaller
in comparison with LLE; only some μL are required, whereas LLE consumes hundreds of mL. It is
simple and cheap, as well as adaptable with capillary electrophoresis (CE), HPLC and GC.

Three modes of LPME can be applied. These include single drop microextraction (SDME), hollow
fiber liquid-phase microextraction (HF-LPME) and dispersive liquid–liquid microextraction (DLLME).
Extraction occurs into a small amount (usually 1–100 μL) of organic solvent (acceptor phase) from an
aqueous matrix containing the analytes (donor phase) [11].

The essential feature of the above extraction techniques is the elimination of large amounts of
organic solvents due to the fact that organic solvents are toxic and hazardous for the environment and
human health. This complies with the principles of GAC, following the trend of using solvent-less or
better described as solvent-free extraction methods.

The introduction of new sorbent materials in sample preparation is also of significant importance
and has been widely investigated in order to prepare materials with higher adsorption capacity
and selectivity, as well as to expand the availability of cheaper, more easily synthesized sorbents.
The combination of microextraction techniques with the new sorbent materials is also base to the GAC
demands [12,13].

The purpose of this review was to focus on the most recently developed microextraction
techniques for the determination of SAs in milk.

2. The Demand of Microextraction Techniques

As already mentioned, sample preparation is the most demanding step in any analytical workflow.
The main purpose of sample preparation is to transfer the analytes of interest from a complex matrix
to a compatible medium for further determination by an analytical technique. In addition, sample
preparation often includes procedures such as clean up, analyte enrichment and derivatization. So, it is
clear that this step is time consuming and usually requires the use of large organic solvent volumes
and the waste of reagents and consumables. For these reasons, the trend is the introduction of more
“green” and micro-techniques in sample preparation.

The idea of sustainable ecological development was introduced in 1987 in a report of the
World Commission on Environment and Development. The term green chemistry was mentioned
by P. Anastas in 1991 at the US Environmental Protection Agency (EPA). As a result, in 1993,
the comprehensive US Green Chemistry Program was established, which included cooperation
among many governmental agencies and research institutions. While Anastas and co-workers were
elaborating the ideas of green chemistry, the first paradigms of green analytical chemistry were
introduced. GAC, introduced in 1999, became a whole part of chemical nomenclature, and numerous
reviews and original studies have been published in this topic. The principles of green chemistry and
by extension of GAC are presented in Table 1 [14].
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Table 1. The twelve principles of Green Analytical Chemistry (GAC).

No. Principle of GAC

1 Direct analytical approaches should be preferred in order to avoid sample preparation
2 Minimum sample size and minimum number of samples are the main goals of this principle
3 In situ measurements are considered necessary
4 Energy saving and reagent reduction is achieved by process integration
5 Automated and miniaturized methods should be developed and applied
6 Derivatization is not preferable

7 Production of a large volume of analytical waste should be avoided and proper management of
analytical waste should be provided

8 Multi-analyte or multi-parameter methods are preferred versus methods using single-analyte
9 The use of energy should be reduced

10 Reagents ensured from renewable sources should be preferred
11 Toxic reagents should be minimized or replaced
12 The operator should work under safe conditions

Concerning green analytical methods, the goals to be achieved include:

• elimination or reduction of the use of chemical substances

(such as solvents, reagents, preservatives, additives for pH adjustment)
• elimination of energy consumption
• proper management of analytical waste
• increased safety for the operator

The demands of GAC are automatization, no derivatization, and no sample treatment in the step of
sample preparation. The latter is not possible in most cases, so sample preparation by a microextraction
technique is the next best choice. Microextraction techniques arose as a development of conventional
extraction techniques. The term microextraction means that all modes of these techniques require
small volumes of extraction, which becomes under described conditions [13,14].

With a quick review of the literature, it is obvious that various methods have been developed
for the determination of the SAs in several food matrices. The most often applied techniques for
the determination of SAs in milk are HPLC coupled with different detectors, such as ultraviolet [15],
diode-array [16], or mass spectroscopy [17].

A significant number of contributions can be found in literature with regards to sample
preparation of milk for the determination of SAs. These include either traditional techniques or
modern ones.

Solid phase extraction is widely used either in the classical approach or in an alternative way,
based on the use of modern adsorbent materials. The use of the commercial SPE presents some
disadvantages:

1. Although there is a wide range of chemistries, many choices for manipulating solvent and pH
conditions, optimization is time consuming. In many cases, several steps are required.

2. The cost per sample is higher than that of simple liquid–liquid extraction (LLE).

Novel microexraction techniques were introduced to overcome these drawbacks. The new
techniques require less time and labor than the multi-step procedures of SPE. These include SPME,
SBSE, magnetic solid phase microextraction (MSPE), and other greener approaches. For example,
a new in-tube solid-phase microextraction technique was introduced by Wen Y. et al. in 2005. The aim
for this sample preparation technique is the determination of five SA residues in milk with HPLC-UV.
The on-line in-tube SPME used poly-(methacrylic acid-ethylene glycol dimethacrylate) monolithic
capillary as extraction media. The method is easily applied and environmentally friendly, following
the demands of GAC [18].
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3. Microextraction Techniques for the Determination of SAs in Milk

Some green microextraction techniques that have been developed and applied to determine SAs in
milk will be presented in the next few paragraphs. The reported techniques are summarized in Table 2.

Table 2. Microextraction techniques for the determination of SAs in milk.

Analyte Extraction Type Determination LOD Recovery Reference

sulfachloropyridazine, sulfadiazine,
sulfadimethoxine, sulfamethazine,
sulfamethoxazole,
sulfamethoxypyridazine, sulfaquinoxaline,
sulfathiazole, sulfisoxazole

MSPE HPLC-DAD 7–14 μg/L 81.88%–114.9% [16]

sulfadiazine, sulfamerazine,
sulfamethazine
sulfamethizole, sulfamethoxazole,
sulfadimethoxine

SBSE HPLC-MS/MS 0.9–10.5 μg/L 68%–115% [17]

sulfamerazine, sulfamethizole, sulfadoxine,
sulfamethoxazole, sulfisoxazole MSPE HPLC-UV 1.16–1.59 μg/L 62.0%–104.3% [19]

sulfadiazine, sulfamethazine,
sulfamonomethoxine, sulfamethoxazole,
sulfaquinoxaline

SBSE HPLC-DAD 4.29–26.3 μg/L 54.8%–126% [20]

sulfapyridine, sulfadiazine,
sulfachloropyridazine, sulfadoxin,
sulfamethoxazole, sulfadimethoxin,
sulfamethizol, sulfameter, sulfamethazine

DLLME HPLC-FL 0.60–1.21 μg/L 90.8%–104.7% [21]

(same analytes with the above) QuEChERS HPLC-FL 1.15–2.73 μg/L 83.6%–104.8% [21]

sulfamethazine MIP-silica
column HPLC-UV 7.9 μg/L 79.3%–87.4% [22]

sulfamethazine, sulfamethoxazole,
sulfadizaine, sulfaquinoxaline,
sulfametoxydiazine, sulfadimethoxine,
sulfamethizole

RA-MIP HPLC-UV 0.8–2.7 μg/L 93%–107% [23]

sulfamethazine, sulfisoxazole,
sulfadimethoxine FPSE HPLC-UV - 22.98%–49.5% [24]

sulfadimidine, sulfachloropyridazine,
sulfamonomethoxine, sulfachloropyrazine M-G-PTE LC-UV 0.004–0.012

μg/L 90.1%–113.5% [25]

sulfamethazine , sulfamethoxypyridazine,
sulfamethoxydiazine, sulfamethoxazole,
sulfadimethoxine, sulfaphenazole

IL-based
MADLLME HPLC-FL 0.018–0.031

μg/L 97.3%–107.9% [26]

3.1. Magnetic Solid Phase Extraction

MSPE uses magnetic particles (MPs) as absorbents and in recent years has attracted the interest
of analytical scientists. Magnetic separation was introduced by Robinson and co-workers in 1993,
although the term MSPE was introduced for the first time in analytical chemistry by Safarikova and
Safarik in 1999. The MSPE includes immersion of the MPs to the sample solution. The magnetic core of
these MPs is coated with silica or alumina oxides according to the sol–gel technique. After adsorption
of analytes on the surface of the MPs, separation of the latter from aqueous solution is achieved by
applying an external magnetic field. Target analytes are subsequently desorbed by a suitable eluent
and determined by a suitable analytical technique. The procedure of the MSPE technique is illustrated
in Figure 2.
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Figure 2. Magnetic solid phase extraction (MSPE) procedure. (a) addition of magnetic; (b) adsorption;
(c) magnetic separation; (d) solvent exchange-elution; and (e) separation.

In comparison to the commercial SPE, the application of MSPE simplifies the sample preparation
procedure because no pre-packed columns are used. Moreover, separation can be faster due to fewer
necessary steps [10,16].

Micromagnetic particles, nanomagnetic particles and magnetic molecular imprinted polymers are
used as absorbents in MSPE. The application of magnetic solid phase extraction reduces the total time
of analysis and provides simultaneous isolation and enrichment of the analytes. In addition, MSPE
reduces the use of organic solvents and thus the accumulation of toxic and dangerous wastes, which is
acceptable by the principles of GAC [10].

In 2010, Gao Q. et al. [27] reported a MSPE technique which achieved the extraction of
eleven SAs from milk. A magnetite/silica/poly (methacrylic acid-coethylene glycol dimethacrylate)
(Fe3O4/SiO2/P(MAA-co-EGDMA)) sorbent material was synthesized and characterized by elemental
analysis, electron microscopy, X-Ray diffraction and Fourier-transformed infrared spectroscopy.
A quantity of 50 mg of the sorbent material was inserted into a vial, and the magnetic particles
were preconditioning with methanol and water. Then, the sample was added to the vial, and vortexed
for 30 s. Subsequently, the sorbent with adsorbed SAs was separated rapidly from the solution under
a strong external magnetic field. After the removal of supernatant solution, SAs were eluted from
the magnetic composite by 1 mL of acetone containing 5% ammonium hydroxide solution (v/v) with
the assistance of vortex mixing for 30 s. An external magnet was used for the separation of magnetic
composite from the solution. The sample solution was injected into a LC-MS/MS system for further
analysis [27].

A method applying MSPE of SAs from milk samples was developed by Li Y. and his team in
2015, using a graphene-based magnetic nanocomposite (CoFe2O4-graphene, CoFe2O4-G). The target
analytes included sulfamerazine, sulfamethizole, sulfadoxine, sulfamethoxazole and sulfisoxazole.
After the extraction of the absorbent, the analytes were determined by HPLC. In order to achieve the
optimal extraction efficiency, several parameters were investigated, such as sample pH, extraction time,
the amount of the magnetic material (CoFe2O4-G) and elution solvent. As it is mentioned in this work,
pH is an important parameter in the MSPE technique because it could affect the speciation of SAs.
Therefore, after an optimization study in the range of pH values from 2.0 to 12.0, it was found that
higher extraction efficiency was achieved at pH 4.0. The optimum time of the extraction was selected
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at 20 min. A quantity of 15.0 mg of the CoFe2O4-G was selected as optimal. The key parameter of a
successful extraction with high recovery was the elution solvent. Several solvents were investigated
and finally a volume of 0.5 mL of MeOH solution containing 5% (v/v) acetic acid was selected. Among
the advantages of this research is the fact that the CoFe2O4-G nanocomposite could be re-used after
washing with acetone and ultrapure water successively. Moreover, the MSPE procedure presents easy
operation, sensitivity and efficiency [19].

Ibarra I. and co-workers in 2014 published a method for the simultaneous determination of nine
SAs in milk samples with HPLC, according to the EU MRLs, using a magnetic solid phase extraction
consisting of a silica-based magnetic absorbent (Fe3O4-SiO2-phenyl modified). The advantages were
that the developed method was faster than traditional preparation techniques such as SPE and also
demanded minimum sample pretreatment and reduced volumes of organic solvents, thus being cost
effective. Moreover, the analytical results provide sensitivity and accuracy [16].

3.2. Stir Bar Sorptive Extraction

SBSE is another novel technique which fulfills the requirements of GAC, and was introduced by
Baltussen and co-workers in 1999. This technique uses a polymer coated bar in which the sorptive
material is usually the polydimethylsiloxane (PDMS), as shown in Figure 3. The bar is inserted in the
vial containing the sample, and equilibrium of analyte concentration between sorbent and sample
matrix is reached by stirring. When the extraction is completed, the bar is removed and transferred to
a clean vial where the target compounds are desorbed thermally or in liquid mode. Analysis can be
subsequently performed by liquid or gas chromatography using various detection techniques such as
ultraviolet, mass spectrometry or fluorescence, etc. [10,28,29].

Figure 3. Analytical device used for stir bar sorptive extraction: classic case of polydimethylsiloxane
(PDMS) as sorptive material.

SBSE takes place in two distinctive procedures: sorption/extraction and desorption. During
sorption, the polymer-coated stir bar comes in contact with analytes, either by immersion or in the
headspace (HS). HS mode is more preferable for volatile compounds. After the extraction step,
the stir bar is removed, rinsed with distilled water, wiped with a paper tissue and submitted to
desorption procedure. This can be accomplished either thermally (thermal desorption (TD)) or
by means of a suitable solvent system (liquid desorption (LD)). TD is typically followed by Gas
Chromatographic analysis, while LD is followed by HPLC, CE or GC. TD is usually used for thermally
stable volatile or semi-volatile compounds, whereas LD is preferred for semi-volatile, non-volatile and
thermo-labile compounds.
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Besides PDMS, which is the most commonly-used SBSE sorbent, other materials that are either
commercially available or developed in the lab can be used. Some of them include:

• polyurethane foams
• silicone materials
• poly(ethylene glycol)-modified silicone
• poly(dimethylsiloxane)/polypyrrole
• poly(phthalazine ether sulfone ketone)
• polyvinyl alcohol
• polyacrylate
• carbon nanotube-poly(dimethylsiloxane) (CNT-PDMS)
• alkyl-diol-silica (ADS) restricted access materials
• molecularly imprinted polymers (MIPs)
• sorbents obtained with sol–gel techniques
• monolithic materials, or
• cyclodextrin.

SBSE is a promising sample preparation technique, showing reliability in terms of enrichment
capacity, outstanding performance, great sensitivity and selectivity for ultra-trace extraction of
non-polar to medium-polar organic compounds from complex matrices with a great variety of
applications [28,29].

The above-mentioned technique has been already used for the determination of SAs in
milk samples.

A method of C18-SBSE HPLC-MS/MS was proposed for the determination of six SAs (sulfadiazine,
sulfamerazine, sulfamethazine, sulfamethizole, sulfamethoxazole and sulfadimethoxine) in milk and
milk powder samples by Yu C. and Hu B. Adhesion method was used for the preparation of C18 silica
coated stir bar, using two types of adhesive glue, PDMS sol and epoxy glue. The results showed that
the C18-coated stir bar prepared by PDMS sol as adhesive glue is more robust than the one prepared by
epoxy glue when liquid desorption was used, with regards to lifetime and organic solvent compatibility.
Several parameters, such as extraction and desorption time, ionic strength, sample pH and stirring
speed were investigated in order to achieve the optimized performance. Optimum parameters lead to
a sensitive, accurate, rapid, and inexpensive method, which can be used as an alternative for trace SAs
analysis in milk and milk powder samples [17].

Huang X. and co-workers suggested a simple, rapid, and sensitive method for the determination
of five SAs in milk. The proposed method was applied by SBSE coupling to HPLC with diode array
detection. Stir bar used poly (vinylimidazole-divinylbenzene) monolithic (VIDB) as a polymer-coated
material. To achieve optimum performance with the application of SBSE-VIDV, several parameters,
including extraction and desorption time, desorption solvent, ionic strength and pH value of sample
matrix, were investigated. The preparation of milk samples was simple and the manufactured
SBSE-VIDB showed higher selectivity to SAs than commercial SBSE-PDMS [20].

3.3. QuEChERS Approach

A popular procedure, recently developed, called QuEChERS (Quick, Easy, Cheap, Effective,
Rugged and Safe), has been widely applied. The advantages of QuEChERS include simplicity,
with short steps, and effective cleaning for complex samples, by avoiding a great number of steps.
The methodology includes two basic steps: (1) extraction based on partitioning via salting-out
extraction involving the equilibrium between an aqueous and an organic layer; and (2) dispersive SPE
that involves further clean-up using combinations of MgSO4 and different sorbents, such as C18 or
primary and secondary amine (PSA), to remove interference [30].
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Qin Y. et al. have developed a liquid chromatographic method tandem mass spectrometry for the
determination of SAs, Tilmicosin and Avermectins residues in animal matrices including milk and
using QuEChERS as the sample preparation procedure. In comparison with traditional techniques
such as LLE, this approach is less time-consuming and environmentally friendly, as the use of solvents
is limited [31].

In addition, a quick method was developed for the simultaneous screening and quantification of
90 veterinary drugs in milk (including SAs) by Zhang Y. and co-workers in 2015. The determination
was achieved by ultra-performance liquid chromatography coupled to quadrupole time-of-flight mass
spectrometry (UPLC-QTOF-MS). A modified QuEChERS method was applied and proved to be fast
and easy with good repeatability. The proposed method is accurate and gives reliable results for drug
concentrations below or above the MRL [32].

3.4. Dispersive Liquid–Liquid Microextraction

Assadi et al. was the first to mention DLLME as an alternative LLE technique that uses l μL
volume of extraction solvent, along with a few mL of dispersive solvents. In this technique, a cloudy
solution is formed when an appropriate mixture of extraction and dispersive solvents is injected into
an aqueous sample. The extraction solvent is dispersed into the bulk aqueous solution. Centrifugation
is applied prior to the determination of the analytes in the lower phase (in the bottom of a conical tube)
by conventional analytical techniques. The main advantages of DLLME are simplicity of operation,
quickness, low cost, great recovery, high enrichment factor and very short extraction time (usually a
few seconds) [11].

An ultrasound-assisted ionic liquid/ionic liquid-dispersive liquid–liquid microextraction
(UA-IL/IL-DLLME) HPLC method was developed by Gao S. et al. [33] The method was proposed for
the extraction, separation and determination of six SAs in infant formula milk powder samples.
Hydrophobic ionic liquids were used for extraction, while hydrophilic ionic liquids were used
as dispersive solvents. The formation of cloudy solutions, which was achieved by fine drops of
[C6MIM][PF6], facilitated the extraction procedure. The above method was applied to the analysis
of infant formula milk powder samples and the recoveries of the analytes ranged from 90.4% to
114.8% [33].

DLLME and QuEChERS were applied for the determination of nine SAs in milk.
The quantification was achieved by HPLC with fluorescence detection. This study was proposed
by Arroyo-Manzanares N. et al. in 2014. [21] The DLLME and QuEChERS have been proposed as
extraction modes due to the fact that they are environmentally friendly, use a reduced amount
of organic solvents and are in agreement with the new trends of GAC. For the optimization,
several parameters such as extraction and disperser solvent (for DLLME) and value of pH were
investigated. The developed methods were accurate and were successfully applied to the extraction
and determination of SAs in milk samples [21].

3.5. The Molecularly Imprinted Polymers Approach

MIPs play an important role in the field of extraction. There are numerous applications using
MIPs as absorbents for a wide variety of substances in complex matrices applying different extraction
or microextraction techniques. Among these, there are some applications with regards to the extraction
and determination of SAs in milk.

MIPs are artificial materials synthesized by polymerization of functional and cross-linking
monomers in the presence of the target molecule (template). According to this procedure, MIPs transfer
the molecular imprint of the template and could recognize it, with high selectivity among other
molecules which are similar to the template. Due to the fact that they present high selectivity and
other advantages such as easy preparation, chemical and thermal stability and low manufacturing
cost, MIPs have been suggested and used in many applications [10].
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Su S. and Zhang M. developed a novel method for the determination of sulfamethazine (SMZ)
in milk. A new polymer material was synthesized, and the MIP layer was grafted on the silica
surface. For its preparation, the authors used sulfamethazine (SMZ) as the template, methacrylic
acid (MAA) as the functional monomer and ethylene dimethacrylate (EDMA) as cross-linker. As it is
mentioned, during synthesis, the initiator-transfer in combination with the agent-terminator (called
iniferter) were immobilized on a silica surface using chemical reagents, which shows good availability.
The imprinting polymerization was initialized by the silica-supported iniferter under the UV radiation.
Two chromatographic columns were investigated, which included a MIP-silica (3h-MIP-Sil) and
its non-imprinted polymer-grafted silica (NIP-silica) as the stationary phases. The results show
that the MIP-silica column has better selectivity to the template molecule in comparison with the
NIP-silica phase. Furthermore, with the use of this stationary phase, better column efficiency and
low backpressure were observed. Finally, the constructed SMZ-MIP-silica was applied for the
determination of SMZ in milk samples [22].

A novel restricted access-molecularly imprinted material (RA-MIP) with selectivity for SAs
was synthesized using the initiator-transfer agent-terminator method, a “living”/controlled radical
polymerization technique by Xu W. et al. Two layers with different functions on the silica support,
grafted, were used for the preparation of the material. To perform a “grafting from” polymerization,
iniferter was immobilized on the surface of silica, followed by grafting of the internal sulfamethazine
imprinted polymer and the external poly(glycidyl methacrylate) [poly(GMA)]. The hydrophilic
structures were formed on the external layer of the material by the hydrolysis of the linear poly(GMA)
for protein removal. The RA-MIP-SG was used as a pre-column for the determination of SAs in
milk. The manufactured material has the properties of a MIP and a RAM material and can be used in
selective extraction and sample clean-up in SAs analysis in milk. Thus, a simple direct-injection HPLC
method was established using the RAM-MIP grafted silica for sample online pretreatment [23].

The above methods promise minimization of the analytical steps with the use of MIP either as a
stationary phase or as pre-column material. Thus, the methods are approaching the principles of GAC.

3.6. Fabric Solid Phase Extracton

Fabric solid phase extraction (FPSE) is a novel microextraction technique introduced by Kabir and
Furton in 2014. It can be used as a solvent-free or solvent-minimized technique in various applications.
FPSE includes the advantages of sol–gel technology as well as the rich surface chemistry of cellulose
fabric substrates. The result is a manufactured robust microextraction device with high sample capacity,
quick extraction equilibrium, and very high solvent and chemical stability. The ability of FPSE to
extract (without any sample preparation) target analytes directly from a raw sample matrix containing
particulates, biomasses, and debris is outstanding. In comparison with other applications for the
determination of SAs in milk, it is obvious that FPSE is a simple, quick and green sample preparation
procedure. In the application of FPSE, many unnecessary steps such as filtration, protein precipitation,
solvent evaporation and sample reconstitution are omitted, making total time of sample preparation
as short as possible. Also, the consumption of organic solvents is reduced comparatively with the
other developed techniques. Summing it up, the above technique covers the requirements of GAC.
The main steps of the FPSE approach are presented in Figure 4 [24].
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Figure 4. Schematic representation of fabric solid phase extraction (FPSE) process. (a) sample;
(b) addition of the FPSE media in the sample; (c) elution with a suitable elution system.

FPSE was successfully applied for the extraction of three SAs (sulfamethazine, sulfisoxazole and
sulfadimethoxine) in milk by Samanidou V. and co-workers, using a highly polar sol–gel poly(ethylene
glycol) (sol–gel PEG) coated FPSE medium, followed by analysis using HPLC with UV detection.
The optimization of fabric solid phase extraction conditions, which include the diluents of conditioning,
sample loading conditions, elution solvent, elution time and sonication, showed that the sol–gel PEG
material yielded the higher recovery of the three examined SAs. The FPSE procedure is applied at four
steps. The FPSE medium was immersed in a mixture of 1 mL CH3OH and 1 mL ACN for 5 min and
then rinsed with 2 mL of deionized water. Subsequently, a quantity of 1 g milk spiked with 0.5 mL
of standard solution was transferred in a new, clean glass vial in which the FPSE media was added
with the magnetic stir bar. Magnetic stirring was performed for 30 min. Finally, the FPSE media was
inserted in a clean vial with 250 μL MeOH for 8 min and then in another clean vial with 250 μL ACN
for 5 min. The sample was injected to HPLC after filtration. The FPSE media could be reused up to
30 times. In conclusion, the above method is convenient, reliable, and fast and it can be easily applied
in any food testing laboratory [24].

3.7. Miniaturized Graphene-Based Pipette Tip Extraction

A miniaturized graphene-based pipette tip extraction (M-G-PTE) method coupled with
liquid chromatography-ultraviolet detection was developed for the determination of four SAs
(sulfadimidine, sulfachloropyridazine, sulfamonomethoxine, and sulfachloropyrazine) in bovine
milk by Yan H. et al. [25] In comparison with other adsorbents such as C18, HLB, SCX, PCX, and
multi-walled carbon nanotubes, the manufactured M-G-PTE device showed better recovery and
selectivity for SAs. Several parameters were investigated for the optimization of the pretreatment,
such as the amount of grapheme in M-G-PTE cartridge, the type and volume of washing, and elution
sorbents. The procedure of the extraction is very interesting. Two dried and clean pipette tips
(100 μL and 1.0 mL) were used for assembling the pipette tip cartridge. Then, 3 mg of the graphene
adsorbent was packed in the smaller tip using degreased cotton at both ends to stabilize the adsorbent.
The configuration of the pipette that was used is presented in Figure 5. The tip of the larger pipette
was cut and was connected with the packed tip. The sorbent was conditioned successively with 1.0 mL
methanol and 1.0 mL water. Then, 2.0 mL of the sample was loaded, washed with 1.0 mL water and
eluted with 0.5 mL 5% ammonia-methanol. The eluent was evaporated to dryness at 40 ◦C under
vacuum and redissolved in 100 μL of mobile phase prior to HPLC analysis. The proposed method,
beyond being simple and economic, also uses reduced amounts of organic solvents [25].
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Figure 5. Pipette used in miniaturized graphene-based pipette tip extraction (M-G-PTE).

3.8. Ionic Liquid Based Microextraction

Ionic liquids (ILs) can be used instead of organic solvents as a more green approach. ILs have
unique physicochemical properties, such as negligible vapor pressure, miscibility with water and
organic solvents, good solubility for organic and inorganic compounds, and high thermal stability.
Therefore, they can promise a greener extraction than the commonly used organic solvents such
as chlorobenzene, chloroform, and carbon tetrachloride, which were typically highly toxic and not
environmentally friendly. The ILs have been already used in DLLME as extraction solvents with
good results.

Xu X. et al. [26] developed an ionic liquid-based microwave-assisted dispersive liquid–liquid
microextraction (IL-based MADLLME) followed by HPLC-FD for the determination of six SAs in
various liquid samples including milk. The aim of this work was to simplify the analytical step,
to reduce the consumption of toxic solvents and improve the sensitivity. Extraction, derivatization
and preconcentration were carried out by adding methanol (disperser), fluorescamine solution
(derivatization reagent) and ionic liquid (extraction solvent) into the sample. Several experimental
parameters, such as the type and volume of extraction solvent, the type and volume of disperser,
amount of derivatization reagent, microwave power, microwave irradiation time, pH of sample
solution, and ionic strength were investigated and optimized [26].

3.9. Dispersive Micro-Solid Phase Extraction

Dispersive micro-solid phase extraction is a miniaturized technique which is based on the
dispersion of sorbents (micro- or nano-) in the sample solutions. The isolation/extraction step
includes centrifugation, filtration or using an external magnetic media (for the removal of magnetic
sorbents). The operation of dispersive micro-SPE is similar to the classical SPE approach. The main
difference is that a small amount of sorbent (in a range of μg to mg) is added to the sample solution
without conditioning. The phenomenon of dispersion minimizes the extraction time, as the analytes
provide better and rapid interaction with the sorbent. Several commercial or in-house made types of
sorbents have been applied in dispersive extraction, such as functionalized silica, multi-walled carbon
nanotubes, graphene, graphene oxide, modified magnetic NPs, polymers, MIPs, silica, graphene,
surfactants, carbon nanotubes, ionic liquids and metal/metal oxides [34].

A metal-organic framework/graphite oxide (MIL-101(Cr)@GO) was synthesized (using the
hydrothermal method) and introduced by Jia X. and co-workers in 2017. This novel material was
applied as sorbent in dispersive micro-solid phase extraction, for the determination of SAs in milk
samples. Several parameters were investigated for the extraction, such as type of sorbents, the effect
of pH, the amount of MIL-101(Cr)@GO, ionic strength, adsorption time, desorption solvent and
desorption time. A UPLC-MS/MS method was developed and validated for the determination of
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analytes. The proposed method is characterized by advantages such as easy and quick modification,
minimized use of organic solvents and stability of the sorbent [35].

Finally, another dispersive micro solid-phase extraction approach coupled with liquid
chromatography-high resolution mass spectrometry (LC-HRMS) was introduced for the analysis
of 24 SAs in milk by Hu S. et al. [36]. In this study, a commercially available polymer cation exchange
PCX powder sorbent was used. The extraction efficiency was evaluated by several parameters,
including the pH of sample solution, the amount of PCX, the desorption solvent, and volume. This
rapid, selective and environmentally green method was validated under the optimized conditions [36].

4. Conclusions

Several methods are developed for the determination of SAs in different matrices and especially
in milk, which is widely consumed. In recent years, the trend is to develop microextraction methods
for the determination of residual antibiotics in food of animal origin due to potential hazards for
human health. Microextraction techniques are preferable towards conventional techniques due to the
fact that they are environmentally friendly, easy in operation, use new novel sorbent materials and the
majority of them are less time and reagent consuming. The purpose of this article was to review the
most recently developed microextraction techniques for the determination of SAs in milk.
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Abstract: In this study, polydimethylsiloxane (PDMS)-coated capillary columns (TRB-5 and TRB-35),
both unmodified and functionalized with single-wall carbon nanotubes (SWCNTs) or multiwall
carbon nanotubes (MWCNTs), have been tested and compared for the extraction of amphetamine
(AMP), methamphetamine (MET) and ephedrine (EPE) by in-tube solid-phase microextraction
(IT-SPME). Prior to their extraction, the analytes were derivatized with the fluorogenic reagent
9-fluorenylmethyl chloroformate (FMOC). For separation and detection capillary chromatography
with fluorimetric detection has been used. The presence of carbon nanotubes in the extractive coatings
enhanced the extraction efficiencies and also significantly improved the chromatographic profiles,
thus resulting in a reliable option for the analysis of these drugs. As an example of application, a new
method is proposed for the analysis of the tested amphetamines in oral fluid using a TRB-35 capillary
column functionalized with MWCNTs. The proposed conditions provided suitable selectivity and
reproducibility (CV ď 6%, n = 3) at low μg/mL levels, and limits of detection of 0.5–0.8 μg/mL.

Keywords: carbon nanotubes (CNTs); in-tube solid-phase microextraction (IT-SPME); derivatization;
amphetamines; capillary liquid chromatography

1. Introduction

Among the novel microextraction techniques developed in the last decades, in-tube solid-phase
microextraction (IT-SPME) has emerged as one of the most attractive options, as demonstrated by the
increasing number of publications that use it for the analysis of a variety of analytes and matrices [1].
IT-SPME typically uses a polymeric-coated capillary column coupled to a liquid chromatograph.
The target compounds can be extracted by repeated draw/injection cycles of the samples using a
programmable sample injector until the analytes reach partition equilibrium between the coating of
the capillary and the sample. Sample volumes are typically in the 100–500 μL range, although they are
usually mixed with an aliquot of an organic solvent or a buffer before the extraction. Alternatively, the
extractive capillary can be used as the loop of the injector valve (in-valve IT-SPME), and a volume of
sample as large as necessary (up to several mL) is passed through the capillary until the amount of
analytes extracted is sufficient to reach the required analytical responses. The former option has been
extensively used for the analysis of drugs and biomarkers in biological fluids, whereas the in-valve
IT-SPME microextraction approach is particularly well-suited for the extraction of traces of organic
pollutants from water samples [1–3].
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In IT-SPME the extraction efficiency depends on a variety of factors such as the capillary
dimensions, and the type and thickness of the extractive coating. Although segments of commercially
available open tubular capillary columns such as those used in gas chromatography (GC) can be used
for many applications, improved selectivity and extraction efficiency can be expected through the
development of new extractive phases [4,5]. Examples of alternative phases developed for IT-SPME
are polypyrrole-based coatings, restricted access materials, immunosorbents or molecularly imprinted
polymers (MIPs), as well as monolithic packings [6].

Nanostructured coatings are becoming popular in the context of extraction and microextraction
mainly because they offer high surface-to-volume ratios, thus increasing the extraction efficiencies.
In this sense, the employment of sorbents with carbon nanotubes (CNTs) appears as one of the most
attractive options. CNTs have been extensively tested as sorbents for solid phase extraction (SPE) and
fiber SPME because they can interact with a variety of compounds through different mechanisms
such as hydrogen bonding, π–π stacking interactions, electrostatic and van der Waals forces, and
hydrophobic interactions [7,8]. However, only a few studies have been reported on the utilization
CNTs modified phases for IT-SPME. Liu et al. immobilized –COOH functionalized MWCNTs onto the
external surface of a fused silica fiber using epoxy resin glue. The fibre was then inserted into a PEEK
tube which was used as the injection loop in an in-valve IT-SPME configuration. The proposed device
was applied to the extraction of aniline compounds from water [9]. In recent studies, we have reported
the use of different polydimethylsiloxane (PDMS)-based capillary columns modified covalently with
CNTs. The new coatings provided improved efficiencies for the extraction of some pollutants from
water samples [10,11].

Enhancing the extraction capability of the capillary coating may be the key factor to extend the
applicability of in-valve IT-SPME to those analytical problems in which the volume of sample is limited.
A typical example is the identification and determination of drugs in oral fluid. Although there are
several methods available for drugs in plasma and urine samples, there is an increasing interest in
the analysis of alternative biological matrices such oral fluid or sweat [12,13]. In particular, oral fluid
is the matrix preferred for the investigation of illicit drug consumption from drivers suspected for
driving under the influence of drugs. This is because sample collection is non-invasive and it can be
done under supervision. Therefore, the risk of sample adulteration is minimized. Moreover, drug
concentrations in oral fluid are generally higher than in other biological fluids, especially after oral
intake. The main difficulty encountered in the analysis of these fluids is the low amount of sample
available. Thus, most of the analytical schemes proposed for the analysis of plasma and urine can
hardly be applied to these alternative fluids.

In the present study, the extraction capabilities of CNTs modified PDMS-based capillaries for
amphetamines have been explored. Different PDMS-based extractive capillaries both unmodified
and modified with CNTs have been investigated. As indicated above, these coatings have been
previously applied to the extraction of organic pollutants from water samples [10,11]. In the present
work, we have evaluated for the first time the potential utility of such extractive phases in order to
extend the IT-SPME methodology to drug analysis in oral fluid. To our knowledge CNTs modified
coating have never been used for the extraction of drugs by in-valve IT-SPME. Amphetamine (AMP),
methamphetamine (MET) and ephedrine (EPE) have been selected as model compounds because,
according to the literature, amphetamines (including amphetamine-derived designer drugs) are among
the most frequently detected drugs in oral fluid from drivers [13]. Routine analysis of amphetamines in
biological samples are performed on a daily basis in clinical, forensic and toxicological laboratories [14].

Immunoassays are generally used for screening tests, whereas chromatographic methods are
required for quantitative purposes. Chromatographic procedures involve extensive sample treatment
for analyte isolation and preconcentration [12,13]. The determination of amphetamines by liquid
chromatography (LC) usually entails a previous chemical derivatization to make the analytes more
amenable for chromatography and/or to enhance the sensitivity. According to the results obtained in
previous studies, in the present work the fluorogenic reagent FMOC has been selected for derivatization
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(see Figure 1) [15,16]. The amphetamine derivatives formed have been processed by in-valve
IT-SPME coupled online to capillary liquid chromatography with fluorimetric detection. The analytical
performance and possible applications of the proposed approach are discussed.
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Figure 1. Scheme of the reaction between FMOC and the amphetamines tested.

2. Experimental Section

2.1. Reagents and Solutions

All the reagents were of analytical grade. SWCNTs, MWCNTs, 3-aminopropyl triorthoxysilane
(APTS), 1,3-dicyclohexylcarbodiimide, glutaraldehyde, AMP sulphate, MET hydrochloride and EPE
hydrochloride were obtained from Sigma (St. Louis, MO, USA), and FMOC was purchased from
Aldrich (Stenheim, Germany). Sodium hydrogen carbonate was purchased Probus (Badalona, Spain).
Acetonitrile was of HPLC grade (Romil, Cambridge, UK); methanol and acetone were purchased
from Scharlau (Barcelona, Spain). Sodium hydroxide, nitric acid (60%), sulphuric acid (98%) and
dimethylformamide were purchased from Panreac (Barcelona, Spain).

Stock standard solutions of AMP, MET and EPE (1000.0 μg/mL) were prepared in water.
Working solutions of these compounds were prepared by dilution of the stock solutions with water.
Stocks solutions of FMOC (10 mM) were prepared weekly by dissolving the pure compound in
acetonitrile. Solutions used for derivatization (0.1 mM) were prepared daily by dilution of the 10 mM
FMOC stock solutions with acetonitrile. The hydrogencarbonate buffer (4%, w/v) was prepared by
dissolving the appropriate amount of sodium hydrogen carbonate in water, and then by adjusting the
pH to 10.6 with 5 M NaOH.

Ultrapure water was obtained from a Nanopure II (Sybron, Barnstead, UK) system. All solutions
were stored in the dark at 4 ˝C.

2.2. Apparatus and Chromatographic Conditions

The chromatographic system consisted of an isocratic capillary pump, a high-pressure six-port
valve (Reodyne, Rohnert Park, CA, USA), a LC-Net II/ADC interface and a fluorescence detector
(Micro 21PU-01, Jasco Corporation, Tokyo, Japan). The detector was coupled to a data system
(Jasco ChromNAV Chromatography Data System) (Jasco Corparation, Tokyo, Japan) for data
acquisition and calculation. The excitation and emission wavelengths were 285 nm and 320 nm,
respectively. A Zorbax SB-C18 (35 mm ˆ 0.5 mm i.d., 3.5 μm) column (Agilent, Waldbronn, Germany)
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was used for the separation of the analytes. The mobile-phase was a mixture of acetonitrile-water, and
the flow rate was 20 μL/min.

2.3. IT-SPME

The set-up used in the present study corresponds to that developed for in-valve IT-SPME [1,2].
The stainless steel loop of the injection valve was replaced by the extractive capillary. In this study
segments of PDMS-based open tubular columns (0.32 mm i.d., 3 μm coating thickness) were used as
extractive capillaries. The columns tested were TRB-35 (35% diphenyl-65% polydimethylsiloxane) and
TRB-5 (5% diphenyl-95% polydimethylsiloxane), both purchased from Teknokroma (Barcelona, Spain).
Segments of 30–50 cm these columns were directly tested for IT-SPME or functionalized with SWCNTs
or MWCNTs.

The procedures used for the functionalization of the columns were extensively described in [10].
Briefly, the 0.025 g of SWCNTs were previously carboxylated with 5 mL of a mixture of sulfuric
and nitric acids (3:1, v/v); MWCNTs were carboxylated by adding 80 mL of a mixture of sulfuric
and nitric acids (3:1, v/v) to 0.020 g of MWCNTs; The PDMS columns were activated by passing
successively 2 M NaOH (24 h), water (5 min), (2%, v/v) APTS in anhydrous acetone (15 min), water
(5min), methanol (5 min) and 10% glutaraldehyde prepared in 50 mM borate buffer of pH 9.0 (10 min).
Then, suspensions of the carboxylated CNTs (c-CNTs) 5 mg/mL prepared in dimethylformamide
containing 1,3-dicyclohexylcarbodiimide were passed through the activated capillaries for 30 min
in order to immobilize the c-CNTs into the PDMS-based coating. Finally, unreacted c-CNTs were
eliminated by flushing water through the capillaries. The total time required for preparation of the
capillaries after activation of the PDMS phase was about 2 h. Capillary connections to the valve were
facilitated by the use of 2.5 cm sleeve of 1/16 in. polyether ether ketone (PEEK) tubing (Teknokroma);
1/16 in PEEK nuts and ferrules (Teknokroma) were used to complete the connections.

Aliquots of the solutions to be processed (20–50 μL) were manually loaded into the extractive
capillary by means of a 100 μL-precision syringe. Next, 20 μL of water were flushed through the
capillary in order to eliminate the solution remaining into it. Finally, the valve was manually rotated
so the analytes were desorbed from the coating of the extractive capillary with the mobile-phase, and
transferred to the analytical column for separation and detection.

2.4. Derivatization of the Amphetamines

Conditions for the derivatization of the tested amphetamines were selected according to previous
works [14,15]. Aliquots of the standard solutions of the amphetamines (125 μL) were placed into
2 mL glass vials, and mixed with 125 μL of carbonate buffer and with 250 μL of a solution of the
derivatization reagent (0.1 mM of FMOC). After a reaction time of 5.0 min, 50 μL of the resulting
mixture were loaded into the extractive capillary of the IT-SPME device.

Each sample was derivatized in duplicate and all assays were carried out at ambient temperature.

2.5. Analysis of Real Samples

Samples (standard solutions of the analytes or oral fluid) were placed in 2-mL glass vials; then,
one of the tips of a cotton swab was immersed into the sample, so that the cotton was totally wetted by
the sample. The swab was then removed and introduced into a 2-mL glass vial containing 250 μL of the
carbonate buffer and 250 μL of the 0.1 mM FMOC solutions. The swab was left inside the derivatization
solution for 5 min, so the analytes passed from the cotton to the solution and the reaction occurred.
After the reaction period, the swab was discarded, and an aliquot of the solution was removed by
means of a 100 μL syringe and loaded into the IT-SPME capillary. Drug-free oral fluid samples were
obtained from volunteers after informed consent. Cotton swaps were purchased from a local market;
the amount of cotton on each tip was of about 0.03 g.

Unless otherwise stated, each sample was derivatized in duplicate and all assays were carried out
at ambient temperature.
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3. Results and Discussion

3.1. Optimization of the IT-SPME and Chromatographic Conditions

Initially, experiments were carried out in order to optimize conditions for the transfer of the
FMOC derivatives from the extractive capillary of the IT-SPME device to the analytical column, as
well as for the subsequent chromatographic separation. In these studies, unmodified capillaries were
used for IT-SPME. The mobile-phase was a mixture acetonitrile-water and flow-rate was 20 μL/min.

When IT-SPME is combined on-line with capillary liquid chromatography, peak widths
of the analytes are significantly higher than those typically achieved by conventional capillary
chromatography, which is due to the inclusion of the extractive capillary in the chromatography
system. A reduction of the extractive capillary dimensions would improve the resolution, but at
the expense of a lower sensitivity (lower amount of analyte extracted). On the other hand, under a
conventional capillary chromatographic scheme, the resolution could be improved by using lower
mobile-phase flow rates. However, when an IT-SPME device is added to the chromatographic system,
a reduction in the mobile-phase flow rate would increase the time of residence of the analytes in the
extractive capillary causing extra peak broadening [17]. In other words, when in-valve IT-SPME is
coupled on-line to capillary liquid chromatography, a compromise has to be reached between optimal
conditions for the IT-SPME and for the chromatographic separation. In the present study, conditions
were selected to achieve suitable separation of the three analytes of interest in the minimum time of
analysis. Indeed, extending the proposed methodology to other amphetamine-like compounds would
require different separation conditions (for example, a longer column).

Two mobile-phase compositions were tested, 50:50 and 70:30 acetonitrile:water (v/v). The results
obtained demonstrated that both compositions were adequate to desorb the FMOC derivatives
from the extractive capillary. However, best chromatographic separation was achieved by using
a mixture acetonitrile:water 70:30 (v/v) (see Figure S1), which was the eluent composition selected
for further work. The dead times observed in the chromatograms were higher than those expected
for a conventional capillary chromatographic separation due to the inclusion of the extractive device.
It has to be noted that the EPE-FMOC derivative eluted on the tail of the FMOC peak; for this
reason, peak areas for this analyte were calculated throughout the study by the tangent skimming
integration method.

On the other hand, the effect of the capillary length on the analytical responses (peak areas) was
evaluated by processing solutions of the same concentration of amphetamines with TRB-35 capillaries
of 30, 40 and 50 cm. In principle, an increment in the capillary length increases the surface area
available for extraction, and thus, the amount of analyte extracted also increased. A slight increment
on the analyte peak areas was observed when extending the capillary length from 30 cm to 40 cm.
Unfortunately, the amount of unwanted products extracted also increases. In the present case, the
chromatographic profile observed for an extractive capillary of 50-cm length was unsuitable due to the
large amount of unreacted FMOC extracted and transferred to the analytical column (see Figure S2).
Consequently, capillaries longer than 40 cm were not considered for further assays.

3.2. Evaluation of the Extraction Efficiencies

The extraction efficiency was evaluated for unmodified TRB-5 and TRB-35 capillaries, as well as
for TRB-5 capillaries after their functionalization with c-SWCNTs, and TRB-35 capillaries functionalized
with c-SWCNTs or with c-MWCNTs. The length of TRB-5 capillaries was 36 cm, whereas all TRB-35
capillaries were 40-cm length. The mean peak areas obtained for the tested capillaries are depicted in
Figure 2; it has to be mentioned that AMP and MET peak areas were calculated by a valey-to-valey
integration approach.
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Figure 2. Peak areas obtained for a standard solution of the amphetamines tested (8.0 μg/mL, each)
with different extractive capillaries: unmodified TRB-5 (36 cm), unmodified TRB-35 (40 cm), c-SWCNTs
functionalized TRB-5 (36 cm), c-SWCNTs functionalized TRB-35 (40 cm) and c-MWCNTs functionalized
TRB-35 (40 cm). For other experimental details, see text.

In order to compare the extraction efficiencies, the preconcentration rates (established as the peak
area ratios between two given capillaries) were also calculated [10]. The results are summarized in
Table 1.

Table 1. Preconcentration rates (PRs) values found for the extractive capillaries tested.

Capillaries Compared
PR

EPE AMP MET

Unmodified TRB-35/Unmodified TRB-5 1.2 2.0 2.0
c-SWCNT functionalized TRB-5/Unmodified TRB-5 3.3 3.3 2.9

c-SWCNT functionalized TRB-35/Unmodified TRB-35 2.9 2.2 1.9
c-SWCNT functionalized TRB-35/c-SWCNTs functionalized TRB-5 1.1 1.2 1.3

c-MWCNT- functionalized TRB-35/c-SWCNTs functionalized TRB-35 1.0 1.1 1.1

First, the solutions containing the three amphetamines were assayed onto the two unmodified
capillaries tested. Higher analytical responses for the three analytes were obtained with the TRB-35
phase, as it can be seen in Table 1. It can be deduced that a higher percentage of diphenyl groups in
the extractive phase lead to higher extraction rates. This suggests that the extraction involves π–π
interactions with the FMOC derivatives, which is consistent with the fact that the extracted compounds
possess three aromatic rings (see Figure 1).

The effect of the presence of CNTs in the extractive coating was investigated for the TRB-5
and TRB-35 capillaries. In Figure 3 are depicted the chromatograms obtained for an unmodified
TRB-5 capillary and the same capillary functionalized with c-SWCNTs. As observed, the presence of
c-SWCNTs in the extractive phase affected not only the peak areas of the FMOC derivatives, but also
their retention times. Higher retention times were observed with the c-SWCNTs coated phase, which
indicates that the interaction between the extractive phase and the FMOC derivatives is stronger in
the presence of CNTs, most probably by a π–π mechanism [10]. This can also explain the higher peak
areas observed with the c-SWCNTs functionalized coating (see Figure 2); the analyte responses were
about three times higher with the modified coating (see Table 1).
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Figure 3. Chromatograms obtained for a standard solution of the amphetamines tested (8.0 μg/mL,
each) with the unmodified TRB-5 and the c-MWCNTs functionalized TRB-5 capillaries. For other
experimental details, see text.

Similar results were observed for the PDMS-TRB-35 capillaries. This is illustrated in Figure 4,
which shows the chromatograms obtained for unmodified TRB-35 capillary and the same capillary after
the introduction of c-MWCNTs. However, the increment in the analytical signals was more moderate
than with the TRB-5 capillaries, especially for AMP and MET (Table 1). It is interesting to note that,
although the retention times slightly increased in the presence of c-MWCNTs, the chromatographic
peaks are narrower. As a result, not only the sensitivity but also the resolution improved with the
introduction of the CNTs.
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Figure 4. Chromatograms obtained for a standard solution of the amphetamines tested (8.0 μg/mL,
each) with the unmodified TRB-35 and the c-MWCNTs functionalized TRB-35 capillaries. For other
experimental details, see text.
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On the other hand, the effect of the type of CNTs on the extractive phase was evaluated for a
TRB-35 capillary. Figure 5 shows that both c-SWCNTs and c-MWCNTs modified coatings provided
similar chromatographic profiles, although the peak areas were slightly higher for the c-MWCNTs
functionalized capillary. The chromatographic profiles obtained when using the TRB-35 capillaries
were better than those observed with the TRB-5 capillaries (Figures 3–5).
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Figure 5. Chromatograms obtained for a standard solution of the amphetamines tested (8.0 μg/mL,
each) with the c-SWCNTs and the c-MWCNTs functionalized TRB-35 capillaries. For other experimental
details, see text.

Finally, the loading capacity was examined by processing solutions of the tested analytes at
concentrations ranging from 2.0 to 10.0 μg/mL with different capillaries. The results are depicted in
Figure 6. As it can be deduced from this figure, a linear relation between concentration and peaks
areas was observed within the tested concentration interval with the TRB-35 columns. However, poor
linearity was observed for the TRB-5 columns regardless the presence of CNTs in the extractive coating.
For the TRB-5 capillaries, better correlation was observed between peak areas and concentration within
the 2.0–8.0 μg/mL range (see Table S1), which indicates that their loading capacity was lower than
that of the TRB-35 capillaries.

Taking into account the absolute peak areas and chromatographic profiles, as well as the linear
working interval, a c-MWCNTs coated TRB-35 capillary of 40 cm length was selected as the best option
for further experiments.
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Figure 6. Peak areas obtained for different concentrations of the amphetamines tested within the
2.0–10.0 μg/mL concentration range with different extractive capillaries. For other experimental
details, see text.

3.3. Application to the Quantification of Amphetamines in Oral Fluid Samples

In the analysis of drugs in oral fluid, samples are usually collected by spitting or by using sweat
wipes, sponges or swabs [12,13]. Owing to its high viscosity the direct loading of oral fluid into the
IT-SPME capillary was unsuitable, even after dilution with the buffer and FMOC solutions. For this
reason, in the present study cotton swabs were used to collect oral fluid. In order to simplify the
analytical procedure and to avoid excessive dilution of the analytes, the swabs were directly immersed
into vials containing the derivatization solution. In such a way, the analytes were simultaneously
extracted from the swabs and derivatized. Finally, aliquots of the resulting solutions were removed
from the vials and processed by IT-SPME with a c-MWCNTs coated TRB-35 capillary. The reliability of
the proposed approach was first tested with standard solutions of the analytes.

Preliminary experiments were carried out to estimate the volume of the sample that could be
absorbed with the swabs. Volumes of the working solutions ranging from 50 to 200 μL were introduced
into 2-mL glass vials, and then swabs were put into contact with these solutions. It was found
that the swabs used in the present study absorbed about 125 μL of the samples. According to this
observation, quantitative studies were carried out by placing aliquots 125 μL of the standard solutions
containing the amphetamines in glass vials; then, the tips of the swabs were put into contact with
the working solutions until the liquid was totally absorbed. Next, the swabs were immersed into
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another vial which contained the derivatization solution (250 μL of the carbonate buffer and 250 μL of
the 0.1 mM FMOC solutions). Finally, aliquots of the resulting solutions were processed by IT-SPME
and chromatographed.

The effect of volume of the extracts loaded into the IT-SPME capillary was tested within the
10–50 μL interval. A volume of 20 μL was found to be the best option, as higher volumes did not
significantly increase the signal, probably due to the high percentage of acetonitrile in the extracts,
whereas the peak corresponding to the excess of FMOC interfered with the measurement of the
FMOC-EPE peak. Under such conditions, good linearity and reproducibility was found within the
tested concentration intervals (1.0–10.0 μg/mL for AMP and MET and 2.0–10.0 μg/mL for EPE)
(see Table 2).

Table 2. Linearity and reproducibility achieved with the proposed extraction/derivatization-IT-
SPME-capillary liquid chromatographic method for AMP, MET and EPE within the 1.0–10.0 μg/mL
(2.0–10.0 μg/mL for EPE) concentration interval (values obtained with the c-MWCNTs coated TRB-35
capillary of 40 cm length).

Compound
Linearity, y = ax + b (n = 8) * Reproducibility **,

Relative Standard
Deviation (RSD) (%) (n = 3)

a b R2

EPE (229 ˘ 8) ˆ 103 (´18 ˘ 4) ˆ 104 0.991 5
AMP (402 ˘ 15) ˆ 103 (´39 ˘ 8) ˆ 104 0.991 3
MET (606 ˘ 22) ˆ 103 (´46 ˘ 11) ˆ 104 0.991 3

* Established from four concentrations assayed in duplicate; ** established at a concentration of 4.0 μg/mL.

According to the above results, the conditions finally selected for the analysis of amphetamines in
oral fluid were those indicated in Figure 7. A small peak was observed at a retention time slightly lower
than that of the EPE-FMOC derivative. This peak was not detected when effecting the derivatization
in solution; thus, this peak was due to a compound present in the cotton. Nevertheless, it could be
differentiated from the peak corresponding to the EPE derivative (see Figure S3).

3) Separation anddetection

to the column

2) IT SPME

from the pump

c MWCNTs TRB 35

to the column

250 μL ofbuffer+ 250 μL of 0.1mMFMOC

(5.0min)

1) Extraction/derivatization

20 μL

sample( 125 μL)

from the pump

Figure 7. Scheme of the extraction/derivatization-IT-SPME-capillary liquid chromatographic method
used for the analysis of amphetamines in oral fluid. The extractive capillary was a c-MWCNT
functionalized TRB-35 capillary (40 cm length). For other experimental details, see text.
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In Figure 8 are shown the chromatograms obtained for a sample of oral fluid and the same
sample spiked with a mixture of the analytes. The chromatograms obtained for oral fluid were similar
to those obtained for standard solutions subjected to the same extraction/derivatization procedure
(Figure S3). It was then concluded that the selectivity provided by the c-MWCNTs coated TRB-35
capillary was suitable. In addition, no significant differences were observed in the chromatograms
obtained for samples obtained from different donors. The limits of detection (LODs), established
as the concentration of amphetamines that yielded a signal-to-noise ratio of 3, were 0.8 μg/mL for
EPE, and 0.5 μg/mL for AMP and MET. The reproducibility was also satisfactory, being the interday
coefficients of variation 6% for EPE and AMP, and 3% for MET (n = 3). Finally, no additional cleaning
of the extractive capillary with an organic solvent after each run was necessary as during the transfer
and chromatographic separation steps the capillary was flushed with an eluent containing a high
percentage of acetonitrile (70%).
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Figure 8. Chromatograms obtained with the proposed extraction/derivatization-IT-SPME-capillary
liquid chromatographic method for an oral fluid sample, and the same sample spiked with the tested
amphetamines (8.0 μg/mL, each). For other experimental details, see text.

3.4. Utility

Different strategies have been proposed for sample treatment prior to the chromatographic
analysis of drugs in oral fluid. Extraction of the analytes into an organic solvent (toluene, butyl chloride,
chloroform) has been the option traditionally used for the extraction of amphetamines [14,18,19], often
in combination with evaporation of the extracts to dryness in order to concentrate the extracts to be
chromatographed. Solid-phase extraction followed by solvent evaporation has also been proposed [20].
These methodologies allow the detection of the analytes at low ng/mL levels by GC, although the
resulting procedures are labor-intensive. More recently, different methods have been reported that
involve SPME with fibres [21,22] again prior to GC; LODs of 14–27 ng/mL were reported for MET.
Very recently, microextraction with a C18 sorbent packed into the needle of a syringe has been proposed
for the analysis of illicit drugs in oral fluid by LC coupled to mass spectrometry (MS) (LC-MS/MS) [23].
In this case, samples were treated to precipitate the proteins, and the supernatant was passed through
the sorbent by repetitive aspirating/dispensing cycles, being the LOD reported for AMP 1 ng/mL.

Compared with previously described procedures, the main advantage of the present methodology
is simplicity. After sample collection, the only operations required are the immersion of the swabs into
the derivatization solution and, after 5 min, the loading of an aliquot of the resulting solution into the
IT-SPME device. The proposed method is also advantageous in terms of time of analysis and solvent
and reagents consumption. Although the LODs are about one order of magnitude higher than those
reported by other authors, the proposed method can be considered adequate for the measurement of
amphetamines in oral fluid of abusers. For example, concentrations amphetamine found in oral fluid
samples during random tests programs were in the 0.3–8.8 μg/mL range [24,25]. Nevertheless, for
other types of studies, more sensitive methodologies may be required.
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4. Conclusions

The present study shows that IT-SPME is a valid option for the on-line extraction of amphetamines
derivatized with FMOC, and for their subsequent separation by capillary liquid chromatography.
The efficiencies of the IT-SPME have been examined for different PDMS-based extractive capillaries,
as well as for the same capillaries after their functionalization with CNTs. The introduction of
CNTs in the extractive coatings has a positive effect not only on the extraction efficiencies but
also on the chromatographic profiles. In all instances, highest responses were obtained for TRB-35
capillaries, which can be explained by a π–π interaction mechanism. In this sense, the use of FMOC
(which introduces two aromatic rings in the compounds to be extracted) may be advantageous
over other derivatization reagents typically used for amphetamines [15]. On the other hand, the
chromatograms observed for TRB-35 capillaries functionalized with c-SWCNTs and c-MWCNTs were
quite similar, although the analytical responses obtained with the latter capillary were slightly higher.
According to these results, a new approach has been described for the analysis of amphetamines
derivatives using a TRB-35 capillary functionalized with c-MWCNTs.

The described approach combines the simplicity of in-valve IT-SPME with enhanced sensitivity,
and can be considered an alternative for the analysis of amphetamines. As an illustrative example of
application, in the present study oral fluid samples («125 μL) collected with cotton swabs have directly
been derivatized and processed by IT-SPME-capillary liquid chromatography. The proposed method
is very simple and cost-effective, and provides suitable selectivity, sensitivity and reproducibility at
low μg/mL concentration levels, which are concentrations typically found in oral fluid of abusers.

Supplementary Materials: The following are available online at www.mdpi.com/2227-9075/3/1/7/s1.
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Abstract: Mycotoxins are a very diverse group of natural products produced as secondary metabolites
by fungi. Patulin is produced by mold species normally related to vegetable-based products and
fruit, mainly apple. Its ingestion may result in agitation, convulsions, edema, intestinal ulceration,
inflammation, vomiting, and even immune, neurological or gastrointestinal disorders. For this
reason, the European Commission Regulation (EC) 1881/2006 established a maximum content for
patulin of 10 ppb in infant fruit juice, 50 ppb for fruit juice for adults and 25 ppb in fruit-derived
products. In this work, a rapid and selective method based on magnetic molecularly imprinted
stir-bar (MMISB) extraction has been developed for the isolation of patulin, using 2-oxindole as
a dummy template. The final extraction protocol consisted of simply pouring in, stirring and pouring
out samples and solvents from a beaker with the MMISB acting inside. The magnetic device provided
satisfactory recoveries of patulin (60%–70%) in apple samples. The successful MMISB approach has
been combined with high performance liquid chromatography coupled to tandem mass spectrometry
(HPLC-MS/MS) to determine patulin.

Keywords: patulin; molecularly imprinted polymers (MIP); stir-bar; apple; HPLC-MS/MS

1. Introduction

Mycotoxins are low-molecular-weight natural products, very diverse in terms of structure and
abilities, produced as secondary metabolites by fungi. Patulin (PAT) is an important mycotoxin
produced by over 30 genera of mold such as Penicillium, Aspergillus, and Byssochlamys. In particular,
Penicillium expansum is recognized as the main source of PAT and it has been commonly associated
with apple rot [1]. These molds grow easily in damaged fruit or in derived products such as juices,
if storage conditions are deficient. Some of the most serious health effects of PAT ingestion in humans
are agitation, convulsions, edema, intestinal ulceration, inflammation and vomiting [2]. The toxicity of
these molecules has led to the set-up of strict regulations in many countries for their control in food and
feed, and the consequent establishment of official legislation. The establishment of maximum limits in
some food products resulted in an increasing demand of sensitive, selective and effective analytical
methods. The European Commission Regulation (EC) 1881/2006 established a maximum content
for PAT of 10 ppb in infant fruit juices, 50 ppb for fruit juices for adults and 25 ppb in fruit-derived
products [3].

For the determination of PAT, thin layer chromatography was firstly used. Nowadays, the official
analytical method adopted by the Association of Official Analytical Chemists (AOAC) for the analysis
of PAT in food is high performance liquid chromatography (HPLC) with ultraviolet (UV) detection,
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using an extraction with ethyl acetate and clean-up with sodium carbonate [4]. The main drawback
of UV detection is the poor resolution between PAT and other co-extracted compounds such as
hydroxymethylfurfural. To overcome this interference, liquid chromatography may be combined with
mass spectrometric determination [1]. As an additional problem, PAT is vulnerable to the alkaline
conditions of the previously mentioned extraction method. Purification by solid-phase extraction (SPE)
has been frequently applied as an alternative procedure [5]. In the last years, molecularly imprinted
polymers (MIPs) started to be used, and are becoming promising materials for extracting different
analytes present in food and beverages [6]. However, mycotoxins are usually too toxic or too expensive
to be used as template molecules in MIP preparation. Template bleeding may be an additional
problem of these polymers, especially when dealing with very low detection levels. To overcome these
limitations, dummy templates can be applied during MIP synthesis [7]. Also, magnetic materials can
provide fast and simple methods of extraction and have already demonstrated their effectiveness to
extract patulin [8].

In the present work, a rapid and selective method based on an in-house designed magnetic
molecularly imprinted stir-bar (MMISB) has been developed for the isolation of PAT. For MIP synthesis,
a structural analogue of PAT, 2-oxindole, was used as a dummy template (Figure 1) [9]. The molecularly
imprinted polymer was grafted on the silanized surface of a glass-covered stir-bar using an adaptation
of typical protocols used in grafting techniques. The applicability of this novel stirring bar for the
extraction of PAT has been tested in spiked apple samples using HPLC-MS/MS for detection.

Figure 1. Chemical structures of patulin and dummy template used for molecularly imprinted polymers
(MIP) synthesis. The potential sites for intermolecular interactions between template or patulin and the
functional monomer methacrylic acid (MAA) are indicated by arrows.

2. Materials and Methods

2.1. Materials

The standard for PAT was purchased from Sigma-Aldrich Chemical Company (Madrid, Spain).
The dummy template 2-oxindole, methacrylic acid (MAA), divinylbenzene 80% (DVB-80), ethylene
glycol dimethacrylate (EGDMA), and the initiator 2,2′-azobis-(2-methyl-butyronitril) (AIMN) were
from Sigma-Aldrich. The 3-(methacryloxy) propyltrimethoxysilane was purchased from Sigma-Aldrich
Chemical Company. HPLC grade solvents were supplied by Merck (Madrid, Spain).

MAA and EGDMA were freed from stabilizers by distillation under reduced pressure and AIMN
was recrystallized from methanol prior to use. DVB-80 was freed from stabilizers by passing through
a small column packed with neutral alumina (Aldrich).

2.2. Apparatus

The polymerization was carried out into a temperature controllable incubator (Stuart Scientic,
Redhill, Surrey, UK). Separation was performed in an 1100 series HPLC system from Agilent
Technologies (Santa Clara, CA, USA). A Luna 3 μm C18 (150 × 2 mm) column from Phenomenex
(Torrance, CA, USA) was used. The mobile phase was water and methanol with 0.1% formic acid, mixed
in isocratic mode at 70% and 30%, respectively; the analytical run lasted for 10 min at 250 μL·min−1.
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A Q-Trap 2000 mass spectrometer with ESI Source from AB Sciex (Toronto, ON, Canada) was used,
working in negative mode for PAT and in positive mode for 2-oxindole. For quantification of
PAT, the most intense MRM transition was monitored along with a second transition for identity
confirmation: 153 > 109 and 153 > 81, respectively.

2.3. Design of Molecularly Imprinted Stir-Bars (MMISB) for Patulin Extraction

To achieve a stir-bar grafted with molecularly imprinted polymer on its surface, a chemical coating
protocol adapted from the work of Turiel and Martin-Esteban was used [10]. First, a commercial
glass-covered magnetic stir-bar remained in a combination of methanol and hydrochloric acid
(1:1, v/v), stirring for 30 min for clean-up of the glass surface. Next, the surface was silanized
with 2% 3-(methacryloxy) propyltrimethoxysilane in toluene for 1 h. Finally, the stir-bar was rinsed
methanol and let dry under N2 stream.

Once the silanized glass surface was ready, the chemical coating process took place as follows:
in a glass tube of 4 mL, the bar was placed and covered with the pre-polymerization mixture.
The polymerization mixture was prepared with 2-oxindole, MAA and EGDMA, ratio 1:4:20, dissolved
in the porogen solvent toluene/methanol (90:10) at 40 wt % and initiator 2 wt %. The stirring bar
immersed in the monomeric recipe was allowed to polymerize at 60 ◦C for 12 h, or until the appearance
of the polymer was completely white.

After (bulk) polymerization, the glass tube was broken to release the polymer-coated stir bar
(Figure 2). Then, the bars were placed in a beaker and covered with water and methanol (50/50, v/v)
to test the adhesion to the surface and the resistance of the polymer, using a magnetic stirrer. Next, the
template molecule was removed by Soxhlet extraction for 12 h with methanol/acetic acid (1/1, v/v)
solution. To optimize the conditions of use of this MMISB for the extraction of PAT, different loading,
washing and elution solution were tested. A magnetic non-imprinted stir bar (MNISB) was prepared
in parallel, without the addition of template.

 

Figure 2. Magnetic molecularly imprinted stir bar (MMISB) developed for the extraction of patulin;
a screw cap was placed below the stir-bar to illustrate its size (Reproduced with permission from [11].
MDPI under CC BY 4.0, 2015.

2.4. Application to Real Samples

The extraction protocol started adding water to cover 3 g of diced apple in a 50 mL plastic tube.
Apple samples were spiked with water containing PAT at 50 ng·g−1 (MRL to for fruit juices in adults)
and introduced into an ultrasound bath for 30 min. Samples were shaken for 10 min, centrifuged
at 5000 g for 10 min and the supernatant was transferred to a baker with the molecularly imprinted
stir-bar (MMISB). A conventional SPE protocol was applied, consisting of loading, washing and elution
steps with different solvents.

The analyte was loaded within the pores (active sites) of the MMISB under stirring for 30 min.
After this sorptive extraction, water was removed with the aid of external magnet and the stir-bar
was washed with water for 5 min. Then, to elute the retained patulin from the MMISB, 5 mL
methanol/acetic acid (75/25) were added and the solution was kept stirring in a beaker for 30 min.
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Finally, the eluate was evaporated under nitrogen stream at 30 ◦C and re-dissolved in 100 μL of mobile
phase. Twenty microliters were immediately injected into the chromatographic system for analysis.
Recoveries were calculated using HPLC-MS/MS.

3. Results and Discussion

Nowadays, the official analytical method adopted by AOAC International is HPLC with UV
detection, using clean-up with ethyl acetate and sodium carbonate. However, the diverse drawbacks of
this method (poor stability of patulin under alkaline extraction, poor resolution between patulin and
co-extracted hydroxymethylfurfural) have originated interest in alternative options, such as LC methods
coupled to mass spectrometry [1]. In the last years, purification with molecularly imprinted polymers
and magnetic materials started to be used and they are becoming promising materials in analytical
chemistry and, more specifically, in mycotoxins determination [7,8,12,13]. Imprinted polymers have
also showed potential for detoxification purposes in large-scale environmental applications [14].

3.1. Molecularly Imprinted Stir-Bars (MMISB) for Patulin Extraction

In this study, 2-oxindole, a compound structurally related to PAT, was selected as a dummy
template for the design of a MIP selective towards PAT. This analogue of patulin has already been
used successfully to synthesize a MIP capable of selectively binding PAT molecules [9]. The removal
of the template leaves binding sites within the polymeric matrix that are complementary in shape
and functionality to the template and to the target molecule of PAT (Figure 1). Dummy templates
are usually selected to overcome bleeding problems. Additional advantages of these templates may
include lower cost and toxicity. In this context, a dummy-template approach was preferred to avoid
the manipulation of patulin during MIP synthesis, as it could be hazardous to the personnel working
in the laboratory. Patulin has been classified as having acute toxicity (oral, dermal, inhalation) for
humans, while 2-oxindole has not been classified as hazardous (Sigma-Aldrich website). As for the
costs, relatively high amounts of template are normally required to synthesize imprinted polymers.
In that respect, 2-oxindole is much cheaper than patulin. To provide just one example, 5 mL of PAT
correspond to the price of 25 g of 2-oxindole in the Spanish market (Sigma-Aldrich website).

The polymer coated on the surface of the magnetic stir-bars was prepared by a non-covalent
approach, based on the formation of the non-covalent interactions of MAA and the dummy template.
MAA was selected because of its high capability to act both as a hydrogen bond and a proton
donor and as a hydrogen bond acceptor [15]. The selected polymerization technique was bulk
polymerization, because it does not require sophisticated instrumentation and the reaction conditions
can be easily controlled. Furthermore, it is the most widely used method for the preparation of
imprinted polymers [16]. In the design of any pre-polymerization mixture, the selection of the
cross-linker and porogen solvent are two key factors, as they would determine the aspect, strength and
even the color and porosity of the final polymer. DVB-80 and EGDMA were therefore tested separately
and in combination with various solvent mixtures, in order to achieve the best option for MIP synthesis.
The tested combinations were methanol and/or acetonitrile with different percentages of toluene,
as follows: 0%, 20%, 50%, 70% and 90% toluene in methanol and 0%, 20%, 50%, 70% and 90% toluene in
acetonitrile. The different combinations of monomer-solvent were introduced in an injection vial and
allowed to polymerize under bulk conditions for 24 h at 60 ◦C. After polymerization, the glass vials
were broken and the resulting material was tested visually and by touching. With the use of DVB-80 as
a cross-linker, it was impossible to obtain a strong and tough polymer. The resulting polymer would
be a plastic, yellowish, cracked and fragile material, not suitable for resisting the required stirring
conditions. Thus, adequate divinylbenzene polymers could not be achieved using the different tested
solvents (acetonitrile or methanol), even changing the toluene percentage (from 0% to 90% toluene).
As for EGDMA, in every case the polymers were stronger than those obtained with DVB, showing
more resistance to compressive strength and even more when using methanol (combined with toluene)
instead of acetonitrile. As for the color, EGDMA polymers were white and DVB yellowish. The mixture
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of methanol and toluene (90:10) with EGDMA proved to be useful, resulting in a hard and white
polymer. Consequently, this combination was used to prepare the magnetic molecularly imprinted
stir-bar (MMISB).

3.2. Analytical Method and Application of MMISB in Apple Samples

The efficiency of the obtained polymer was evaluated with a very simple extraction protocol
for the isolation of PAT from apple samples prior to analysis. The protocol consisted simply of
pouring in, stirring and pouring out solvents from a beaker. To carry out the extraction process, it was
only necessary to have a magnetic stirrer and an external magnet. Satisfactory recoveries of PAT
were obtained using this molecularly imprinted glass-covered stir-bar, with 60%–70% of recovery in
a minimum loading time of 45 min under stirring. These results were in the range of the recoveries
obtained by Wang et al. using a graphene-based magnetic material to extract PAT from apple juice [8].
In this context, Lucci et al. applied commercial MIP-SPE columns for detection of patulin in apple
products, obtaining recoveries of >77% [12]. Figure 3 shows a chromatogram of a blank apple sample
(a) and a sample spiked with patulin (b) at 50 ng·g−1, both extracted with the MMISB protocol and
analyzed by HPLC-MS/MS. The magnetic NIP stir-bar showed a mean recovery difference of 20% less.

 

Figure 3. Reconstructed LC-MS/MS chromatograms of a blank apple sample (a) and the same sample
spiked with patulin at 50 ng·g−1 (b), both extracted using the MMIP stir-bar.

On the other hand, the deterioration of the polymeric coat of the stir-bar was imperceptible after
several hours of use, resisting the whole set of experiments, thus indicating that the adhesion of the
polymer was strong and stable. The glass layer as a cohesion agent between the bar and the polymeric
coat can be assumed. Imprinted polymers, especially the ones cross-linked with DVB, are stable over
a long time and can be reused [17]. The analytical limits were calculated from the signal-to-noise
ratio. Using this method, the limits of detection (LOD) and quantification (LOQ) correspond to the
concentrations of the analyte that would yield a signal equal to three and 10 times the noise level,
respectively [18]. The calculated LOD (S/N = 3) was 10 ng·g−1 and the LOQ (S/N = 10) was 50 ng·g−1.

4. Conclusions

The proposed magnetic extraction has demonstrated its usefulness for the isolation of PAT in apple.
The stir-bars are easy to use and the extraction protocol was reduced to simply add and remove solvents
from a beaker, with the aid of a magnetic stirrer and an external magnet. The main drawback of the
proposed methodology lies in its limits, which could be improved using more sensitive instruments or
further optimizing the whole method. Additionally, the design approach applied to obtain the imprinted
stir-bar was easy and fast, readily reproducible in other laboratories and for different analytes.
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18. Şengül, Ü. Comparing determination methods of detection and quantification limits for aflatoxin analysis in
hazelnut. J. Food Drug Anal. 2016, 24, 56–62. [CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

205



separations

Article

A Sensitive LC-MS Method for Anthocyanins and
Comparison of Byproducts and Equivalent
Wine Content

Evangelos D. Trikas 1,2, Rigini M. Papi 2, Dimitrios A. Kyriakidis 2 and George A. Zachariadis 1,*
1 Laboratory of Analytical Chemistry, Department of Chemistry, Aristotle University, Thessaloniki 54124,

Greece; trikas.vag@hotmail.com
2 Laboratory of Biochemistry, Department of Chemistry, Aristotle University, Thessaloniki 54124, Greece;

rigini@chem.auth.gr (R.M.P.); kyr@chem.auth.gr (D.A.K.)
* Correspondence: zacharia@chem.auth.gr; Tel.: +30-231-099-7707

Academic Editor: Frank L. Dorman
Received: 27 January 2016; Accepted: 18 May 2016; Published: 3 June 2016

Abstract: Anthocyanins are a group of phenolic compounds with great importance, not only
because they play a crucial role in a wine’s quality, but also due to the fact that they can have
beneficial effects on human health. In this work, a method was developed for the detection
and identification of these compounds in solid wastes of the wine-making industry (red grape
skins and pomace), using liquid-liquid extraction (LLE) prior to the liquid chromatography-mass
spectrometry technique (LC-MS). The complete process was investigated and optimized, starting
from the extraction conditions (extraction solution selection, dried matter-to-solvent volume ratio,
water bath extraction duration, and necessary consecutive extraction rounds) and continuing to the
mobile phase selection. The extraction solution chosen was a methanol/phosphoric acid solution
(95/5, v/v), while three rounds of consecutive extraction were necessary in order to extract the
maximum amount of anthocyanins from the byproducts. During the LC-MS analysis, acetonitrile
was selected as the organic solvent since, compared with methanol, not only did it exhibit increased
elution strength, but it also produced significantly narrower peaks. To enable accurate identification
of the analytes and optimization of the developed method, kuromanin chloride and myrtillin chloride
were used as standards. Furthermore, the wine variety (Syrah) from which the specific byproducts
were produced was analyzed for its anthocyanin content, leading to interesting conclusions about
which anthocyanins are transferred from grapes to wine during the vinification procedure, and to
what extent. The results of this study showed that the total concentration of anthocyanins estimated
in wine byproducts exceeded almost 12 times the equivalent concentration in Syrah wine, while the
four categories of detected anthocyanins, simple glucosides, acetyl glucosides, cinnamoyl glucosides,
and pyroanthocyanins, were present in different ratios among the two samples, ranging from 18.20
to 1, to 5.83 to 1. These results not only confirmed the potential value of these byproducts, but also
indicated the complexity of the anthocyanins’ transfer mechanism between a wine and its byproducts.

Keywords: anthocyanins; wine; wine byproducts; wastes utilization; liquid chromatography;
mass spectrometry

1. Introduction

Nowadays, the number of people who are interested in their physical health and hence opt for a
healthier way of living is increasing, and one of the main ways to achieve this is through their nutrition.
Phytochemicals, which can be found in vegetables, nuts, fruits, juices, wines and related matrices,
have beneficial effects on human health. Various compound groups belong to this category, including
flavonols, flavanols, and anthocyanins.
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The chemical structure of anthocyanins consists of two or three moieties, an aglycon moiety called
anthocyanidin, the sugar/sugars moiety, and possibly acylating groups. Structural differences among
anthocyanins arise from the number of hydroxyl and methoxyl groups, the sugar moieties, and the
esterification type of the molecule. These differences lead to the large amount of diverse anthocyanins
(more than 600). In spite of this variety, the vast majority of anthocyanins are derived from just six
anthocyanidins which are more common than the others. These are, namely, cyanidin, delphinidin,
malvidin, peonidin, petunidin and pelargonidin (Figure 1) (Table 1) [1–4].

Figure 1. Structure of anthocyanins R3 = sugar, and anthocyanidins R3 = H; R1 = OH / OCH3 / H;
R2 = OH / OCH3 / H; R3 = H/Glc (Glycine).

Table 1. More common anthocyanins and anthocyanidins.

Name Abrev. R1 R2 R3

Delphinidin Dp OH OH H
Delphinidin-3-O-glucoside Dp-3-O-glu OH OH Glc

Petunidin Pt OH OCH3 H
Petunidin-3-O-glucoside Pt-3-O-glu OH OCH3 Glc

Malvidin Mv OCH3 OCH3 H
Malvidin-3-O-glucoside Mv-3-O-glu OCH3 OCH3 Glc

Cyanidin Cn OH H H
Cyanidin-3-O-glucoside Cn-3-O-glu OH H Glc

Peonidin Pn OCH3 H H
Peonidin-3-O-glucoside Pn-3-O-glu OCH3 H Glc

Pelargonidin Pg H H H
Pelargonidin-3-O-glucoside Pg-3-O-glu H H Glc

One of the most interesting and distinguishing characteristics of the anthocyanins group is that
in different pH conditions, their structure changes, resulting in a change of their color as well. This
characteristic property is used to measure the amount of the total monomeric anthocyanin content
(TAC) in samples, in an easy, quick, and cost-effective way. This is known as the “pH Differential
Method” and was introduced by Sondheimer and Kertesz in 1948. Nowadays, the two pH values used
for the above purpose are 1.0 and 4.5, respectively, and in order to avoid any potential interference
with the calculation of the TAC, the absorbance is measured both at 520 nm and at 700 nm.

However, in order to evaluate the concentration of individual anthocyanins, other selective
analytical techniques must be employed. In the past, capillary electrophoresis and various classic
chromatographic methods such as paper and thin-layer chromatography were used [5–11]. Nowadays,
the separation technique which is commonly applied is liquid chromatography using mainly C18
reversed-phase columns. This technique combined with UV-Vis (PDA (Photodiode array)) and/or
mass spectrometry detectors has been used for the determination of anthocyanin content in various
matrices [12–28].

One of the most common sources of anthocyanins in the human diet is red wine. Therefore, the
determination of these compounds is of great importance, since, in conjunction with other phenolic
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compounds [29], inorganic content (such as calcium) [30], added sulfites [31], and some off-flavor
substances [32,33], they are known to play a crucial role in defining the sensorial characteristics
of wines.

Two papers that study the effect of the presence of lees on the phenolic compounds of wine
and apply the HPLC-UV-Vis technique are those published by Fernandez et al. [12] and by Mazauric
and Salmon [13]. The same technique was also used in other studies [14–16] for the determination
of anthocyanins in wines, grape extracts, and red and black currant extracts. HPLC-DAD-MS has
been widely used for the analysis of anthocyanins in various samples, such as purple corn cob [17–22],
while the LC-nano-DESI-MS has been used in red wine analysis [23]. Last but not least, the use of
LC-MS/MS has been applied in order to analyze wine grape skins [24], berry skins [22,25], human
saliva [26], elderberry extracts [27] and red wine vinegar [28].

In this paper, a sensitive method for the quantitative extraction and determination of anthocyanins
from winery byproducts is presented. The specific method investigates and optimizes not only
the extraction procedure, but also the liquid chromatography-mass spectrometry (LC-PDA-MS)
determination parameters. The purpose of this research was to investigate to what extent the
anthocyanins are distributed between the wine (Syrah) and the byproducts that are produced during
its vinification procedure, and if the estimated ratio of total anthocyanins between byproducts and
wine is the same for every anthocyanin group or not. It is the first time that a comparative study about
the concentration of anthocyanins’ between a specific wine variety (Syrah) and its byproducts is made
and the obtained results could point to a direction towards the possible benefits from the utilization of
these “wastes”.

2. Materials and Methods

2.1. Instrumentation

The operating conditions of LC-PDA-MS system and the applied elution program are given
in detail in Table 2. A Shimadzu LCMS-2010 EV (Shimadzu, Kyoto, Japan), using electrospray
ionization (ESI) process and a quadrupole mass analyzer, equipped with an SPD-M20A PDA (Shimadzu
Corporation, Kyoto, Japan) detector was used for the chromatographic separation and identification
of anthocyanins. The ion transmission to the quadrupole analyzer was enhanced using a Q-array
and octapole configuration while ions were detected with a secondary electron multiplier detector
(Shimadzu, Kyoto, Japan). A gradient elution program was employed, using water/formic acid (99/1,
v/v) and acetonitrile/formic acid (99/1, v/v) as elution solvents. The flow rate was 0.5 mL¨ min´1

with a 45 min gradient elution program as follows: 0 min, 10% B; 0–5 min, 10%–22% B; 5–14 min,
22%–28% B; 14–35 min, 28%–42% B; 35–40 min, 42%–100% B; 40–45 min, 100%–10% B.

Table 2. Operating conditions of liquid chromatography-mass spectrometry (LC-PDA-MS) instrument.
ESI: electrospray ionization.

Parameter Value

Ionization process ESI
Ionization mode Positive

Secondary electron multiplier detector voltage 1.8 kV
Capillary voltage 4.0 kV

Mass scanning range 200 m/z–1200 m/z
Solvent A (volume/volume) Water/Formic Acid (99/1)
Solvent B (volume/volume) Acetonitrile/Formic Acid (99/1)

Mobile phase flow-rate 0.5 mL/min
Injection volume 20 μL

Chromatographic Column Dionex, RP-C18, 150 mm ˆ 4.6 mm ˆ 5 μm
Elution program type Gradient
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2.2. Reagents and Solutions

All reagents used were of analytical-reagent grade and deionized water was used for preparation
of all aqueous solutions. Methanol (MeOH, Chem-Lab, Zedelgem, Belgium), ethanol (EtOH,
Chem-Lab), acetic acid (CH3COOH, Panreac, Barcelona, Spain), formic acid (HCOOH, Panreac),
and ortho-phosphoric acid (H3PO4 85%, Panreac) were used for the preparation of the extraction
solutions tested during the optimization of the extraction procedure. Two buffer solutions were
prepared for the application of the pH Differential Method, using potassium chloride (KCl, J.T. Baker,
Deventer, The Netherlands), hydrochloric acid (HCl 37%, Carlo Erba Reagents, Milan, Italy), acetic
acid (CH3COOH, Panreac), and sodium acetate (CH3COONa, J.T. Baker). Acetonitrile (ACN, LC-MS
grade, Sigma-Aldrich, St. Louis, MO, USA), methanol (MeOH, LC-MS grade, Sigma-Aldrich), and
water (H2O, Thermo Fischer Scientific, Waltham, MA, USA), were used as elution solvents during
liquid chromatography.

Methanol solutions of kuromanin chloride (cyanidin-3-O-glucoside, C21H21O11Cl, ě96%,
Extrasynthese, Lyon, France), Myrtillin chloride (delphinidin-3-O-glucoside, C21H21O12Cl,
Extrasynthese), and Oenin chloride (malvidin-3-O-glucoside chloride, C23H25O12Cl, Extrasynthese)
were prepared by dissolving 1 mg of the standard in 5 mL of methanol. In this way three
standard solutions containing 200 mg¨ L´1 of cyanidin-3-O-glucoside chloride, 200 mg¨ L´1 of
delphinidin-3-O-glucoside chloride, and 200 mg¨ L´1 of malvidin-3-O-glucoside chloride, respectively,
were prepared. Solutions at eight different concentration levels were prepared by diluting the above
stock solutions appropriately to yield concentrations of 0.01 mg¨ L´1, 0.10 mg¨ L´1, 1.00 mg¨ L´1,
2.50 mg¨ L´1, 10.0 mg¨ L´1, 25.0 mg¨ L´1, 50.0 mg¨ L´1, and 100 mg¨ L´1. The wine variety Syrah
and the byproducts produced during its vinification procedure were obtained from the ‘Ktima
Gerovassiliou’ winery, Thessaloniki, Greece.

2.3. Extraction Procedure

The solid wastes were stored in a freezer (´20 ˝C). Amount of these wastes were freeze-dried and
the resulted powder was collected and stored in the fridge (5 ˝C). The analogy between the amount
before the freeze-drying and the resulting powder was 3 to 1.

After that, a certain quantity of the powder was mixed with the extraction solution. The mixture
was vortexed, transferred to an ultrasound bath, and after that to a water bath at 45 ˝C for 2 h. The next
step was the centrifugation of the mixture at 4000 rpm for 10 min and the collection of the supernatant.

The final step, in order to evaluate the effectiveness of the extraction procedure was the application
of the pH Differential Method in the collected supernatant fluid. In order to do so, two buffers had
previously been prepared, one for pH = 1, HCl-KCl, and one for pH = 4.5, CH3COOH-CH3COONa.

3. Results and Discussion

3.1. Optimization of the Extraction Procedure

Four parameters were investigated in order to optimize the extraction procedure of anthocyanins
from these byproducts. Those were the selection of the extraction solution, the determination of the
optimum analogy between dried matter and the extraction solution, the water bath extraction duration,
and the determination of consecutive extraction rounds needed in order to retrieve the maximum
amount of anthocyanins from the examined wastes. During the optimization studies of the extraction
procedure, the pH differential method was applied for the evaluation of results.

3.1.1. Extraction Solution Selection

Anthocyanins are extracted using organic solvents, and the most commonly used are methanol,
ethanol, and acetone. In many cases acidified solutions are used because in this way it becomes easier
for the anthocyanins to pass through the cellular membranes and be obtained by the extraction solution.
Weak organic acids, or low concentrations of strong acids such as HCl, should be used.
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In this work, two organic solvents were investigated, methanol and ethanol, in various
combinations with acids and water. In total, 14 extraction solutions were tested (Figure 2), using formic,
acetic, and phosphoric acid, each one at two different concentration levels, and water. The results
showed that methanol performs better than ethanol as a solvent for the extraction of anthocyanins from
the specific substrate, as has also been reported in the paper of Metivier et al. [34]. More specifically,
the methanol/phosphoric acid solution (95/5, v/v) was chosen to be used as the extraction solution in
this work since it exhibits the best results compared to all other solutions tested.
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Figure 2. Extraction solutions tested for the extraction of anthocyanins, methanol/water 50/50 (1);
methanol (2); methanol/acetic acid 99.5/0.5 (3); methanol/acetic acid 95/5 (4); methanol/formic acid
95/5 (5); methanol/phosphoric acid 98/2 (6); methanol/phosphoric acid 95/5 (7); ethanol/water
50/50 (8); ethanol (9); ethanol/acetic acid 99.5/0.5 (10); ethanol/acetic acid 95/5 (11); ethanol/formic
acid 95/5 (12); ethanol/phosphoric acid 98/2 (13); ethanol/phosphoric acid 95/5 (14). The results are
expressed as total monomeric anthocyanin content (TAC) per 100 g of dried wastes. * Total Anthocyanin
Content; ** Average of n = 5 measurements and ˘ one standard deviation (SD).

3.1.2. Dried Matter–to–Solvent Volume Ratio Optimization

During this stage, four dried matter-to-solvent volume ratios were tested: 1/10, 1/20, 1/30,
1/40 (g/mL) (Table 3). Statistical analysis of the results was employed for the selection of the optimum
dried matter-to-solvent volume ratio, specifically the “Student’s t-test” at a 95% confidence level.
It was found that the difference between the 1/20 and 1/10 ratios is statistically significant, while
among the 1/20, 1/30, and 1/40 ratios there is no statistically significant difference. Consequently, the
1/20 ratio was selected, since the maximum amount of anthocyanins is retrieved from the examined
wine byproducts with the least use of the extraction solvent.

Table 3. Dry sample mass–to–solvent volume ratio in correlation with total anthocyanins concentration
per 100 g of sample.

Dry Matter Mass (g) Solvent Volume (mL)
Dry Matter Mass

(g)/Solvent Volume (mL)
mg TAC */100 g sample **

0.5 5.0 1/10 99.9 ˘ 10.1
0.5 10.0 1/20 117 ˘ 10.9
0.5 15.0 1/30 116 ˘ 10.8
0.5 20.0 1/40 119 ˘ 11.3

* Total Anthocyanin Content; ** All results are mean values of n = 5 measurements and uncertainty is expressed
as the standard deviation.
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3.1.3. Optimization of Water Bath Extraction Duration

Four different dried matter–extraction solution mixtures were prepared and they remained in the
water bath at 45 ˝C for one, two, three and four hours, respectively (Table 4). Statistical analysis of the
results was employed for the selection of the optimum water bath extraction duration. The “Student’s
t-test” at a 95% confidence level was used again. It was found that the difference between one and
two hours is statistically significant, while among two, three, and four hours there is no statistically
significant difference. Therefore, two hours was selected as the optimum water bath extraction
duration, since the maximum amount of anthocyanins is retrieved in the minimum amount of time.

Table 4. Water bath extraction duration, in correlation with anthocyanins concentration to supernatant.

Duration Time (h) in Water Bath mg TAC */100 g Sample **

1 93.4 ˘ 9.41
2 129 ˘ 11.2
3 128 ˘ 11.1
4 130 ˘ 11.6

* Total Anthocyanin Content; ** All results are mean values of n = 5 measurements and uncertainty is expressed
as the standard deviation.

3.1.4. Consecutive Extraction Rounds Optimization

As illustrated in Table 5, 81% of anthocyanins that can be retrieved from these wastes have been
obtained after one extraction round only. However, in order to retrieve the maximum possible amount
of anthocyanins from the byproducts, two additional extraction rounds are necessary.

Table 5. Consecutive extraction rounds in correlation with anthocyanins concentration to supernatant.

Successive Extraction Number mg TAC */100 g Sample **

1 130 ˘ 14
2 27.6 ˘ 3.3
3 2.92 ˘ 0.33
4 0.08 ˘ 0.02

* Total Anthocyanin Content; ** All results are mean values of n = 5 measurements and uncertainty is expressed
as the standard deviation.

3.2. Mobile Phase Selection

Using the same elution program, two organic elution solvents were tested as Solvent B (Table 2).
The first was acetonitrile and the second was methanol (Figure 3). The two compounds are
delphinidin-3-O-glucoside and cyanidin-3-O-glucoside (peaks 1 and 2). After the completion of the
experiments, acetonitrile was selected as the optimum solvent because the chromatograms obtained
with the use of that specific solvent outclassed the ones with methanol in two parameters.

First of all, the peaks’ widths were much narrower compared with the methanol-eluted peaks,
improving the resolution between these peaks eluting in close elution times. Secondly, using the same
elution program, the peaks were eluted much earlier, thus reducing the duration of the analysis. The
elution time could also be reduced through the use of methanol as the organic solvent but this would
require an increase in the ratio between the organic solvent and the water used, producing an increased
volume of organic wastes.
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(a)

(b)

Figure 3. HPLC-PDA * chromatograms obtained using (a) acetonitrile as Solvent B and (b) methanol
as Solvent B (See Table 2). Peaks 1 and 2 are delphinidin-3-O-glucoside and cyanidin-3-O-glucoside,
respectively. * High-performance liquid chromatography-Photodiode array detector.

3.3. Figures of Merit of the Proposed Method

The performance characteristics of the proposed method were derived from calibration using a
series of standard samples at different concentration levels of oenin chloride (malvidin-3-O-glucoside
chloride) solutions. The results, using linear regression analysis on peak area signals, are listed in
Table 6, together with the repeatability, the limit of detection (LOD) and the limit of quantification
(LOQ) of the method. The repeatability was calculated from n = 5 measurements at a 10.0 mg¨ L´1

concentration level. The detection and quantification limits were determined based on the standard
deviation of the standard solution at the lowest concentration level. In particular, the limit of detection
(LOD) was calculated as three times and the limit of quantitation (LOQ) as 10 times the above standard
deviation divided by the slope of the calibration curve. The LOD and LOQ thus were computed as
9.0 ng¨ mL´1 and 27 ng¨ mL´1, respectively. The dynamic range extends between 0.03 and 10.0 mg¨ L´1.
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Table 6. Analytical characteristics of the proposed LC-MS method with ESI. RSD: Relative
Standard Deviation.

Slope, S (Peak
Area/(mg¨ L´1))

Correlation
Coefficient, r

Instrumental
RSD *

LOD
(ng¨ mL´1)

Dynamic Range
(mg¨ L´1)

1.34 ˆ 105 0.9996 5.8% 9.0 0.03–10.0

* Values were calculated from n = 5 repetitive measurements of the standard.

3.4. Identification and Quantification of Anthocyanins in Wine Variety (Syrah) and Its Byproducts

The proposed method was applied to two real samples, to the wine variety Syrah, and to the
byproducts that were produced during the vinification procedure of the specific wine, and there were
four main remarks after the analysis.

In total, 23 anthocyanins were identified. All of them were present in the wine, while 21 of them
were detected in the wine byproducts (Figures 4 and 5). The two anthocyanins that were detected in
the wine, even in small amounts, but not in the wine byproducts were the cyanidin-3-O-glucoside and
the delphinidin-glucoside-pyruvate derivative.

During the preliminary studies the samples’ mass spectra were acquired using both the scan and
SIM (Selected-ion monitoring) mode for specific anthocyanins. However, during the last steps of the
determination procedure, all of the detected anthocyanins were quantified using the SIM mode.

The analyzed samples, both the byproducts’ extract and the wine, apart from anthocyanins, were
also very rich in many other phenolic compounds that could co-elute with some of the compounds of
interest. By combining the use of the SIM mode at specific m/z (mass-to-charge ratio) values with the
use of standard compounds and elution order data, there were no interferences problems that occurred
during the quantification procedure due to matrix’s complexity.

In both samples the dominant anthocyanins were the malvidin-based ones, malvidin-3-O-
glucoside, Mv-3-(6”-acetylglucoside), and Mv-3-(6”-p-coumaroylglucoside). However, the analogy in
which those three compounds were present in each sample was quite different. In wine byproducts
the most abundant compound was the Mv-3-(6”-acetylglucoside), and the concentration ratio of
Mv-3-O-glucoside/Mv-3-(6”-acetylglucoside)/Mv-3-(6”-p-coumaroylglucoside) equals 1.67/1.73/1.00,
while in wine the most abundant compound was the Mv-3-O-glucoside, and the respective ratio equals
3.48/2.79/1.00.

Furthermore, after the analysis of the samples, it was found that the four categories of the detected
anthocyanins, simple glucosides, acetyl glucosides, cinnamoyl glucosides, and pyroanthocyanins,
were not present in a standard ratio among the two samples, wine byproducts and wine (Table 7).
The simple and the acetyl glucosides exhibited a ratio of almost 10 to 1, while cinnamoyl glucosides
had a ratio of 18.20 to 1, and pyroanthocyanins had a ratio of 5.83 to 1.

Table 7. Anthocyanin groups concentrations and ratio between the two analyzed samples. DW:
Dried Wastes.

Anthocyanins Group
Samples Concentration in Wine

Byproducts (mg 1000 g´1 of DW) *
Concentration in Wine

(Syrah) (mg¨ L´1 of Wine) *
Ratio Between

Samples

Simple glucosides 4367 457.7 9.54
Acetyl glucosides 5224 421.3 12.40
Cinnamoyl glucosides 2779 152.7 18.20
Pyroanthocyanins 73.3 12.6 5.82
Total anthocyanins 12,443.3 1044.3 11.92

* Values were calculated from n = 5 repetitive measurements of the standard.
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Figure 4. HPLC-PDA chromatographic profile of the anthocyanins determined in Syrah grape pomace
sample. Peak numbers correspond to those compounds mentioned in Table 8.

Figure 5. LC-MS chromatogram of selected anthocyanins, determined in Syrah grape pomace sample,
at SIM mode for characteristics m/z (M+). The numbers above the peaks corresponds to anthocyanins
as listed in Table 8. The five-digit numbers at the upper left corner of the figure correspond to
the characteristic m/z (M+) of detected compounds, and the number in the parenthesis indicates a
multiplying factor of each peak in the chromatogram.

All the above clearly show that the transfer mechanism of anthocyanins between a wine (Syrah)
and its byproducts is not a simple procedure that functions and performs in the same way for every
anthocyanin, indicating that it is probably affected by the chemical structure of every compound.

The total concentration of anthocyanins in wine byproducts was estimated to be almost 12 times
higher than the equivalent concentration in Syrah wine (Table 8). This is extremely important since it
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indicates the potential that these “wastes” could have as a raw material for the recovery of that kind of
compound, thus revealing their true value.

Table 8. Anthocyanin compounds identified by LC-PDA-MS in the analyzed samples. tr: retention time.

Peak
No.

Identity tr (min)
m/z

(M+)
Concentration (mg
1000 g´1 of DW) *

Concentration
(mg¨ L´1 of Wine) *

Simple glucosides

1 Delphinidin-3-O-glucoside 7.14 465 4.0 ˘ 0.2 9.6 ˘ 0.7
2 Cyanidin-3-O-glucoside 7.95 449 - 2.9 ˘ 0.1
3 Petunidin-3-O-glucoside 8.25 479 89.0 ˘ 5.7 76.8 ˘ 5.0
4 Peonidin-3-O-glucoside 9.06 463 51.7 ˘ 3.7 26.4 ˘ 1.7
5 Malvidin-3-O-glucoside 9.27 493 4222 ˘ 178 342.0 ˘ 14.0

Acetyl glucosides

6 Dp-gls-pyruvate derivative 7.53 533 - 6.0 ˘ 0.5
7 Pt-gls-pyruvate derivative 8.67 547 1.1 ˘ 0.1 2.4 ˘ 0.1
8 Dp-3-(6”-acetylglucoside) 9.72 507 24.9 ˘ 1.5 7.6 ˘ 0.5
9 Mv-3-gls-pyruvate (Vitisin A) 9.84 561 54.0 ˘ 3.2 10.7 ˘ 0.9

10 Vitisin B (Mv derivative) 10.20 517 1.0 ˘ 0.1 8.5 ˘ 0.7
11 Cn-3-(6”-acetylglucoside) 10.47 491 332.1 ˘ 12.5 3.3 ˘ 0.2
12 Pt-3-(6”-acetylglucoside) 10.92 521 423.3 ˘ 27.2 79.2 ˘ 5.0
13 Pn-3-(6”-acetylglucoside) 12.48 505 6.4 ˘ 0.5 29.9 ˘ 1.9
14 Mv-3-(6”-acetylglucoside) 12.57 535 4381 ˘ 306 273.7 ˘ 16.1

Cinnamoyl glucosides

15 Dp-3-(6”-p-coumaroylglucoside) 12.93 611 7.8 ˘ 0.8 5.7 ˘ 0.4
16 Mv-3-(6”-caffeoylglucoside) 14.07 655 95.3 ˘ 6.2 2.2 ˘ 0.2
17 Cn-3-(6”-p-coumaroylglucoside) 14.67 595 1.3 ˘ 0.1 3.4 ˘ 0.3
18 Pt-3-(6”-p-coumaroylglucoside) 14.91 625 55.7 ˘ 3.1 15.7 ˘ 0.9
19 Pn-3-(6”-p-coumaroylglucoside) 17.01 609 84.7 ˘ 6.1 27.5 ˘ 1.7
20 Mv-3-(6”-p-coumaroylglucoside) 17.16 639 2534 ˘ 142 98.3 ˘ 6.9

Pyroanthocyanins

21 Mv-3-(6”-acetylglucoside) pyruvate 10.68 603 10.0 ˘ 0.8 7.6 ˘ 0.5
22 Mv-3-glucoside-ethyl-catechin 11.19 809 8.5 ˘ 0.6 2.1 ˘ 0.2
23 Mv-3-(6”-acetylglucoside)-4-vinylphenol 21.66 651 54.9 ˘ 4.0 2.9 ˘ 0.2

Total (g/kg) 12.44 1.04

* All results are mean values of n = 5 measurements and uncertainty is expressed as standard deviation.

4. Conclusions

A sensitive method for the determination of anthocyanin compounds in winery byproducts
was developed. The complete extraction procedure, along with some of the LC-PDA-MS analysis
parameters, was investigated and optimized. The influence of five parameters was studied during
the whole procedure, four during the extraction and one affecting the analysis of the supernatant.
In the first category, the selection of the extraction solution, the dried matter–to–solvent volume ratio,
the water bath extraction duration, and the necessary consecutive extraction rounds are included,
while the second category covers the mobile phase selection. None of these parameters proved to be
irrelevant with the final outcome of the analysis, and all of them could play a more or less crucial role
in the obtained results. The last step of this work was the application of the method to real samples.
A wine variety (Syrah) and the byproducts produced after the vinification procedure of the specific
wine were analyzed for their anthocyanin content. This was the first time that an approach such as
this was followed in order to evaluate which anthocyanins transferred from grapes to wine during
the fermentation process, and to what degree. The results revealed that the transfer mechanism of
anthocyanins is quite complex and affects every compound differently. Moreover, the anthocyanin
content in the specific byproducts was found to be 12 times higher compared to the content in the
wine (Syrah). Considering the fact that these compounds can have beneficial effects on human health,
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these results confirm the potential value of these byproducts and indicate a direction that should be
followed towards their utilization.
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Abstract: The aroma profile of red wine is complex and research focusing on aroma compounds
and their links to viticultural and enological practices is needed. Current research is limited to
wines made from cold-hardy cultivars (interspecific hybrids of vinifera and native N. American
grapes). The objective of this research was to develop a fully automated solid phase microextraction
(SPME) method, using tandem gas chromatography-mass spectrometry (GC-MS)-olfactometry for
the simultaneous chemical and sensory analysis of volatile/semi-volatile compounds and aroma in
cold-hardy red wines. Specifically, the effects of SPME coating selection, extraction time, extraction
temperature, incubation time, sample volume, desorption time, and salt addition were studied.
The developed method was used to determine the aroma profiles of seven selected red wines
originating from four different cold-hardy grape cultivars. Thirty-six aroma compounds were
identified from Maréchal Foch, St. Croix, Frontenac, Vincent, and a Maréchal Foch/Frontenac blend.
Among these 36 aroma compounds, isoamyl alcohol, ethyl caproate, benzeneethanol, ethyl decanoate,
and ethyl caproate are the top five most abundant aroma compounds. Olfactometry helps to identify
compounds not identified by MS. The presented method can be useful for grape growers and wine
makers for the screening of aroma compounds in a wide variety of wines and can be used to balance
desired wine aroma characteristics.

Keywords: cold-hardy grapes; wine; gas chromatography-mass spectrometry (GC-MS); olfactometry;
solid phase microextraction (SPME); aroma

1. Introduction

In order to understand the aroma of wine and make a marketable product, it is necessary to
separate, identify, and quantify the chemical compounds that impart these aromas. Aromas to note
are the primary (varietal aroma), secondary (aromas due to fermentation from yeasts), and bouquet
(aromas due to aging and storage) aromas. The pleasant volatiles in wines are due to the presence of
higher aliphatic alcohols, ethyl esters, and acetates [1,2]. Wine aroma increased in complexity after
malo-lactic fermentation (MLF), which produces changes in the carbonyl compounds [3]. Wines that
have undergone MLF can be associated with herbaceous aromas from aliphatic aldehydes [4,5] or
buttery aromas from diacetyl [6]. Wine can also have off odors due to volatile sulfur compounds,
described as garlic, onion, or cabbage [7]. Vinylphenols have been described as phenolic, medicinal,
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smoky, spicy, and clove-like [8,9]. An experienced palate can often distinguish the “foxy” characteristic
of the main North American vines (Vitis labrusca and Vitis rotundifolia) from vinifera vines caused by
methyl anthranilate [9,10].

Cold climate grapes are newer, and the aroma profiles are less characterized than Vinifera varieties.
The identification and quantification of the most aromatic compounds can help the industry maximize
the aroma quality in these wines. The varietal flavor profile was used to demonstrate good examples
of wine production and the best grape growing and innovative vinification techniques. The first
step in the aroma analysis of wines is to extract volatile organic compounds (VOCs). Solid phase
microextraction (SPME) coupled with gas chromatography-mass spectrometry (GC-MS) is useful in
extracting and pre-concentrating VOCs in wine. The inception of GC-olfactometry (GC-O) in 1964
allowed researchers to link an aroma descriptor to these separated compounds [11]. Although many
detectors have been used to identify and quantify aroma compounds from wine, MS is the most widely
used [12]. A review and summary of many experimental parameters are available elsewhere [12,13].

In this research, an automated headspace SPME-GCMS-O method was developed and the aroma
profiles of seven cold-hardy wine samples were investigated. The chemicals in selected cold-hardy
wines were isolated and tentatively identified by matching the mass spectral and aroma character.
The grape and wine industry has expanded exponentially in cold climates. Therefore, there is a need
to research aroma compounds and their links to grape growing and wine making practices in cold
climates. Such information can be used for the monitoring of fruit maturity, developing the best
viticultural and wine making practices, and the development of appropriate wine styles specific to cold
climates. The flavor and aroma profiling of cold-hardy wine enables the development of high quality
and unique wines. Therefore, a method was developed to evaluate the full chemical and sensory
aroma profile of wine from cold climate grapes.

2. Materials and Methods

2.1. Samples, Internal Standard, SPME

Seven different red wines were obtained from various wineries in Iowa. Varieties included
two Maréchal Foch from separate wineries, two Frontenac from separate wineries, a St. Croix, a
Vincent, and a Maréchal Foch/Frontenac blend. Wines were not stored after initial opening for
analysis. 3-nonanone (99%), CAS 925-78-0 (Sigma-Aldrich, St. Louis, MO, USA), was used as an
internal standard (IS) for the semi-quantification of aroma compounds. 3-nonanone was chosen
because the compound is odor-active and not present in these wine samples. The final concentration
of IS in wine (0.206 mg/L) was achieved by adding 10 μL of IS in ethanol (82.5 mg/L) to each 4 mL
of wine. Each wine sample bottle was opened immediately before each analysis, and triplicate
runs were performed for each experiment (n = 3). SPME fibers with seven different coatings
were purchased from Sigma-Aldrich (St. Louis, MO, USA). These coatings included: 50/30 μm
Divinylbenzene (DVB)/Carboxen (CAR)/Polydimethylsiloxane (PDMS), 100 μm PDMS, 7 μm PDMS,
85 μm Polyacrylate (PA), 65 μm PDMS/DVB, 70 μm Carbowax (CW)/DVB, and 85 μm CAR/PDMS.
All SPME fibers were 1 cm in length. Details of SPME fiber cores, coatings, and the internal structure
can be found elsewhere [14].

The optimized method used for the automated analysis of wine aroma used a 1 cm 50/30 μm
DVB/CAR/PDMS SPME fiber, 10 min extraction time at 50 ◦C, and 2 min desorption in the heated GC
inlet. A 10 min incubation in the heated agitator was used to equilibrate VOCs in the headspace of
4 mL of the wine sample in a 10 mL vial, facilitated by the addition of 2 g of sodium chloride.

2.2. GC-MS-Olfactometry System

The analysis was performed on a standard 6890N GC/5973Network Platform (Agilent
Technologies, Santa Clara, CA, USA) and a CTC CombiPal™ autosampler equipped with a heated
agitator (Trajan Scientific, Pflugerville, TX, USA). A constant agitation speed of 500 rpm was used
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throughout this research, so that extraction would only depend on the SPME fiber geometry and
diffusion coefficients of the aroma compounds. The instrument was modified after marketing with
a Dean’s switch for heartcutting, the ability for cryogenic focusing, FID, and the olfactometry port.
A detailed schematic of the instrument can be found elsewhere [15]. The GC contains two columns
connected in series. The first non-polar column was BPX-5 stationary phase with the following
dimensions: 43.5 m length × 0.53 mm ID × 1.0 μm film thickness (SGE Analytical Science, by
Trajan, Austin, TX, USA). The second cross-linked polar column was BP-20 (Wax) with the following
dimensions: 25 m length × 0.53 mm ID × 1.0 μm film thickness (SGE Analytical Science, by Trajan,
Austin, TX, USA). A constant pressure of 5.8 psi was provided at the midpoint between the first
and second column using MultiTrax™ V.6.00 (Microanalytics, a Volatile Analysis company, Round
Rock, TX, USA) system automation and MSD ChemStation™ E.01.01.335 data acquisition software
(Agilent Technologies, Santa Clara, CA, USA). Additional analysis to obtain the total compound
chromatogram (TCC) was done using a MassHunter Workstation (Agilent, Santa Clara, CA, USA).
Flow from the second analytical column was directed to the single quadrupole mass selective detector
and the olfactometry port by fixed restrictor tubing in an open-split interface.

For this research, a full heartcut was utilized from 0.05 to 35.00 min. In other words, the sample
flow was first directed through the non-polar column, and then the second polar column, yielding
results similar to a mid-polarity GC separation on a long column. Therefore, retention indices were
not used for identification in this research, due to the configuration of the two GC capillary columns
connected in series.

The following instrument parameters were used: GC inlet temperature, 260 ◦C; FID, 280 ◦C;
column, 40 ◦C initial, 3.0 min hold, 7 ◦C per min ramp, 220 ◦C final, 11.29 min hold; carrier gas, UHP
helium (99.999%) with an inline filter trap. The mass detector was operated in electron ionization (EI)
mode with an ionization energy of 70 eV. The mass detector ion source and quadrupole were held at
230 ◦C and 150 ◦C, respectively. Full spectrum scans were collected with the mass filter set from m/z
33 to m/z 450. The MS was auto-tuned daily before analysis. The use of a full scan for data acquisition
allowed for library search techniques using NIST05 and Wiley 6th edition mass spectral databases.

Olfactometry data was generated using AromaTrax™ V.6.61 software (Microanalytics, a Volatile
Analysis company, Grant, AL, USA). Recorded parameters included an aroma descriptor and the
perceived intensity. The editable descriptor panel is shown in Figure 1. The area under the peak of each
aroma note in the aromagram is calculated as width × intensity × 100, where the width is the length
of time that the aroma persisted in minutes. The sum of the areas under the peaks in the aromagram is
the total odor, a dimensionless value used to analyze the total aroma detected by the human nose.

Figure 1. Aroma descriptor panel used to characterize volatiles and perceived intensities.
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3. Results

3.1. SPME Optimization

3.1.1. SPME Coating Selection

Seven commercially available SPME coatings were selected for optimization in the extraction of
aroma compounds from Iowa red wines (Table 1). The response of the mass spectrometer to volatiles
detected throughout the run was used to determine the extraction efficiency of the SPME coating.
It was shown that the use of a 50/30 μm DVB/CAR/PDMS SPME coating was most appropriate for
the rest of the experiments. In Table 1, a coating with a number lower than 100 indicates a lower
extraction efficiency for that analyte when compared to 50/30 μm DVB/CAR/PDMS. These analytes
spanned the entire chromatographic run, representing the range of analytes in wine aroma.

Table 1. Optimization of solid phase microextraction (SPME) extraction conditions—Fiber selection.

RT (min) Compound
50/30 μm
DVB/CAR/

PDMS

100 μm
PDMS

7 μm
PDMS

85 μm
PA

65 μm
PDMS/DVB

70 μm
CW/DVB

85 μm
CAR/PDMS

4.77 Ethyl isobutyrate 100 58 0 13 75 29 104
5.53 Isobutyl alcohol 100 42 1 95 81 97 83
8.10 Isoamyl alcohol 100 35 0 73 75 66 92
11.00 Ethyl lactate 100 17 0 71 60 79 132
11.75 Ethyl caproate 100 24 0 7 53 17 109
12.92 Acetic acid 100 5 3 124 38 242 158
16.38 Ethyl caprylate 100 67 1 21 98 45 64
18.44 Vitispirane 100 61 0 16 90 38 99
18.34 Diethyl succinate 100 52 0 45 105 56 63
20.42 Ethyl decanoate 100 114 12 56 121 72 53
21.13 Benzenethanol 100 23 0 74 86 67 82
24.03 Ethyl myristate 100 94 32 59 92 66 41
30.37 Ethyl palmitate 100 187 132 135 194 155 17

Bolded numbers indicate when a SPME fiber coating extracted more mass than the 50/30 μm DVB/CAR/PDMS
coating. DVB: Divinylbenzene; PA: Polyacrylate; PDMS: Polydimethylsiloxane; CW: Carbowax; CAR: Carboxen.

3.1.2. Extraction Time

Different extraction times were tested using the autosampler. These times were 10 s, 30 s, 1 min,
3 min, 5 min, 10 min, 15 min, 20 min, 30 min, and 60 min. Plots of the mass extracted versus the
extraction time varied in shape. The profiles were typically linear or logarithmic, with the exception of
acetic acid (Figure 2). Equilibrium was reached for most compounds (i.e., the logarithmic curve had
started to flatten out), and was not excessively long, with a figure of about 10 min. Additional SPME
fiber sorption capacity limitations were noticed after 10 min, for example, ethyl isobutyrate, ethyl
lactate, and acetic acid. An extraction time of 10 min was chosen to avoid these possible interactions
due to competitive adsorption and apparent analyte displacement after 10 min.
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Figure 2. Extraction time profile of selected volatiles extracted with HS-SPME in an Iowa Maréchal
Foch. Conditions: 5 min pre-sampling desorption of 50/30 μm DVB/CAR/PDMS SPME fiber; 4 mL
wine sample in a 10 mL threaded glass amber vial with PTFE/silicone septa; 10 min incubation at
35 ◦C; 10 s, 30 s, 1 min, 3 min, 5 min, 10 min, 20 min, 30 min, and 60 min extraction time at 35 ◦C;
agitation speed 500 rpm; 5 min desorption time into GC inlet. 10 min extraction time was chosen for
the method.
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3.1.3. Extraction Temperature

Extraction times can be shortened by the efficient use of a higher extraction temperature, as seen
in Figure 3. Masses extracted of ethyl caprylate, ethyl succinate, ethyl decanoate, benzeneethanol,
and ethyl palmitate increased with a higher temperature. Higher temperatures can also decrease the
amount of analyte extracted, as observed in ethyl isobutyrate, isoamyl alcohol, and ethyl caproate.
Extraction temperatures of 35, 40, 50, 60, 70, and 80 ◦C were investigated. To efficiently extract the
range of volatiles and semi-volatiles, the optimal temperature chosen for this experiment was 50 ◦C.

Figure 3. Effects of extraction temperature on selected volatiles extracted with HS-SPME in an
Iowa Maréchal Foch. Compound letters correspond to compounds found in Figure 2 (i.e., A—ethyl
isobutyrate, B—isobutyl alcohol, L—ethyl palmitate). Conditions: 5 min pre-sampling desorption of
50/30 μm DVB/CAR/PDMS SPME fiber; 4 mL wine sample in a 10 mL threaded glass amber vial
with PTFE/silicone septa; 10 min incubation at 35, 40, 50, 60, 70, 80 ◦C; 10 min extraction time at 35, 40,
50, 60, 70, 80 ◦C; agitation speed 500 rpm; 5 min desorption time into GC inlet. 50 ◦C was chosen for
the method.

3.1.4. Incubation Time

An extended incubation time allows for volatiles to equilibrate in the headspace before sampling.
This was useful in the extraction of less volatile compounds in the wine sample, such as ethyl caprylate
or ethyl decanoate (Figure 4). The incubation time did not have a large effect on the extraction efficiency
of more volatile compounds such as ethyl isobutyrate, isobutyl alcohol, and isoamyl alcohol, likely
due to their abundance in the headspace of the sample. Incubation times of 0, 5 min, 10 min, 15 min,
and 20 min were investigated to establish the equilibrium of analytes in the headspace. The incubation
time of 10 min was chosen, as determined by the extracted mass of semi-volatiles.

Figure 4. Effects of incubation time on selected volatiles extracted using HS-SPME in an Iowa Maréchal
Foch. Compound letters correspond to compounds found in Figure 2 (i.e., A—ethyl isobutyrate,
B—isobutyl alcohol, L—ethyl palmitate). Conditions: 5 min pre-sampling desorption of 50/30 μm
DVB/CAR/PDMS SPME fiber; 4 mL wine sample in a 10 mL threaded glass amber vial with
PTFE/silicone septa; 0, 5 min, 10 min, 15 min, and 20 min incubation at 50 ◦C; 10 min extraction
time at 50 ◦C; agitation speed 500 rpm; 5 min desorption time into GC inlet. 10 min incubation time
was chosen for the method.
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3.1.5. Sample Volume

A 10 mL glass amber vial was used with the autosampler. The sample volume was investigated
to maximize the mass extracted from the headspace by SPME. A higher volume of wine would yield a
greater mass of volatiles in the headspace, up to the equilibrium. This was observed as an increase in
the mass extracted was directly proportional to an increase in the sample volume in ethyl caproate,
ethyl caprylate, ethyl succinate, ethyl decanoate, benzeneethanol, and ethyl palmitate (Figure 5).
From this experiment, a 4 mL sample volume in a 10 mL vial was chosen for the method.

Figure 5. Effects of sample volume on selected volatiles extracted using HS-SPME in an Iowa Maréchal
Foch. Compound letters correspond to compounds found in Figure 2 (i.e., A—ethyl isobutyrate,
B—isobutyl alcohol, L—ethyl palmitate). Conditions: 5 min pre-sampling desorption of 50/30 μm
DVB/CAR/PDMS SPME fiber; 1, 2, 3, and 4 mL wine sample in a 10 mL threaded glass amber vial
with PTFE/silicone septa; 10 min incubation at 50 ◦C; 10 min extraction time at 50 ◦C; agitation speed
500 rpm; 5 min desorption time into GC inlet. 4 mL sample volume was chosen for the method.

3.1.6. Desorption Time

Optimizing the desorption time maximizes the transfer of analytes into the instrument for analysis.
Desorption times of 30 s, 60 s, 120 s, 180 s, 240 s, and 300 s were used to determine the minimum time
needed to desorb analytes from the SPME fiber (Figure 6). A desorption time of 120 s was chosen in a
260 ◦C injector. The inlet pressure was constant and determined by the pressure needed to maintain
balance with the midpoint pressure.

Figure 6. Effects of fiber desorption time on selected volatiles extracted in an Iowa Maréchal Foch.
Compound letters correspond to compounds found in Figure 2 (i.e., A—ethyl isobutyrate, B—isobutyl
alcohol, L—ethyl palmitate). Conditions: 30 s, 60 s, 120 s, 180 s, 240 s, 300 s pre-sampling desorption of
50/30 μm DVB/CAR/PDMS SPME fiber; 4 mL wine sample in a 10 mL threaded glass amber vial with
PTFE/silicone septa; 10 min incubation at 50 ◦C; 10 min extraction time at 50 ◦C; agitation speed 500
rpm; 30 s, 60 s, 120 s, 180 s, 240 s, 300 s desorption time into GC inlet. 120 s thermal desorption time
was chosen for the method.
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3.1.7. Salt Addition

The addition of sodium chloride was used to adjust the ionic strength of the wine sample.
This salting-out effect can help drive analytes to the SPME coating with increasing amounts of salt.
The addition of 0.5, 1.0, 1.5, 2, and 2.5 g of salt was investigated to maximize the extraction efficiency
(Figure 7). For this experiment, a 2.0 g addition of sodium chloride was chosen for the method.

Figure 7. Effects of salt addition on selected volatiles extracted in an Iowa Maréchal Foch. Compound
letters correspond to compounds found in Figure 2 (i.e., A—ethyl isobutyrate, B—isobutyl alcohol,
L—ethyl palmitate). Conditions: 30, 60, 120, 180, 240, 300 s pre-sampling desorption of 50/30 μm
DVB/CAR/PDMS SPME fiber; 4 mL wine sample in a 10 mL threaded glass amber vial with
PTFE/silicone septa; 10 min incubation at 50 ◦C; 10 min extraction time at 50 ◦C; agitation speed
500 rpm; 30, 60, 120, 180, 240, 300 s desorption time into GC inlet. 120 s thermal desorption time was
chosen for the method.

3.2. Analysis of Wine Samples

GC-MS-Olfactometry

Tentative identifications of thirty-six compounds by the mass spectral match of their most
significant red wine aroma compounds with the ratio of their compound peak area to the internal
standard peak area are listed in Table 2. The molecular weight of the compounds identified by
mass spectral match ranged from 60 to 284 amu. The relative quantity of each compound to the
corresponding ones in the other wine samples was calculated by the peak area to internal standard ratio.
The aroma profile of the seven Iowa red wines varied considerably between samples. These results
can reflect the influence of the climate, grape variety, vintage, and different viticultural and enological
practices in seven different Iowa red wines. Further research is warranted to link the variables to
wine aroma.
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Simultaneous olfactometry, when used with GC-MS, can verify compounds by aroma character.
An example of this is highlighted in Figure 8. The chromatographic peak at 19 min was not identified
by mass spectral comparison, but it was recorded with an aroma character of burnt food (aromagram
peak number 27). An open source aroma database search narrows the possible identification of
this compound from hundreds to six: octanol, indole, 3-methyl-1-butanol, ethyldimethylpyrazine,
dimethyl sulfone, or furfuryl alcohol [17]. The use of olfactometry, by means of the human nose as
a detector, is a very valuable tool for the identification of unknown compounds. The total aroma
values, calculated as the sum of the area under the aromagram peaks, are compared in Figure 9 and no
significant differences are exhibited between the seven Iowa red wines.

Figure 8. Overlay of total ion chromatogram and aromagram of an Iowa Maréchal Foch wine
using the optimized method. Intense aromas (observed as increased peak height, black signal) and
responsible chemical compounds (TIC, red signal) were aromagram peak: (#6) sweet, fruity—ethyl
isobutyrate (4.71 min); (#11) fruity—ethyl isovalerate (7.21 min); (#24) rancid, sweaty, body odor,
burnt—isovaleric acid (16.83 min) (#27) burnt, burnt food—unknown compound (19 min); (#31)
sweet, fruity, winey—ethyl laurate (23.26 min). Conditions: 2 min pre-sampling desorption of
50/30 μm DVB/CAR/PDMS SPME fiber; 4 mL wine sample in a 10 mL threaded glass amber vial
with PTFE/silicone septa; 10 min incubation at 50 ◦C; 10 min extraction time at 50 ◦C; agitation speed
500 rpm; 2 min desorption time into GC inlet.
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Figure 9. Overlay of total ion chromatogram and aromagram of an Iowa Maréchal Foch wine
using the optimized method. Intense aromas (observed as increased peak height, black signal) and
responsible chemical compounds (TIC, red signal) were aromagram peaks: (#6) sweet, fruity—ethyl
isobutyrate (4.71 min); (#11) fruity—ethyl isovalerate (7.21 min); (#24) rancid, sweaty, body odor,
burnt—isovaleric acid (16.83 min) (#27) burnt, burnt food—unknown compound (19 min); (#31)
sweet, fruity, winey—ethyl laurate (23.26 min). Conditions: 2 min pre-sampling desorption of
50/30 μm DVB/CAR/PDMS SPME fiber; 4 mL wine sample in a 10 mL threaded glass amber vial
with PTFE/silicone septa; 10 min incubation at 50 ◦C; 10 min extraction time at 50 ◦C; agitation speed
500 rpm; 2 min desorption time into GC inlet.

4. Discussion

The mixed adsorbent beds of the 50/30 μm DVB/CAR/PDMS coating were best suited for the
extraction of wine volatiles, and extracted a greater mass of analytes than the other six fibers. The dual
layer Car/PDMS/DVB fiber has been used to overcome the lack of selectivity toward some of the
compounds in the single and double-phase fibers [18] and is consistent with previous work by Howard
et al. [19]. Even though extraction equilibrium was not reached in some analytes (i.e., the profile is
linear in shape at 10 min), precision was assured by using the autosampler to control the mass transfer
conditions. The addition of salt can improve the extraction efficiency up to a point, where the target
analytes may interact with the salt ions in solution. These interactions will then reduce the extraction
efficiency. This phenomenon has been shown to be related to the pKa of the analyte [20]. The total
wine aroma is a balance between the heavier aroma of the alcohols, esters, acids, and the unpleasant
rancid odors of the aliphatic acids and carbonyls which can be formed during the fermentation process.
It should be noted that these 36 compounds were detected in the presence of a highly volatile organic
solvent. In Figure 10, ethanol is present at 2.8–3.0 min and is the most abundant compound in the
headspace of wine, as expected.

Four esters, including ethyl caproate, ethyl isobutyrate, ethyl isovalerate, and isoamyl acetate,
were detected in seven Iowa red wines. In only one previous study, nonanal, (E,Z)-2,6-nonadienal,
β-damascenone, ethyl caprylate, and isoamyl acetate had the highest OAVs in Frontenac, Marquette,
Maréchal Foch, Sabrevois, and St. Croix wines, using SPME-GCMS(TOF) [21]. Ethyl caproate
was previously reported in an analysis of Frontenac and Marquette juice from Quebec using
SPME-GCMS [22]. Five compounds in selected Iowa red wines (i.e., isoamyl alcohol, ethyl caproate,
benzeneethanol, ethyl decanoate, and ethyl caproate) were also found in Cabernet Sauvignon and
Merlot, where ethyl caproate and ethyl caprylate were reported as the most abundant ethyl esters in
these vinifera varieties [23]. These compounds have been attributed to yeast metabolism and do not
impart any varietal characteristics to wine [24].

A principal components analysis followed by hierarchical clustering analysis is shown in Figure 11.
St. Croix (from winery B) and Frontenac (from wineries B and D) are distinguishable by the grape
variety and from the other five wine samples. Frontenac from winery B was more significantly
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associated with (31) octanoic acid than Frontenac from winery D. Maréchal Foch wines (from wineries
B and D) were not similar to each other or when blended with Frontenac (from winery B). Maréchal
Foch from winery B was associated (8) with ethyl isovalerate, Maréchal Foch from winery D was
associated with (20) benzaldehyde, and Maréchal Foch/Frontenac blend from winery B was associated
with (16) furfural. Vincent wine from winery C and the Maréchal Foch/Frontenac blend from winery
B were similar in wine aroma. It cannot be determined if the difference in aroma is due to the variety
or winemaking practices for the Maréchal Foch, Maréchal Foch/Frontenac blend, or Vincent wines.

Figure 10. Overlay of total compound chromatograms of seven selected Iowa red wines using the
optimized method. Wines included: two bottles of Maréchal Foch, one bottle of St. Croix, two bottles of
Frontenac, one bottle of Vincent, and one bottle of Maréchal Foch/Frontenac blend. Conditions: 2 min
pre-sampling desorption of 50/30 μm DVB/CAR/PDMS SPME fiber; 4 mL wine sample in a 10 mL
threaded glass amber vial with PTFE/silicone septa; 10 min incubation at 50 ◦C; 10 min extraction time
at 50 ◦C; agitation speed 500 rpm; 2 min desorption time into GC inlet.

Figure 11. A principal components analysis of wine aroma of seven wines from three different Iowa
wineries (A) and variables (B). Numbered variables refer to peak numbers in Table 2. Internal standard
(17) 3-nonanone is not included in (B) because there was no variation between the samples.
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An automated headspace SPME method, coupled with GCMS-olfactometry was developed to
characterize wine aroma. This method was applied to characterize 36 aroma compounds present in
seven Iowa red wines from three different wineries. The interactions between the experimental factors
were not considered in this research. A multivariate experimental design aimed to determine the main
factors followed by a response surface methodology [25] could yield better results. Although a distinct
varietal aroma character was not ‘pinpointed’ for these Iowa red wines, there were notable differences
in the aroma profile by grape variety and by the winery. Linking aroma compounds to grape variety
and winemaking practices continues to be important in producing high quality Iowa wines.
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