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Preface to ”Development of Alternative Green Sample

Preparation Techniques”

Sample preparation has been, for many years, an overlooked field in separation science.

However, in the last three decades, significant progress has been made in the development of

techniques that enable the efficient extraction and preconcentration of targeted analytes from a broad

range of samples. One of the main challenges that many research groups are tackling from diverse

angles is the analysis of complex matrices—in fact, when aiming at the efficient and fast extraction

of targeted molecules the analyst must also ensure the minimum coextraction of matrix components

that could bias the analysis or contaminate analytical instrumentation. Moreover, considering the

growing concerns for environmental protection and resources depletion, the development of new

sample preparation techniques should comply, as much as possible, with the principles of Green

Analytical Chemistry, promoting reusability and reducing energy consumption and the production

of laboratory waste.

This Special Issue of Separations presents the state-of-the-art in the development of alterative

green sample preparation techniques and collects 11 outstanding contributions that describe

advances in extraction phases chemistry and geometry, evolution of automation for sample

preparation and use of chemometric approaches for method development and data interpretation.

Emanuela Gionfriddo

Editor
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Although chemistry disciplines are often regarded by the public as polluting sciences, in the last
three decades, the concept of “Green Chemistry” has fueled the development of more sustainable
and environmentally friendly chemical processes that are mainly aimed at minimizing the production
of toxic laboratory waste, to maximize pollution prevention [1]. Since the establishment of the
12 principles of Green Analytical Chemistry, the analytical chemistry community is striving to apply
these principles in the analytical chemistry laboratory, which redefines analytical procedures, with a
drastically changed philosophy on analytical method development [2–5]. Among the various steps
that constitute the analytical workflow, sample preparation and extraction showed great potential for
improvement toward greener approaches, especially for complex matrices, whether for targeted or
non-targeted analyses, which present many analytical challenges. Many researchers in the analytical
chemistry community have subsequently embraced the challenge and focused their research efforts
toward greener and faster sample preparation approaches, guaranteeing minimal consumption of
organic solvents, promoting the production of reusable extraction devices, enhancement of analysis
throughput through the use of automated systems, use of natural sorptive materials, etc. [6].

The Special Issue of Separations, “Development of Alternative Green Sample Preparation
Techniques”, aims to provide an update on recent trends in green sample preparation to readers already
familiar with the topic and hopefully spark the curiosity and the attention of more analytical chemists
toward the importance of this topic.

This Special Issue of Separation collates 11 impressive contributions that describe the
state-of-the-art in the development of green extraction technologies, from green materials for
microextraction to the development of new sampling devices geometries for enhanced extraction
efficiency and analysis throughput.

Seven review articles describe important aspects of green sample preparation:
In terms of green materials for sample preparation, two interesting reviews provide insights on

green synthesis of sorbents and use of biomaterials.
Veronica Pino and coworkers at the University of La Laguna (Spain) reviewed the use of

Metal–Organic Frameworks (MOFs) as sorbent materials for green sample preparation. The authors
survey the characteristics of these materials, giving particular emphasis to potential toxicity issues of
neat MOFs and alterative synthetic routes, to ensure green approaches in their preparation [7].

As an alternative to synthetic sorbents, and to further green sample preparation techniques, the use
of biopolymers, obtained from renewable natural sources, has attracted the interest of many researchers
in the field of sample preparation. Eduardo Carasek and coworkers at the Universidade Federal de
Santa Catarina (Brazil) described how various biosorbents can be used as extraction phases for different
extraction techniques and discussed several applications to environmental, food, and biofluids analysis.
Moreover, the authors describe the use of alternative environmentally-friendly extraction phases,
such as Ionic Liquids and SupraMolecular Solvents [8].

Separations 2020, 7, 31; doi:10.3390/separations7020031 www.mdpi.com/journal/separations1
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Two reviews in this Special Issue discuss the development of the geometries of microextraction
devices for enhanced sample throughput and extraction efficiency:

The first review article in the literature exclusively dedicated to the development and application of
Arrow SolidPhase Microextraction (SPME) was written by Jason S. Herrington, German A. Gómez-Ríos
and coworkers at Restek Corporation (USA). This article reports the development of a novel SPME
geometry, Arrow SPME, which guarantees enhanced mechanical robustness, compared to classical
SPME fibers, with improved extraction efficiency. Practical aspects of the use of Arrow SPME were
described, together with several applications in environmental, food, cannabis, and forensic analysis.
Moreover, novel interfaces for direct coupling of Arrow SPME to mass spectrometry and recent
developments in coating materials were discussed [9].

Moreover, my research group at The University of Toledo (USA) provided a review article
that focused on the development and applications of thin-film microextraction devices for thermal
desorption. In this article, we provided a comprehensive discussion on the development of
TF-SPME for thermal desorption. Practical tips for method development and optimization of
Thin-Film-SolidPhase Microextraction–ThermalDesoptionUnit–Gas Chromatography/Mass Spectrometry
(TF-SPME–TDU–GC/MS) protocols were discussed. Additional detailed outlook on the current progress
of TF-SPME development and its future has also been discussed, with emphasis on its applications to
environmental, food, and fragrance analysis [10].

The importance of green extraction techniques as applied to clinical/bio-analysis was reviewed in
two contributions in this Special Issue:

The applicability of sampling techniques in clinical settings requires the use of non-invasive
protocols that pose no harm to living systems, while providing a high degree of pre-concentration and
specificity for the analytes of interest. In this context, Ezel Boyaci and coworkers at the Middle East
Technical University (Turkey) wrote a review on new approaches to non-invasive biological surface
sampling and discussed recent developments in non-invasive in vivo and in situ sampling methods
from biological surfaces. Directions for the development of future technology and potential areas of
applications, such as clinical, bioanalytical, and doping analyses, were also discussed [11].

Katarzyna Madej and Wojciech Piekoszewski from Jagiellonian University (Poland), provided
an interesting overview of the most commonly used microextraction techniques for analysis of
biofluids. Considering the complexity of biofluids, modern clinical and forensic toxicological analysis
seeks sample preparation methods characterized by high selectivity and enrichment capability,
and easy automation and miniaturization, with minimal sample size requirement. These unique
features were well documented and described in this review, focusing on microextraction approaches,
such as liquid-phase techniques (e.g., single-drop microextraction, SDME; dispersive liquid–liquid
microextraction, DLLME; hollow-fiber liquid-phase microextraction, HF-LPME) and sorbent-based
extraction techniques (solid-phase microextraction, SPME; microextraction in packed syringes, MEPS;
disposable pipette tip extraction, DPX; stir bar sorption extraction, SBSE) [12].

Finally, among the review articles is an interesting contribution on the evolution of green-sample
preparation strategies for metal extraction from Jon R. Kirchhoff’s research group at the University
of Toledo (USA). Extraction of metal analysis is a topic rarely discussed in terms of microextraction
techniques and green sampling procedures. The review article thus offers readers a clearly defined
viewpoint on various extraction strategies that minimize the use of organic solvents, such as the
application of micro-methodology to minimize waste with reduced costs, improved safety, and the
utilization of benign or reusable materials for extraction of metal ions from environmental samples by
solvent- and sorbent-based extraction techniques [13].

In this Special Issue, four research papers have been collated from experts in the field of
analytical chemistry:

At the University of Campinas (Brazil), Leandro W. Hantao’s group developed a
HeadSpace-SolidPhase Microextraction comprehensive two-dimensional gas chromatographic/Mass
Spectrometry (HS-SPME-GCxGC/MS) method to establish the contribution of Brazilian Ale 02 yeast
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strain to the aroma profile of beer compared with the traditional Nottingham yeast. The use of
HS-SPME enabled sampling of the beer aroma and the introduction of the extracted analytes into the
comprehensive two-dimensional gas chromatographic system, without the use of organic solvents.
Critical in this study was also the application of a multiway principal component analysis approach
for data processing to distinguish beer samples based on yeast strain [14].

José Manuel F. Nogueira and coworkers at the University of Lisbon (Portugal), developed
a new generation of bar adsorptive microextraction devices (BAμE) that, combined with
micro-liquid desorption, followed by high-performance liquid chromatography–diode array detection
(BAμE-μLD/HPLC–DAD), enabled the determination of two very polar ultraviolet (UV) filters
(2-phenylbenzimidazole-5-sulfonic acid (PBS) and 5-benzoyl-4-hydroxy-2-methoxybenzenesulfonic
acid (BZ4)) in aqueous media. This contribution showed an innovative analytical cycle that includes the
use of disposable devices, making BAμE a user-friendly and suitable approach for routine work and a
remarkable analytical alternative for trace analysis of priority compounds in real sample matrices [15].

Another contributing work to the green extraction procedure can be seen from the work by
Paul D. Roach and coworkers, as they explored the use of water (non-toxic solvent) for effective
extraction of trypsin inhibitors from defatted Gac (Momordica cochinchinensis Spreng) seeds, to produce
trypsin-inhibitor-enriched freeze-dried powder. The optimization of the extraction procedure resulted
in high-quality powder in terms of its highly specific trypsin inhibitor activity (TIA) and physical
properties [16].

An additional important aspect of green extraction technology is, without doubt, the ability
of miniaturization and automation. Considering these factors, Marc A. Althoff and coworkers
developed a Smart-SolidPhase Extraction (Smart-SPE) protocol for analysis of chemical warfare agents.
The innovation demonstrated in the ability to use fully automated analytical workflows that included
several steps, such as sample vortexing, liquid–liquid extraction, and μ-SPE. Such fully automated
analytical workflows avoid errors prone to off-line protocols and can help to minimize health risks for
lab personnel when toxic substances may be analyzed [17].

Serving as Guest Editor of this Special Issue has been a very exciting experience. I would like to
express my deepest gratitude to all the authors for their brilliant contributions and invite the readers
of Separations to take full advantage of all the important information that this Special Issue provides,
hoping that many of these strategies will be broadly applied in many analytical chemistry laboratories.

Funding: This research was funded by The University of Toledo.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Metal-organic frameworks (MOFs) are porous hybrid materials composed of metal ions
and organic linkers, characterized by their crystallinity and by the highest known surface areas.
MOFs structures present accessible cages, tunnels and modifiable pores, together with adequate
mechanical and thermal stability. Their outstanding properties have led to their recognition as
revolutionary materials in recent years. Analytical chemistry has also benefited from the potential of
MOF applications. MOFs succeed as sorbent materials in extraction and microextraction procedures,
as sensors, and as stationary or pseudo-stationary phases in chromatographic systems. To date,
around 100 different MOFs form part of those analytical applications. This review intends to give an
overview on the use of MOFs in analytical chemistry in recent years (2017–2019) within the framework
of green analytical chemistry requirements, with a particular emphasis on possible toxicity issues of
neat MOFs and trends to ensure green approaches in their preparation.

Keywords: metal-organic frameworks; analytical chemistry; sorbent materials; stationary phases;
sensors; sample preparation; green considerations

1. Introduction

Metal-organic frameworks (MOFs) belong to a subclass of 3D coordination polymers, formed by
metallic clusters and organic ligands through coordination bonds [1–3]. These hybrid materials are
characterized by their crystallinity, ultra-low densities, permanent porosity, the presence of accessible
cages, tunnels and modifiable pores, and exhibit the highest known surface areas [4,5]. Furthermore,
they present adequate mechanical and thermal stability. The proper selection of certain metallic
centers and specific ligands, together with a rational control of the synthetic approach, serve to design
crystals with a controlled structure and topology, with the resulting MOF even being able to undergo
post-modifications. This tuneability has resulted in the characterization of more than 80,000 MOFs [6].
Figure 1 schematically presents well-known MOFs structures to highlight their impressive versatility.

Given this group of interesting properties, it is not surprising that these tailorable materials
have been incorporated into an impressive number of applications within different scientific fields:
as photovoltaic materials [7], in gas purification and separation [8,9], and gas storage systems [9,10],
in catalysis [11], in biomedicine [12], etc. Analytical chemistry is not an exception; around a hundred
MOFs form part of these studies [13]. MOFs are mainly involved in analytical chemistry as sorbents
in analytical sample preparation methods [14–19], as stationary phases in analytical separation
techniques [13,17,18,20,21], and as sensors in spectroscopy and/or electroanalytical methods [22–24].

Separations 2019, 6, 33; doi:10.3390/separations6030033 www.mdpi.com/journal/separations5
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Figure 1. The node-and-connector approach to prepare MOFs. The adequate selection of the organic
linker (linear in the case of terephthalic acid) and connection geometry of the metal cluster lead to the
desired topology. Each framework topology has its characteristic pore size and available surface.

Current goals in analytical chemistry imply fulfilling as much as possible the requirements of
green analytical chemistry (GAC) [25–27]. This way, the quality of an analytical method cannot link
exclusively to its common quality features, e.g., accuracy, precision, detection limits, but it must also
compile an estimation of method risks for the operator and for the environment [28,29]. GAC enforces
the development of methods that ensure the elimination (or minimization of the consumption) of
highly toxic chemical reagents (particularly toxic organic solvents), the minimization of gases emissions,
the minimization of effluents and solid wastes discharges, the reduction of analysis times and number
of analytical steps, and the incorporation of automation to the procedures [30–32]. When direct analysis
is not possible due to sample complexity or difficulty in the analytical determination, miniaturization of
the analytical method is the most common approach to follow GAC trends [25,32,33]. In any case, the
use of novel solvents and/or sorbents, with environment-friendly characteristics is another important
trend associated with the GAC approach [34,35].

Considering the rapid expansion of the analytical chemistry field of MOFs, it is important to
consider that these and future analytical MOF-based methods must be incorporated into GAC. From
this perspective, environment-friendly methods based on MOFs should include (partially or all)
the following aspects: green design and synthesis of MOFs, evaluation of toxicity issues of MOFs,
and incorporation of MOFs in GAC methods, mainly in miniaturized procedures. This review article
will place particular emphasis upon trends which ensure the use of green approaches in the preparation
of neat MOFs and/or in their incorporation into less-harmful analytical chemistry methods, limiting
the overview to articles published in the years 2017–2019. It is also important to highlight that the
attention will center upon bare MOF crystals rather than MOFs-composites.

6



Separations 2019, 6, 33

2. Green Considerations during MOFs Preparation

2.1. MOFs Design

The design of the MOF material constitutes a critical stage, primarily because the proper choice
of metal centers and ligand connectivity is responsible of generating a particular crystal structure (a
framework topology) with specific characteristics of pore size and window [36,37]. Metal centers act as
nodes of the framework, and are characterized by the number and direction of its connecting positions.
In Figure 1, for example, the Zn4O of MOF-5 is an octahedral node with six available connections
located at the vertices of an octahedron. Ligands are characterized by their connectivity, or in other
words, by how many metal centers can be linked. Thus, for example, in Figure 1, the terephthalic acid
is a linear rod-like connector. The adequate combination of linker and nodes produces a particular
topology; in the case of octahedral nodes with linear linkers, a primitive cubic framework is produced.
When an application is pursued for a MOF, that application’s requirements have to be taken into
consideration. Therefore, a sorbent is required for an analytical sample preparation method, the
desired MOF should be able to adsorb and release the analytes, while being stable in different solvents.
If the MOF is going to be a chromatographic stationary phase, other considerations such as adequate
permeability and high mechanical and/or thermal stability are additional aspects of interest.

This section will only focus on those aspects concerning the MOFs design that directly relate
with the GAC considerations (assuming the obvious pursue of other important characteristics from an
analytical chemistry performance). The main aspects to be considered when fabricating greener and
sustainable metal-organic framework materials include: (i) Proper selection of the metal and metal
source (reducing toxic metals and byproducts); and (ii) Adequate selection of the organic ligand (to
ensure safer synthetic procedures and sustainable MOFs). The requirements in the MOF design and
synthesis to comply for GAC issues and analytical application needs are summarized in Figure 2.

Figure 2. Considerations when preparing a MOF for analytical chemistry applications.

MOFs are chemical and physical stable materials, but in the event of degradation or decomposition,
there are concerns due to the quantities of metal released to the environment. Thus, low-toxicity metal
ions are preferable in the synthesis of MOFs, such alkaline earth metals (Mg or Ca), or Mn, Fe, Al,
Ti and Zr [38,39]. Another consideration when selecting metals is the handling of their salts when
preparing MOFs. Thus, metal nitrates and perchlorates have risks of explosion due to oxidation upon
handling, while chloride may induce corrosion. Metal oxides and hydroxides only liberate water as
by-products, and are therefore ideal inorganic reactants; however, these salts often exhibit insufficient

7
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solubility/reactivity [40]. Another strategy to avoid problems with the anions of the metal salts is the
use of zero-valence metal precursors and recently, the syntheses of MIL-53(Al), HKUST-1 or ZIF-7 have
been reported to undergo from elementary metal precursors [41].

In any case, this general statement about ideal green metals for MOF does not mean that one
cannot select other metals to prepare green MOFs or MOFs for green applications. For example,
MOFs-containing rare earth metals are typically included in sensing [42], because the balance between
the toxicity issues of the metal, the low amount involved in the sensor, and the benefits of the resulting
material, clearly shift towards the selection of those metal ions. Finally, and even more importantly,
the costs associated to the metal selection are of great significance when an industry-based application
is concerned.

Regarding the organic linkers, some of the carboxylic acids are readily available in low cost,
such as fumaric, succinic or terephthalic. However, tailored linkers used to reach the enormous surface
areas reported for MOF materials in research laboratories often require multistep synthetic reactions
with intermediates and byproducts. To comply with GAC requirements, the number of steps has to
be as low as possible, while ensuring the low-toxicity of intermediates and byproducts. In general,
it should be an equilibrium between low-toxicity and adsorption capacity of the MOF when tailoring a
specific ligand for analytical applications. Figure 3 includes a group of representative organic ligands.
In any case, it is advisable the use of simple and even biodegradable ligands in MOF design such as
peptides, carbohydrates, amino acids, and cyclodextrins.

Figure 3. Representative examples of organic ligands used in MOF synthesis.

2.2. MOFs Synthesis

If there is a proper design of the MOF, thus implying adequate selection of precursors, the main
parameters exerting an influence in the “green” synthesis of a MOF are: (i) type and duration of the
input energy for the coordination bond formation, and (ii) solvent nature and volume [43].
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Metal-organic frameworks can be synthesized following different crystallization procedures,
although the most common strategy is the solvothermal method. In the solvothermal approach,
the metal salt and the organic linker are mixed in a solvent (usually with a high boiling temperature).
Then, this solution is introduced in an autoclave, followed by heating at an adequate temperature
(between 80 and 300 ◦C), during a certain time (in most cases, less than 96 h). Other synthetic
approaches (classified as a function of the energy input) include: microwave-assisted, electrochemical,
mechanochemical, and sonochemical [44–47].

Recent advances in crystallization methods for MOF materials focus on environment-friendly
alternatives to the classic solvothermal method [48]. It is worth noting that most of the reactions
originally carried out by the solvothermal approach can also be performed in good yields through
different, more environment-friendly, and also low-cost methods [46]. Microwave heating or ultrasound
irradiation are simple, inexpensive and scalable routes towards the fabrication of MOFs. The reaction
times using these techniques can be shortened, resulting in high-purity phases and high yields [49].
Mechanochemical synthesis has also appeared as a promising strategy to scale up the fabrication of
MOFs. It is simple, and rapid, and although it may require some solvent addition (for example in
liquid-assisted grinding, LAG), they are always in small amounts [47].

A simple change in the solvothermal reaction to make the MOF synthesis more sustainable
implies the use of water instead of organic solvents. It must be noted that the most commonly used
solvent, dimethylformamide, is a teratogen that readily decomposes at solvothermal temperatures
into corrosive products. When using water, the main concern is the solubility of the reactants, but the
use of the carboxylic acids in the form of sodium salts can help, while also precluding the formation
of corrosive byproducts like HNO3 or HCl (coming from the metal salt and the deprotonation of the
acid) [50]. Other green solvents can be used to better comply with the GAC requirements, among
them, ionic liquids or urea derivatives [51]. In recent years, an increasing number of hydrothermal
preparations of MOFs have been accomplished at atmospheric pressure with promising results in term
of yield and simplicity [52–55].

As a final consideration regarding greener synthesis of MOFs, it would be advisable to use
chemometric tools during the optimization of the synthesis, such as an experimental design [56,57],
rather than a one-factor-at-a-time optimization. This type of procedure would make it possible to
minimize time and quantities of reagents when preparing an adequate MOF, and thus, would be in
consonance with green chemistry.

2.3. Evaluation of MOFs Toxicity

The few studies dealing with the toxicity evaluation of MOFs are mostly related to in vitro
cytotoxicity studies [58,59], which were usually performed to evaluate the performance of those MOFs
for use as drug nano-carriers [60]. Moreover, the majority of these studies focuses on MOFs included
in composites forming such carriers. In fact, most studies do not try to evaluate the MOF cytotoxicity
itself, but, in general, to compare with the composite in which the MOF is included.

In the reported in vitro cytotoxicity studies, different cell lines or macrophages incubate in presence
of MOFs suspensions for a certain amount of time. Afterwards, because of the appearance in the
culture media of a compound coming from the cell lysis, a colorimetric detection is commonly used.
The released compound is then able to react with the specific reagent of the cytotoxicity test. Among
in vitro cytotoxicity tests, MTT [58,61–65], the alamarBlue® cell viability assay [54,66], and CCK-8 [67],
are the most widely used with MOFs. Table 1 includes a list of cytotoxicity tests performed with neat
MOFs so far, resulting in adequate cytotoxicity values [54,58–61,63,65,67–70]. These results support
the fact that it results safe the use of relatively high concentrations of these MOFs aqueous suspensions.
As a note, all these results must be taken only as qualitative data with MOFs, because conventional
cytotoxicity studies are designed for soluble compounds (and only water suspensions can be prepared
with MOFs). It is also important to mention that cell lines may also play an important role in the toxicity
assays performed since for example macrophages are more robust cells than HeLa ones. An alternative
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approach to evaluate these MOFs suspensions should be proposed since the assays described so far are
likely to be distant from what it is actually occurring in real conditions.

Table 1. Representative examples of cytotoxicity studies of MOFs.

MOF (metallic ion & ligand)
Cytotoxicity

Test Type
Cell Line Type

Toxicity Value
(mg·L−1)

Ref.

UiO-66 (Zr4+ & H2bdc 1) MTT 2 MCF-7 >80 mg·L−1 [61]

MIL-100(Fe) (Fe3+ & H3btc 3)
UiO-66 (Zr4+ & H2bdc 1)
ZIF-8 (Zn2+ & 2-MIm 4)
among many others

MTT 2
HeLa & J774.2
HeLa & J774.2
HeLa & J774.2

1100 & 700
mg·L−1

400 & 60
mg·L−1

100 & 25
mg·L−1

[58]

[Zn6(L)3(DMA)4]·5DMA
(Zn2+ & H4L 5) MTT 2 Hela & HEK293 5000 mg·L−1 [63]

MIL-101(Cr) (Cr3+ & H2bdc 1) MTT 2 Hep-2 744 mg·L−1 [64]

ZIF-8 (Zn2+ & 2-MIm 4) MTT 2
MCF-7

MDA-MB-231
MDA-MB-468

200 mg·L−1

400 mg·L−1

400 mg·L−1
[65]

NanoMOF based on Fe
(Fe3+ & TCPP 6) MTT 2 4T1 >200 mg·L−1 [68]

MIL-100(Fe) (Fe3+ & H3btc 3) MTT 2 HL-7702 & HepG2 80 mg·L−1 [59]
MIL-88A (Fe3+ & fumaric acid) MTT 2 J774.A1 57 mg·L−1 [60]
[Zn(H3btc 3)(HME 7)]
(DMAc 8)(H2O)
(Zn2+ & H3btc 3 & HME 7)

MTT 2 SCC-251 & HSC-4 100 mg·L−1 [69]

UiO-64 (Zr4+ & fumaric acid) MTT 2 J774 & PBLs 200 mg·L−1 [70]
CIM-80 (Al3+ & mesaconic acid) alamarBlue®9 J774.1 >2000 mg·L−1 [54]
ZIF-67 (Co2+ & 2-MIm 4)
ZIF-8 (Zn2+ & 2-MIm 4)

CCK-8 10 293T >80 mg·L−1

20 mg·L−1 [67]

1 terephthalic acid (benzene-1,4-dicarboxylic acid)
2 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide dye
3 trimesic acid (benzene-1,3,5-tricarboxylic acid)
4 2-methylimidazole
5 [1,1’:3’,1”-terphenyl]-3,3”,5,5”-tetracarboxylic acid
6 tetrakis(4-carboxyphenyl)porphyrin

7 protonated melamine
8 N,N-dimethylacetamide
9 from resazurin (blue) to resorufin dye
(fluorescent red-pink)
10 cell-counting kit assay, from WST-8
(colorless) to WST-8 formazan dye (orange)

Tamames-Tabar et al. studied thoroughly the in vitro cytotoxicity of up to 14 MOFs. Among other
interesting results, authors observed that there were no differences in the cytotoxicity of polymorphs,
thus indicating a poor effect of the MOF topology into the resulting cytotoxicity [54]. The same authors
also showed that, for the same type of linker, Zn-based MOFs were more cytotoxic than Zr-based
MOFs, being the less cytotoxic those MOFs based on Fe [54]. From the group of 14 MOFs tested,
in vivo cell penetration studies were carried out only with MIL-100(Fe) for being the best candidate as
drug nano-carrier. The studies indicated an immediate cell internalization in J774 mouse macrophages,
faster than in epithelial HeLa cell lines [54].

In the last two years, an increasing number of studies have been undertaken on the effects of
MOFs on living cells from safety aspects while also taking into account therapeutic considerations [71].
Thus, Shen et al. demonstrated that the MOF MIL-101(Fe) functionalized with amino groups was able
to induce cyto-protective autophagy in mouse embryonic fibroblast cells instead of cytotoxicity [71].

3. Analytical Methods Incorporating MOFs

Nowadays, the main uses of neat MOFs in analytical chemistry range from analytical sample
preparation (as novel sorbents) to chromatography (as novel stationary or pseudo-stationary phases)
and sensing (as novel materials in the sensors) [13]. In the majority of these applications, the GAC
requirements [72] cover partially by incorporating the MOFs in microextraction approaches within
sample preparation, by requiring quite low amounts of MOFs when preparing the chromatographic
phases, or by incorporating minimum amounts of MOFs in the sensors. In few applications, it is also
possible to find many GAC aspects fulfilled, that is: green MOF designed, MOF as prepared following a
green synthesis and demonstrating low cytotoxicity, plus incorporation in a miniaturized method [54].
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3.1. MOFs in Analytical Sample Preparation

Improvements in analytical extraction methods from a GAC perspective include the reduction
of analysis times by using, for example, ultrasounds or microwaves to accelerate the extraction step,
particularly when dealing with solid samples [73]. Regarding miniaturization, GAC approaches
include the generic liquid-phase microextraction (when the extraction solvent amount rarely exceeds
0.5 mL) [74,75] and solid-based miniaturized extraction (when the extraction sorbent amount is below
0.5 g) [76–78] methods. Among sorbent-based miniaturized approaches, it is possible to distinguish
many sub-modes. Thus, micro-solid-phase extraction (μ-SPE) is quite similar to conventional
solid-phase extraction, but requiring lower sorbent amounts in devices such as micro-columns,
syringe tips or bodies, mini-disks, etc. Dispersive miniaturized solid-phase extraction (μ-dSPE) utilizes
the sorbent material in direct contact with the sample, followed by further separation and desorption.
The magnetic-based version (m-μ-dSPE) needs a magnetic material as sorbent, thus avoiding further
centrifugation and/or centrifugations steps during the method, because the sorbent separates easily
from the sample with the aid of an external magnet. Solid-phase microextraction (SPME), in its more
conventional version, utilizes thin fibers coated with a sorbent material, whereas stir-bar sorptive
microextraction (SBSME) uses a stir bar coated with a sorbent material.

Table 2 shows representative examples of performance for different analytical sorbent-based
microextraction techniques (μ-SPE, μ-dSPE, m-μ-dSPE, SPME and SBSME) incorporating MOFs as
novel sorbent materials [54,79–99].

If we take into consideration the idea of avoiding the use of heavy metals when designing MOFs,
it is clear that many MOFs included in Table 2 present non-toxic metallic ionic centers [54,65], such as
Zn2+ [93], Zr4+ [82] or Al3+ [54]. Regarding the synthetic solvents in MOFs preparations, most studies
employ DMF [82,90,94], avoiding in this way toxic chlorinated ones, such as dichloromethane or
chloroform. Furthermore, the DMF volumes required are usually low (around 30 mL for 15 mg of MOF).
It is noticeable that several MOFs used in these microextraction methods include water as solvent in
their preparation (hydrothermal synthesis) [54,81]. The temperatures needed during the preparation
of these crystals are usually moderate, i.e., between 80 and 150 ◦C [94,96], and sometimes even room
temperature [93]. Regarding the synthetic times required, they are usually less than 24 h [83,88],
and even down to one hour or half an hour [80,83]. Recent publications have favored the utilization of
so-called bio-MOFs [90], incorporating a bioorganic ligand in its structure (i.e., adenine).

In general, quite low amounts of MOF as sorbents are always needed [54,82,84] in all
microextraction procedures listed, from 2 mg [80] to 60 mg [89]. Regarding extraction times, there are
reported values around 3 min or even less [85] for μ-dSPE and some of its applications in the magnetic
variant [89,91].

If we focus on the analytical applications, microextraction techniques using MOFs commonly
determine organic pollutants in environmental and food samples [86,88], from drugs in waters [90] to
PAHs in foods [96]; and also trace metals in food and water samples [80,83].
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3.2. MOFs in Chromatography

MOFs, and particularly nanoMOFs, are a priori quite interesting materials as chromatographic
stationary phases because their pore dimensions make it possible to significantly reduce the amount
of required eluents [13]. Their applicability is still lower than that experienced in analytical sample
preparation, but increasing studies are currently undertaken. As a trend, the initial studies were mostly
with MOFs in gas chromatography (GC), but many MOFs are not stable at the high temperatures
required in GC, and nowadays, their inclusion in liquid chromatography (LC) is much higher [19,20].
Neat MOFs’ permanent porosity is clearly favorable when used as stationary phase in LC, because
it permits high flow rates through it with low back-pressure and, ultimately, favors miniaturization.
Easy linkage of MOFs to silica and other composites, including their incorporation in monoliths,
also favor the applicability of MOFs in LC stationary phases. Furthermore, MOFs designed to
present a specific and unique chiral center type are quite attractive to perform chiral separations [100],
of the utmost importance in pharmaceutical, industrial and biomedicine applications. In any case,
the incorporation of MOFs as stationary phases in GC and LC, or as pseudo-stationary phases in
capillary electro-chromatography (CEC), benefits from the low numbers of MOFs required in such
phases, together with the clear reutilization of such phases.

Table 3 includes a summary of representative analytical applications of MOFs when included
as stationary of pseudo-stationary phases in different chromatographic techniques in the last three
years [101–115]. Mostly, MOFs form part of composites with silica or polymers in such phases [101,102],
hardly being utilized in its neat appearance. It is important to highlight the number of applications
with chiral MOFs (prepared incorporating chiral organic ligands) [108–111].

Green aspects in these applications are from the need of low amounts of MOFs to prepare the
phases (from 2 mg of H2N-UiO-66 [103] in a capillary column to 1.5 g of γ-CD-MOF [106] in a packed
column), reutilization of the as-prepared MOF-based stationary phases, MOF design, and in some
cases, even their synthesis.

3.3. MOFs as Sensors in Spectroscopic and Alectroanalytical Methos

Many interesting features of MOFs justify their use as sensors in a number of analytical applications.
For instance, some MOFs have semiconductor-like properties, and can serve as photoelectric
materials [116]. These properties depend in some cases on the metal nature of the MOF, in other
cases on the properties imparted by the organic ligands, and in others on the resulting crystal [117].
When incorporated to certain analytical spectroscopic applications, particularly luminescence-based,
the MOF design is also important to ensure proper characteristics in the resulting material. In some
cases, the luminescence phenomenon is due to the organic ligand of the MOF [118], and in other
cases, to the MOF itself (carefully designing the ligand with proper coordination of the ligands to the
metal) [119,120].
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Table 3. Representative examples of chromatographic stationary or pseudo-stationary phases
incorporating MOFs as novel materials in the period 2017–2019.

MOF (metallic ion & ligand)
Synthetic solvent (mL)/T (◦C)/time (h)

Stationary phase
(type)/Type of column

Size & N 1

(plates·m−1)/k 2/α 3
Detector Analytes (number) Ref.

LC

UiO-67 (Zr4+ & H2bdpc 4)
DMF 5 (40) & acetic acid (6)/120/24

UiO-67@SiO2
(core-shell

composite)/packed

15 cm × 4.6 mm × - &
-/0–0.34/- UV 6 anilines (4), alkylbenzenes (5),

PAHs 7 (5) & thioureas (3)
[101]

NH2-MIL-101(Al)
(Al3+ & H2N-H2bdc 8)
DMF 5 (40)/130/72

p(GMA-co-EDMA)
9/NH2-MIL-101(Al)

(monolithic
composite)/monolithic

15 cm × 100 μm i.d. 10 ×
375 μm o.d. 11 &

16,000/-/-
UV 6 PAHs 7 (4) & NSAIDs 12 (3) [102]

UiO-66-NH2
(Zr4+ & H2N-H2bdc 8)
DMF 5 (20)/120/24

pGMA 13/UiO-66-NH2
(composite)/packed

112 cm × 25 μm i.d. 10 ×
365 μm o.d. 11 &

121,477/-/-
UV 6 flavonoids (2) [103]

UiO-66 (Zr4+ & H2bdc 14)
DMF 5 (40) & acetic acid (4)/120/24

UiO-66@SiO2
(core-shell

composite)/packed

15 cm × 4.6 mm × 5–6
μm & -/-/0.2–5.6 UV 6 xylene isomers (3) [104]

MIL-101(Fe)-NH2
(Fe3+ & H2N-H2bdc 8)
DMF 5 (13)/120/72

MIL-101(Fe)-NH2@SiO2
(core-shell

composite)/packed

25 cm × 3 mm × 3–5 μm
& 37,570/-/- UV 6 C8 compounds (5) [105]

γ-CD-MOF (K+ & γ-CD 15)
water (150) & methanol (15)/50/12

γ-CD-MOF
(composite)/packed

10 cm × 4.6 mm × 2–5
μm & 75,000/2.59–13.96/- DAD 16 drugs (3) [106]

ZIF-8 (Zn2+ & 2-MIm 17)
DMF 5 (5.6) & methanol (14.4)/RT 18/24

ZIF-8@SiO2
(core-shell

composite)/packed

5 cm × 4.6 mm × 2.2 μm
& 216,202/-/- UV 6 xylene isomers (3) [107]

[Nd3(D-cam)8(H2O)4Cl]n (Nd3+ & D-H2cam 19)
methanol (60) & ACN (30) & water (30)/140/72

[Nd3(D-cam)8(H2O)4Cl]n
(composite)/packed

25 cm × 2 mm × - &
9086/-/0.80–3.40 UV 6 racemates (27) [108]

GC

[Co-L-GG(H2O)]
(Co2+ & L-GG 20)
water (12) & methanol (12)/80/2

[Co-L-GG(H2O)]
(chiral)/coated

10 m × 0.25 mm × 2 μm
&

2790/0.54–4.29/1.04–1.34
FID 21 racemates (30) [109]

[Zn2(bdc)(L-lac)(DMF)]·DMF (Zn2+ & L-lactic acid
& H2bdc 14)
DMF 5 (10)/120/48

[Zn2(bdc)(L-lac)]
(chiral)/coated

10 m × 0.25 mm × 1–2
μm & -/-/- FID 21 biochemical compounds (12) [110]

[Mn3(HCOO)2(D-cam)2(DMF)2]n (Mn2+ &
D-H2cam 19)DMF 5 (5.5) & ethanol (3)/100/48

[Mn3(HCOO)2(D-cam)2(DMF)2]n
(chiral)/coated

10 m × 0.25 mm × 1–2
μm &

-/0.73–4.12/1.31–3.13
FID 21 biochemical compounds (9) [111]

CEC

UiO-66-NH2
(Zr4+ & H2N-H2bdc 8)
DMF 5 (10) & formic acid (1)/120/24

UiO-66-NH2
(functionalized)/coated

25 cm × 50 μm i.d. 10 ×
365 μm o.d. 11 & -/-/- DAD 16 benzene derivatives (3) [112]

Bio-MOF-1 (Zn2+ & H2bdpc 4 & adenine)
DMF 5 (13.5) & water (1)/130/24

bio-MOF-1
(functionalized)/coated

26.5 cm × 50 μm i.d. 10 ×
360 μm o.d. 11 & 193000 DAD 16

chlorobenzenes (3) and
alkylbenzenes (3) [113]

[Mn(cam)(bpy) (Mn2+ & bpy & D-H2cam 19)
DMF 5 (6) & ethanol (12)/100/72

[Mn(cam)(bpy)]
(functionalized)/coated

21 cm × 75 μm i.d. 10 × -
& 118185 DAD 16 sulfonamides (10) [114]

JLU-Liu23
(Cu+ &
TEDA 23 &1,3-bis(2-benzimidazol)benzene)
DMF 5 (0.75)/105/12

JLU-Liu23
(functionalized)/coated

40 cm × 75 μm i.d. 10 × -
& 194061 DAD 16 chiral neurotransmitters (4) [115]

1 highest theoretical plate number reported for the column
2 retention factor
3 selectivity factor
4 4,4’-biphenyldicarboxylic acid
5 N,N-dimethylformamide
6 ultraviolet detector
7 polycyclic aromatic hydrocarbons
8 2-aminoterephthalic acid (2-aminobenzene-1,4-dicarboxylic acid)
9 poly(glycidil methacrylate-co-ethylene dimethacrylate)
10 inner diameter
11 outer diameter

12 non-steroidal anti-inflammatory drugs
13 poly(glycidil methacrylate)
14 terephthalic acid (benzene-1,4-dicarboxylic acid)
15 γ-cyclodextrin
16 diode array detector
17 2-methylimidazole
18 room temperature
19 D-(+)-camphoric acid
20 dipeptide H-Gly-L-Glu
21 flame ionization detector
22 4,4’-bipyridine
23 triethylenediamine
-: non-reported

Table 4 lists some representative examples of MOFs used in spectroscopic or in electroanalytical
methods in the last three years, together with information of their analytical performance [42,121–128].
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The reported electroanalytical applications normally perform in electrochemical cells constituted
by the electrolyte and three electrodes: a reference electrode, an auxiliary electrode (i.e., Au or Pt) and
the working electrode. MOFs incorporate synthetically in the working electrode by proper modification
of the support material, with the purpose of attaining ultra-functional sensors. Thus, Asadi et al. [121]
and Ji et al. [117] described carbon paste electrodes (CPE) modified with neat MOFs, such as ZIF-67
and Ni-BTC. MOFs can be combined with nanoparticles with the purpose of improving the overall
electrochemical behavior of the resulting composite [121]. Zhou et al. described the use of gold
nanoparticles modified with aptamers (to ensure β-amyloid oligomers detection) and linked to a
Cu-MOF [123]. Devices that are more complex include not only the neat MOF linked to the working
electrode, but also a polymeric matrix as a part of the electrochemical system [124].

Electroanalytical applications with MOFs cover techniques like amperometry [122], differential
pulse voltammetry (DPV) [123] and electrochemical impedance spectroscopy (EIS) [125].

It is important to highlight the sensitivity of the MOF-based sensors linked to the electroanalytical
applications. Thus, detection limits range from 0.8 nM for Ponceau 4R in soft drinks (only requiring 43
mg of MOF) [117] to 1.45 μM for hydrazine in waters (in this case requiring 100 mg of MOF) [121].
Furthermore, electroanalytical methods are quite efficient, fast and simple, thus in accordance with GAC.
In the reported applications, there is an enormous variety in the nature of the analytes determined, from
drugs [126] to peptides [123]; and analyzing quite different samples, like waters [121], bio-fluids [123],
and food samples [125].

Spectroscopic applications take advantage of fluorescent MOFs. Luminescent MOFs show
prominent optical properties, and relatively long emission wavelength, for which the results are quite
advantageous. Furthermore, luminescence sensing has attracted great attention, owing to its high
sensitivity, fast response, obvious selectivity, recyclability, and simplicity regarding the instrumentation
required which, in this latter case, is also linked to low costs. All these performance characteristics
represent very adequate results from a GAC point of view. Regarding additional advantages of
minimization of reagents consumption in these luminescence applications, low amounts of MOFs
are needed: from 2 mg of neat Zr-based MOF [118] to 50 mg of Tb-MOF-PMMA [120]. Rare earth
metals [42,120] and transition metals [127] normally form luminescent MOFs. In new green trends, the
interest is tangible in obtaining luminescent MOFs with alkaline-earth metals in their structure [118,119],
together with improvements of water stability of the resulting luminescent MOF.

As with electroanalytical applications, luminescent applications cover the determination of organic
compounds [42,120], heavy metals [118,127], and even the simultaneous determination of heavy metals
and organic compounds [119], as well as with samples like serum [42,120], and water [120].

4. Concluding Remarks

MOFs, as materials with almost endless applications in analytical chemistry, must comply
with environmental requirements in order to follow properly GAC rules. Thus, assurance of their
sustainability must begin with the MOF design (with the proper choice of the MOF constituents),
followed by an adequate synthetic procedure and toxicity evaluation of the resulting material, ending
up in an analytical method that can be categorized as a GAC method. This, in turn, requires an
important collaboration between materials science and analytical chemistry, with an emphasis on green
chemistry. Finally, and even more importantly, the rationale behind selecting a MOF for a particular
application must always be the first step when setting up an MOF-based analytical method.

Author Contributions: Conceptualization, J.P. and V.P.; Formal analysis, P.R.-B. and I.T.-M.; Funding acquisition,
J.P. and V.P.; Investigation, P.R.-B., I.T.-M., J.P. and V.P.; Methodology, P.R.-B., I.T.-M., J.P. and V.P.; Resources,
J.P. and V.P.; Supervision, J.P. and V.P.; Writing–original draft, P.R.-B. and I.T.-M.; Writing–review & editing,
J.P. and V.P.

Funding: V.P. thanks the Project Ref. MAT2017-89207-R.

Acknowledgments: I.T.-M. thanks his collaboration fellowship with the Spanish Ministry of Education (MEC)
during the MS studies at ULL. J.P. thanks the “Agustín de Betancourt” Canary Program for his research associate

18



Separations 2019, 6, 33

position at ULL. V.P. acknowledges the Spanish Ministry of Economy and Competitiveness (MINECO) for the
Project Ref. MAT2017-89207-R.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Matsuyama, S.; Munakata, M.; Emori, T.; Kitagawa, S. Synthesis and Crystal Structures of
Novel One-dimensional - Polymers, [{M(bpen)X∞},1 [M = Cu’, X = PF6

-; M = Ag’, X = ClO4-;
bpen = trans-I,2-bis(2-pyridyl)ethylene] and [{Cu(bpen)(CO)(CH3CN)(PF6)}∞]. J. Chem. Soc. Dalton
Trans. 1991, 1, 2869–2874.

2. Yaghi, O.M.; Hailian, L. Hydrothermal Synthesis of a Metal-Organic Framework Containing Large Rectangular
Channels. J. Am. Chem. Soc. 1995, 117, 10401–10402. [CrossRef]

3. Riou, D.; Férey, G. Hybrid open frameworks (MIL-n). Part 3: Crystal structures of the HT and LT forms of
MIL-7: A new vanadium propylenediphosphonate with an open-framework. Influence of the synthesis
temperature on the oxidation state of vanadium within the same structural type. J. Mater. Chem. 1998, 8,
2733–2735.

4. Farha, O.K.; Eryazici, I.; Jeong, N.C.; Hauser, B.G.; Wilmer, C.E.; Sarjeant, A.A.; Snurr, R.Q.; Nguyen, S.B.T.;
Yazaydın, A.Ö.; Hupp, J.T. Metal−Organic Framework Materials with Ultrahigh Surface Areas: Is the Sky
the Limit? J. Am. Chem. Soc. 2012, 134, 15016–15021. [CrossRef]

5. Khan, N.A.; Hasan, Z.; Jhung, S.H. Adsorptive removal of hazardous materials using metal-organic
frameworks (MOFs): A review. J. Hazard. Mater. 2013, 244–245, 444–456. [CrossRef]

6. Moghadam, P.Z.; Li, A.; Wiggin, S.B.; Tao, A.; Maloney, A.G.P.; Wood, P.A.; Ward, S.C.; Fairen-Jimenez, D.
Development of a Cambridge Structural Database Subset: A Collection of Metal–Organic Frameworks for
Past, Present, and Future. Chem. Mater. 2017, 29, 2618–2625. [CrossRef]

7. Stavila, V.; Talin, A.A.; Allendorf, M.D. MOF-based electronic and opto-electronic devices. Chem. Soc. Rev.
2014, 43, 5994–6010. [CrossRef]

8. Bae, Y.S.; Snurr, R.Q. Development and evaluation of porous materials for carbon dioxide separation and
capture. Angew. Chem. Int. Ed. 2011, 50, 11586–11596. [CrossRef]

9. Li, H.; Wang, K.; Sun, Y.; Lollar, C.T.; Li, J.; Zhou, H.-C. Recent advances in gas storage and separation using
metal–organic frameworks. Mater. Today 2018, 21, 108–121. [CrossRef]

10. Ma, S.; Zhou, H.-C. Gas storage in porous metal–organic frameworks for clean energy applications.
Chem. Commun. 2010, 46, 44–53. [CrossRef]

11. Kang, Y.-S.; Lu, Y.; Chen, K.; Zhao, Y.; Wang, P.; Sun, W.Y. Metal–organic frameworks with catalytic centers:
From synthesis to catalytic application. Coord. Chem. Rev. 2019, 378, 262–280. [CrossRef]

12. Abánades-Lázaro, I.; Forgan, R.S. Application of zirconium MOFs in drug delivery and biomedicine.
Coord. Chem. Rev. 2019, 380, 230–259. [CrossRef]

13. Pacheco-Fernández, I.; González-Hernández, P.; Pasán, J.; Ayala, J.H.; Pino, V. The rise of metal-organic
frameworks in analytical chemistry. In Handbook of Smart Materials in Analytical Chemistry; De la Guardia, M.,
Esteve-Turrillas, F.A., Eds.; Wiley: Hoboken, NJ, USA, 2016; Volume 1, pp. 463–502.

14. Rocío-Bautista, P.; Pacheco-Fernández, I.; Pasán, J.; Pino, V. Are metal-organic frameworks able to provide
a new generation of solid-phase microextraction coatings?—A review. Anal. Chim. Acta 2016, 939, 26–41.
[CrossRef]

15. Rocío-Bautista, P.; González-Hernández, P.; Pino, V.; Pasán, J.; Afonso, A.M. Metal-organic frameworks
as novel sorbents in dispersive-based microextraction approaches. Trends Anal. Chem. 2017, 90, 114–134.
[CrossRef]

16. Maya, F.; Cabello, C.P.; Frizzarin, R.M.; Estela, J.M.; Palomino, G.T.; Cerdà, V. Magnetic solid-phase extraction
using metal-organic frameworks (MOFs) and their derived carbons. Trends Anal. Chem. 2017, 90, 142–152.
[CrossRef]

17. Wang, X.; Ye, N. Recent advances in metal-organic frameworks and covalent organic frameworks for sample
preparation and chromatographic analysis. Electrophoresis 2017, 38, 3059–3078. [CrossRef]

18. Hashemi, B.; Zohrabi, P.; Raza, N.; Kim, K.-H. Metal-organic frameworks as advanced sorbents for the
extraction and determination of pollutants from environmental, biological, and food media. Trends Anal. Chem.
2017, 97, 65–82. [CrossRef]

19



Separations 2019, 6, 33

19. Maya, F.; Cabello, C.P.; Figuerola, A.; Palomino, G.T.; Cerdà, V. Immobilization of Metal–Organic Frameworks
on Supports for Sample Preparation and Chromatographic Separation. Chromatographia 2019, 82, 361–375.
[CrossRef]

20. Zhang, J.; Chen, Z. Metal-organic frameworks as stationary phase for application in chromatographic
separation. J. Chromatogr. A 2017, 1530, 1–18. [CrossRef]

21. Xiaoxin, L.; Lun, S.; Sha, C. Application of Metal-Organic Frameworks in Chromatographic Separation.
Acta Chim. Sin. 2016, 74, 969–979.

22. Li, A.; Liu, X.; Chai, H.; Huang, Y. Recent advances in the construction and analytical applications of
metal-organic frameworks-based nanozymes. Trends Anal. Chem. 2018, 105, 391–403. [CrossRef]

23. Feldblyum, J.I.; Keenan, E.A.; Matzger, A.J.; Maldonado, S. Photoresponse Characteristics of Archetypal
Metal–Organic Frameworks. J. Phys. Chem. C 2012, 116, 3112–3121. [CrossRef]

24. Yadav, D.K.; Ganesan, V.; Marken, F.; Gupta, R.; Sonkar, P.K. Metal@MOF Materials in Electroanalysis:
Silver-Enhanced Oxidation Reactivity Towards Nitrophenols Adsorbed into a Zinc Metal Organic
Framework—Ag@MOF-5(Zn). Electrochim. Acta 2016, 219, 482–491. [CrossRef]

25. Filippou, O.; Bitas, D.; Samanidou, V. Green approaches in sample preparation of bioanalytical samples prior
to chromatographic analysis. J. Chromatogr. B 2017, 1043, 44–62. [CrossRef]

26. Sheldon, R.A. Fundamentals of green chemistry: Efficiency in reaction design. Chem. Soc. Rev. 2012, 41,
1437–1451. [CrossRef]

27. Ludwig, J.K. Green Chemistry: An Introductory Text. Green Chem. Lett. 2017, 10, 30–31. [CrossRef]
28. Valcárcel, M. Principles of Analytical Chemistry; Springer: Berlin, Germany, 2000; ISBN 978-3-642-57157-2.
29. Koel, M.; Kaljurand, M. Green Analytical Chemistry; The Royal Society of Chemistry: Cambridge, UK, 2010;

ISBN 978-1-84755-872-5.
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34. Tobiszewski, M.; Namieśnik, J. Greener organic solvents in analytical chemistry. Curr. Opin. Green Sust.

Chem. 2017, 5, 1–4. [CrossRef]
35. Pacheco-Fernández, I.; Pino, V. Green solvents in analytical chemistry. Curr. Opin. Green Sustain. Chem. 2019,

18, 42–50. [CrossRef]
36. Yaghi, O.M.; O’Keeffe, M.; Ockwig, N.W.; Chae, H.K.; Eddaoudi, M.; Kim, J. Reticular synthesis and the

design of new materials. Nature 2003, 423, 705–715. [CrossRef]
37. Furukawa, H.; Cordova, K.E.; O’Keeffe, M.; Yaghi, O.M. The Chemistry and Applications of Metal-Organic

Frameworks. Science 2013, 341, 12304441–123044412. [CrossRef]
38. Bai, Y.; Dou, Y.; Xie, L.-H.; Rutledge, W.; Li, J.-R.; Zhou, H.-C. Zr-based metal–organic frameworks: Design,

synthesis, structure, and applications. Chem. Soc. Rev. 2016, 45, 2327–2367. [CrossRef]
39. Rajkumar, T.; Kukkar, D.; Kim, K.-H.; Sohn, J.R.; Deed, A. Cyclodextrin-metal–organic framework (CD-MOF):

From synthesis to applications. J. Ind. Eng. Chem. 2019, 72, 50–66. [CrossRef]
40. Gaab, M.; Trukhan, N.; Maurer, S.; Gummaraju, R.; Müller, U. The progression of Al-based metal-organic

frameworks—From academic research to industrial production and applications. Micropor. Mesopor. Mater.
2012, 157, 131–136. [CrossRef]

41. Kim, J.; Lee, S.; Kim, J.; Lee, D. Metal–organic frameworks derived from zero-valent metal substrates:
Mechanisms of formation and modulation of properties. Adv. Funct. Mater. 2019, 29, 1808466. [CrossRef]

42. Sheta, S.M.; El-Sheikh, S.M.; Abd-Elzaher, M.M. A novel optical approach for determination of prolactin
based on Pr-MOF nanofibers. Anal. Bioanal. Chem. 2019. [CrossRef]

43. Reinsch, H. “Green” Synthesis of Metal-Organic Frameworks. Eur. J. Inorg. Chem. 2016, 27, 4290–4299.
[CrossRef]

44. Rubio-Martinez, M.; Avci-Camur, C.; Thornton, A.W.; Imaz, I.; Maspoch, D.M.; Hill, M.R. New synthetic
routes towards MOF production at scale. Chem. Soc. Rev. 2017, 46, 3453–3480. [CrossRef]

20



Separations 2019, 6, 33

45. Klimakow, M.; Klobes, P.; Thunemann, A.F.; Rademann, K.; Emmerling, F. Mechanochemical synthesis of
Metal-Organic Frameworks: A fast and facile approach toward quantitative yields and high specific surface
areas. Chem. Mater. 2010, 22, 5216–5221. [CrossRef]

46. Joaristi, A.M.; Juan-Alcañiz, J.; Serra-Crespo, P.; Kapteijn, F.; Gascón, J. Electrochemical synthesis of some
archetypical Zn2+, Cu2+, and Al3+ Metal Organic Frameworks. Cryst. Growth Des. 2012, 12, 3489–3498.
[CrossRef]

47. Julien, P.A.; Mottillo, C.; Friscic, T. Metal-Organic Frameworks meet scalable and sustainable synthesis.
Green Chem. 2017, 19, 2729–2747. [CrossRef]

48. Li, P.; Cheng, F.F.; Xiong, W.W.; Zhang, Q.C. New synthetic strategies to prepare metal-organic frameworks.
Inorg. Chem. Front. 2018, 5, 2693–2708. [CrossRef]

49. Khan, N.A.; Jhung, S.-H. Synthesis of Metal-Organic Frameworks (MOFs) with microwave or ultrasound:
Rapid reaction, phase selectivity, and size reduction. Coord. Chem. Rev. 2015, 285, 11–23. [CrossRef]

50. Sánchez-Sánchez, M.; Getachew, N.; Díaz, K.; Díaz-García, M.; Chebude, Y.; Díaz, I. Synthesis of metal–organic
frameworks in water at room temperature: Salts as linker sources. Green Chem. 2015, 17, 1500–1509. [CrossRef]

51. Zhang, J.; Bu, J.T.; Chen, S.; Wu, T.; Zheng, S.; Chen, Y.; Nieto, R.A.; Feng, P.; Bu, X. Urothermal synthesis of
crystalline porous materials. Angew. Chem. Int. Ed. 2010, 49, 8876–8879. [CrossRef]

52. Tranchemontagne, D.J.; Hunt, J.R.; Yaghi, O.M. Room temperature synthesis of metal-organic frameworks:
MOF-5, MOF-74, MOF-177, MOF-199, and IRMOF-0. Tetrahedron 2008, 64, 8553–8557. [CrossRef]

53. Bayliss, P.A.; Ibarra, I.A.; Pérez, E.; Yang, S.; Tang, C.C.; Poliakoff, M.; Schröder, M. Synthesis of metal–organic
frameworks by continuous flow. Green Chem. 2014, 16, 3796–3802. [CrossRef]

54. Rocío-Bautista, P.; Pino, V.; Ayala, J.H.; Ruiz-Pérez, C.; Vallcorba, O.; Afonso, A.M.; Pasán, J. A green
metal–organic framework to monitor water contaminants. RSC Adv. 2018, 8, 31304–31310. [CrossRef]

55. Noh, H.; Kung, C.-W.; Islamoglu, T.; Peters, A.W.; Liao, Y.; Li, P.; Garibay, S.J.; Zhang, X.; DeStefano, M.R.;
Hupp, J.T.; et al. Room Temperature Synthesis of an 8-Connected Zr-Based Metal–Organic Framework for
Top-Down Nanoparticle Encapsulation. Chem. Mater. 2018, 30, 2193–2197. [CrossRef]

56. Lenstra, D.C.; Rutjes, F.P.J.T. Organic synthesis in flow: Toward higher levels of sustainability. In Sustainable
Flow Chemistry: Methods and Applications; Vaccaro, L., Ed.; Wiley: Hoboken, NJ, USA, 2017; pp. 103–134.

57. Leardi, R. Experimental design in chemistry: A tutorial. Anal. Chim. Acta 2009, 652, 161–172. [CrossRef]
58. Tamames-Tabar, C.; Cunha, D.; Imbuluzqueta, E.; Ragon, F.; Serre, C.; Blanco-Prieto, C.M.; Horcajada, P.

Cytotoxicity of nanoscaled metal–organic frameworks. J. Mater. Chem. B 2014, 2, 262–271. [CrossRef]
59. Chen, G.; Leng, X.; Luo, J.; You, L.; Qu, C.; Dong, X.; Huang, H.; Yin, X.; Ni, J. In Vitro Toxicity Study of a

Porous Iron (III) Metal-Organic Framework. Molecules 2019, 24, 1211. [CrossRef]
60. Horcajada, P.; Chalati, T.; Serre, C.; Gille, B.; Sebrie, C.; Baati, T.; Eubank, J.F.; Heurtau, D.; Clayette, P.;

Kreuz, C.; et al. Porous metal–organic-framework nanoscale carriers as a potential platform for drug delivery
and imaging. Nat. Mater. 2010, 9, 172–179. [CrossRef]

61. Su, F.; Jia, Q.; Li, Z.; Wang, M.; He, L.; Peng, D.; Song, Y.; Zhang, Z.; Fang, S. Aptamer-templated silver
nanoclusters embedded in zirconium metal–organic framework for targeted antitumor drug delivery.
Micropor. Mesopor. Mater. 2019, 275, 152–162. [CrossRef]

62. Vinogradov, V.V.; Drozdov, A.S.; Mingabudinova, L.R.; Shabanova, E.M.; Kolchina, N.O.; Anastasova, E.I.;
Markova, A.A.; Shtil, A.A.; Milichko, V.A.; Starova, G.L.; et al. Composites based on heparin and MIL-101(Fe):
The drug releasing depot for anticoagulant therapy and advanced medical nanofabrication. J. Mater. Chem. B
2018, 6, 2450–2459. [CrossRef]

63. Ma, A.; Luo, Z.; Gu, C.; Li, B.; Liu, J. Cytotoxicity of a metal–organic framework: Drug delivery.
Inorg. Chem. Commun. 2017, 77, 68–71. [CrossRef]

64. Cheplakova, A.M.; Solovieva, A.O.; Pozmogova, T.N.; Vorotnikov, Y.A.; Brylev, K.A.; Vorotnikova, N.A.;
Vorontsova, E.V.; Mironov, Y.V.; Poveshchenko, A.F.; Kovalenko, A.K.; et al. Nanosized mesoporous
metal–organic framework MIL-101 as a nanocarrier for photoactive hexamolybdenum cluster compounds.
J. Inorg. Biochem. 2017, 166, 100–107. [CrossRef]

65. Zheng, H.; Zhang, Y.; Liu, L.; Wan, W.; Guo, P.; Nyström, A.M.; Zou, X. One-pot Synthesis of Metal−Organic
Frameworks with Encapsulated Target Molecules and Their Applications for Controlled Drug Delivery.
J. Am. Chem. Soc. 2016, 138, 962–968. [CrossRef]

21



Separations 2019, 6, 33

66. Sifaoui, I.; López-Arencibia, A.; Martín-Navarro, C.M.; Reyes-Batlle, M.; Wagner, C.; Chiboub, O.; Mejri, M.;
Valladares, B.; Abderrabba, M.; Piñero, J.E.; et al. Programmed cell death in Acanthamoeba castellanii Neff
induced by several molecules present in olive leaf extracts. PLoS ONE 2017, 12, 1–12. [CrossRef] [PubMed]

67. Qian, L.; Lei, D.; Duan, X.; Zhang, S.; Song, W.; Hou, C.; Tang, R. Design and preparation of metal-organic
framework papers with enhanced mechanical properties and good antibacterial capacity. Carbohydr. Polym.
2018, 192, 44–51. [CrossRef] [PubMed]

68. Zhu, W.; Zhang, L.; Yang, Z.; Liu, P.; Wang, J.; Cao, J.; Shen, A.; Xu, Z.; Wang, J. An efficient tumor-inducible
nanotheranostics for magnetic resonance imaging and enhanced photodynamic therapy. Chem. Eng. J. 2019,
358, 969–979. [CrossRef]

69. Xin, X.-T.; Cheng, J.-Z. A mixed-ligand approach for building a N-rich porous metal-organic framework
for drug release and anticancer activity against oral squamous cell carcinoma. J. Coord. Chem. 2018, 71,
3565–3574. [CrossRef]

70. Lázaro, I.A.; Haddad, S.; Rodrigo-Muñoz, J.M.; Marshall, R.J.; Sastre, B.; del Pozo, V.; Fairen-Jimenez, D.;
Forgan, R.S. Surface-Functionalization of Zr-Fumarate MOF for Selective Cytotoxicity and Immune System
Compatibility in Nanoscale Drug Delivery. ACS Appl. Mater. Interf. 2018, 10, 31146–31157. [CrossRef]
[PubMed]

71. Shen, S.; Li, L.; Li, S.; Bai, Y.; Liu, H. Metal–organic frameworks induce autophagy in mouse embryonic
fibroblast cells. Nanoscale 2018, 10, 18161–18168. [CrossRef] [PubMed]

72. Armenta, S.; Garrigues, S.; Esteve-Turrillas, F.A.; Guardia, M. Green extraction techniques in green analytical
chemistry. Trends Anal. Chem. 2019. [CrossRef]

73. Pacheco-Fernández, I.; González-Hernández, P.; Rocío-Bautista, P.; Trujillo-Rodríguez, M.J.; Pino, V. Main
uses of Microwaves and Ultrasounds in Analytical Extraction Schemes: An Overview. In Analytical Separation
Science; Anderson, J.L., Stalcup, A., Berthod, A., Pino, V., Eds.; Wiley: Hoboken, NJ, USA, 2016; Volume 5,
pp. 1469–1501.

74. Yamini, Y.; Rezazadeh, M.; Seidi, S. Liquid-phase microextraction—The different principles and configurations.
Trends Anal. Chem. 2019, 112, 264–272. [CrossRef]

75. Mogaddam, M.R.A.; Mohebbi, A.; Pazhohan, A.; Khodadadeian, F.; Farajzadeh, M.A. Headspace mode of
liquid phase microextraction: A review. Trends Anal. Chem. 2019, 110, 8–14. [CrossRef]

76. Chisvert, A.; Cárdenas, S.; Lucena, R. Dispersive micro-solid phase extraction. Trends Anal. Chem. 2019, 112,
224–247. [CrossRef]

77. Olcer, Y.A.; Tascon, M.; Eroglu, A.E.; Boyacı, E. Thin film microextraction: Towards faster and more sensitive
microextraction. Trends Anal. Chem. 2019, 113, 97–101. [CrossRef]

78. Llompart, M.; Celeiro, M.; García-Jares, C.; Dagnac, T. Environmental applications of solid-phase
microextraction. Trends Anal. Chem. 2019, 112, 224–247. [CrossRef]

79. Gao, G.; Xing, X.; Liu, T.; Wang, J.; Hou, X. UiO-66(Zr) as sorbent for porous membrane protected
micro-solid-phase extraction androgens and progestogens in environmental water samples coupled with
LC-MS/MS analysis: The application of experimental and molecular simulation method. Microchem. J. 2019,
146, 126–133. [CrossRef]

80. Kahkha, M.R.R.; Daliran, S.; Oveisi, A.R.; Kaykhaii, M.; Sepehri, Z. The Mesoporous Porphyrinic Zirconium
Metal-Organic Framework for Pipette-Tip Solid-Phase Extraction of Mercury from Fish Samples Followed
by Cold Vapor Atomic Absorption Spectrometric Determination. Food Anal. Methods. 2017, 10, 2175–2184.
[CrossRef]

81. Gao, G.; Li, S.; Li, S.; Wang, Y.; Zhao, P.; Zhang, X.; Hou, X. A combination of computational−experimental
study on metal-organic frameworks MIL-53(Al) as sorbent for simultaneous determination of estrogens
and glucocorticoids in water and urine samples by dispersive micro-solid-phase extraction coupled to
UPLC-MS/MS. Talanta 2018, 180, 358–367. [CrossRef] [PubMed]

82. Taima-Mancera, I.; Rocío-Bautista, P.; Pasán, J.; Ayala, J.H.; Ruiz-Pérez, C.; Afonso, A.M.; Lago, A.B.; Pino, V.
Influence of ligand functionalization of UiO-66-based Metal-Organic Frameworks when used as sorbents in
dispersive solid-phase analytical microextraction for different aqueous organic pollutants. Molecules 2018, 23,
2869. [CrossRef]

83. Kashanaki, R.; Ebrahimzadeh, H.; Moradi, M. Metal–organic framework based micro solid phase extraction
coupled with supramolecular solvent microextraction to determine copper in water and food samples.
New J. Chem. 2018, 42, 5806–5813. [CrossRef]

22



Separations 2019, 6, 33

84. González-Hernández, P.; Lago, A.B.; Pasán, J.; Ruiz-Pérez, C.; Ayala, J.H.; Afonso, A.M.; Pino, V. Application of
a pillared-layer Zn-triazolate metal-organic framework in the dispersive miniaturized solid-phase extraction
of personal care products from wastewater samples. Molecules 2019, 24, 690. [CrossRef]

85. Boontongto, T.; Siriwong, K.; Burakham, R. Amine-Functionalized Metal–Organic Framework as a New
Sorbent for Vortex-Assisted Dispersive Micro-Solid Phase Extraction of Phenol Residues in Water Samples
Prior to HPLC Analysis: Experimental and Computational Studies. Chromatographia 2018, 81, 735–747.
[CrossRef]

86. Huang, Y.-F.; Liu, Q.-H.; Li, K.; Li, Y.; Chang, N. Magnetic iron(III)-based framework composites for the
magnetic solid-phase extraction of fungicides from environmental water samples. J. Sep. Sci. 2018, 41,
1129–1137. [CrossRef]

87. Lu, Y.; Wang, B.; Yan, Y.; Liang, H.; Wu, D. Silica Protection–Sacrifice Functionalization of Magnetic Graphene
with a Metal–Organic Framework (ZIF-8) to Provide a Solid-Phase Extraction Composite for Recognization
of Phthalate Easers from Human Plasma Samples. Chromatographia 2019, 82, 625–634. [CrossRef]

88. Liu, G.; Huang, X.; Lu, M.; Li, L.; Li, T.; Xu, D. Facile synthesis of magnetic zinc metal-organic framework for
extraction of nitrogen-containing heterocyclic fungicides from lettuce vegetable samples. J. Sep. Sci. 2019, 1,
1–8. [CrossRef] [PubMed]

89. Deng, Y.; Zhang, R.; Li, D.; Sun, P.; Su, P.; Yang, Y. Preparation of iron-based MIL-101 functionalized
polydopamine@Fe3O4 magnetic composites for extracting sulfonylurea herbicides from environmental water
and vegetable samples. J. Sep. Sci. 2018, 41, 2046–2055. [CrossRef] [PubMed]

90. Zhang, S.; Yao, W.; Fu, D.; Zhang, C.; Zhao, H. Fabrication of magnetic zinc adeninate metal–organic
frameworks for the extraction of benzodiazepines from urine and wastewater. J. Sep. Sci. 2018, 41, 1864–1870.
[CrossRef] [PubMed]

91. Safari, M.; Shahlaei, M.; Yamini, Y.; Shakorian, M.; Arkan, E. Magnetic framework composite as sorbent for
magnetic solid phase extraction coupled with high performance liquid chromatography for simultaneous
extraction and determination of tricyclic antidepressants. Anal. Chim. Acta 2018, 1034, 204–213. [CrossRef]
[PubMed]

92. Yuan, Y.; Lin, X.; Li, T.; Pang, T.; Dong, Y.; Zhuo, R.; Wang, Q.; Cao, Y.; Gan, N. A solid phase
microextraction Arrow with zirconium metal–organic framework/molybdenum disulfide coating coupled
with gas chromatography–mass spectrometer for the determination of polycyclic aromatic hydrocarbons in
fish samples. J. Chromatogr. A 2019, 1592, 9–18. [CrossRef] [PubMed]

93. Liu, M.; Liu, J.; Guo, C.; Li, Y. Metal azolate framework-66-coated fiber for headspace solid-phase
microextraction of polycyclic aromatic hydrocarbons. J. Chromatogr. A 2019, 1592, 57–63. [CrossRef]
[PubMed]

94. Niu, J.; Zhao, X.; Jin, Y.; Yang, G.; Li, Z.; Wang, J.; Zhao, R.; Li, Z. Determination of aromatic amines in
the urine of smokers using a porous organic framework (JUC-Z2)-coated solid-phase microextraction fiber.
J. Chromatogr. A 2018, 1555, 37–44. [CrossRef]

95. Zhang, B.; Xu, G.; Li, L.; Wang, X.; Li, N.; Zhao, R.-S.; Lin, J. Facile fabrication of MIL-96 as coating fiber for
solid-phase microextraction of trihalomethanes and halonitromethanes in water samples. Chem. Eng. J. 2018,
350, 240–247. [CrossRef]

96. Tian, Y.; Sun, M.; Wang, X.; Luo, C.; Feng, J. A Nanospherical Metal–Organic Framework UiO-66 for
Solid-Phase Microextraction of Polycyclic Aromatic Hydrocarbons. Chromatographia 2018, 81, 1053–1061.
[CrossRef]

97. Yang, J.-H.; Cui, C.-X.; Qu, L.-B.; Chen, J.; Zhou, X.-M.; Zhang, Y.-P. Preparation of a monolithic magnetic stir
bar for the determination of sulfonylurea herbicides coupled with HPLC. Microchem. J. 2018, 141, 369–376.
[CrossRef]

98. Wang, C.; Zhou, W.; Liao, X.; Wang, X.; Chen, Z. Covalent immobilization of metal organic frameworks onto
chemical resistant poly(ether ether ketone) jacket for stir bar extraction. Anal. Chim. Acta 2018, 1025, 124–133.
[CrossRef] [PubMed]

99. Ghani, M.; Ghoreishi, S.M.; Azamati, M. In-situ growth of zeolitic imidazole framework-67 on
nanoporousanodized aluminum bar as stir-bar sorptive extraction sorbent fordetermining caffeine.
J. Chromatogr. A 2018, 1577, 15–23. [CrossRef] [PubMed]

100. Bhattacharjee, S.; Khan, M.I.; Li, X.; Zhu, Q.-L.; Wu, X.-T. Recent Progress in Asymmetric Catalysis and
Chromatographic Separation by Chiral Metal–Organic Frameworks. Catalysts 2018, 8, 120–148. [CrossRef]

23



Separations 2019, 6, 33

101. Li, X.; Li, B.; Liu, M.; Zhou, Y.; Zhang, L.; Qiao, X. Core−Shell Metal−Organic Frameworks as the Mixed-Mode
Stationary Phase for Hydrophilic Interaction/Reversed-Phase Chromatography. ACS Appl. Mater. Interf.
2019, 11, 10320–10327. [CrossRef] [PubMed]

102. Pérez-Cejuela, H.M.; Carrasco-Correa, E.J.; Shahat, A.; Simó-Alfonso, E.F.; Herrero-Martínez, J.M.
Incorporation of metal-organic framework amino-modified MIL-101 into glycidyl methacrylate monoliths
for nano LC Separation. J. Sep. Sci. 2019, 42, 834–842. [CrossRef] [PubMed]

103. Chen, K.; Zhang, L.; Zhang, W. Preparation and evaluation of open-tubular capillary column combining
a metal–organic framework and a brush-shaped polymer for liquid chromatography. J. Sep. Sci. 2018, 41,
2347–2353. [CrossRef] [PubMed]

104. Gao, B.; Huang, M.; Zhang, Z.; Yang, Q.; Su, B.; Yang, Y.; Ren, Q.; Bao, Z. Hybridization of metal–organic
framework and monodisperse spherical silica for chromatographic separation of xylene isomers. Chin. J.
Chem. Eng. 2019, 27, 818–826. [CrossRef]

105. Ehrling, S.; Kutzscher, C.; Freund, P.; Müller, P.; Senkovska, I.; Kaskel, S. MOF@SiO2 core-shell composites as
stationary phase in high performance liquid chromatography. Micropor. Mesopor. Mat. 2018, 263, 268–274.
[CrossRef]

106. Xu, X.; Wang, C.; Li, H.; Li, X.; Liu, B.; Singh, V.; Wang, S.; Sun, L.; Gref, R.; Zhan, J. Evaluation of drug
loading capabilities of γ-cyclodextrin-metal organic frameworks by high performance liquid chromatography.
J. Chromatogr. A 2017, 1488, 37–44. [CrossRef]

107. Qu, Q.; Xuan, H.; Zhang, K.; Chen, X.; Ding, Y.; Feng, S.; Xu, Q. Core-shell silica particles with dendritic pore
channels impregnated with zeolite imidazolate framework-8 for high performance liquid chromatography
separation. J. Chromatogr. A 2017, 1505, 63–68. [CrossRef] [PubMed]

108. Zhang, P.; Wang, L.; Zhang, J.-H.; He, Y.-J.; Li, Q.; Luo, L.; Zhang, M.; Yuan, L.-M. Homochiral metal-organic
framework immobilized on silica gel by the interfacial polymerization for HPLC enantioseparations. J. Liq.
Chromatogr. Relat. Technol. 2018, 1, 1–7. [CrossRef]

109. Lang, L.; Shengming, X.; Junhui, Z.; Ling, C.; Pengjing, Z.; Liming, Y. A Gas Chromatographic Stationary of
Homochiral Metal-peptide Framework Material and Its Applications. Chem. Res. Chin. Univ. 2017, 33, 24–30.

110. Zheng, D.-D.; Wang, L.; Yang, T.; Zhang, Y.; Wang, Q.; Kurmoo, M.; Zeng, M.-H. A Porous Metal−Organic
Framework [Zn2(bdc)(L-lac)] as a Coating Material for Capillary Columns of Gas Chromatography.
Inorg. Chem. 2017, 56, 11043–11049. [CrossRef] [PubMed]

111. Zheng, D.-D.; Zhang, Y.; Wang, L.; Kurmoo, M.; Zeng, M.-H. A rod-spacer mixed ligands MOF
[Mn3(HCOO)2(Dcam)2(DMF)2]n as coating material for gas chromatography capillary column. Inorg. Chem.
Com. 2017, 82, 34–38. [CrossRef]

112. Tang, P.; Wang, R.; Chen, Z. In situ growth of Zr-based metal-organic framework UiO-66-NH2 for open-tubular
capillary electrochromatography. Electrophoresis 2018, 39, 2619–2625. [CrossRef] [PubMed]

113. Li, Z.; Mao, Z.; Chen, Z. In-situ growth of a metal organic framework composed of zinc(II), adeninate and
biphenyldicarboxylate as a stationary phase for open-tubular capillary electrochromatography. Microchim.
Acta 2019, 186, 53–61. [CrossRef]

114. Wang, X.; Ye, N.; Hu, X.; Liu, Q.; Li, J.; Peng, L.; Ma, X. Open-tubular capillary electrochromatographic
determination of ten sulfonamides in tap water and milk by a metal-organic framework-coated capillary
column. Electrophoresis 2018, 39, 2236–2245. [CrossRef]

115. Pan, C.; Lv, W.; Niu, X.; Wang, G.; Chen, H.; Chen, X. Homochiral zeolite-like metal-organic framework with
DNA like double-helicity structure as stationary phase for capillary electrochromatography enantioseparation.
J. Chromatogr. A 2018, 1541, 31–38. [CrossRef]

116. Tachikawa, T.; Choi, J.R.; Fujitsuka, M.; Majima, T. Photoinduced charge-transfer processes on MOF-5
nanoparticles: Elucidating differences between metal-organic frameworks and semiconductor metal oxides.
J. Phys. Chem. C 2008, 112, 14090–14101. [CrossRef]

117. Ji, L.; Jin, Y.; Wu, K.; Wan, C.; Yang, N.; Tang, Y. Morphology-dependent electrochemical sensing performance
of metal (Ni, Co, Zn)-organic frameworks. Anal. Chim. Acta 2018, 1031, 60–66. [CrossRef] [PubMed]

118. Hu, J.-S.; Dong, S.-J.; Wu, K.; Zhang, X.-L.; Jiang, J.; Yuan, J.; Zheng, M.-D. An ultrastable magnesium-organic
framework as multi-responsive luminescent sensor for detecting trinitrotoluene and metal ions with high
selectivity and sensitivity. Sens. Actuat. B 2019, 283, 255–261. [CrossRef]

24



Separations 2019, 6, 33

119. Xu, N.; Zhang, Q.; Hou, B.; Cheng, Q.; Zhang, G. A Novel Magnesium Metal−Organic Framework as a
Multiresponsive Luminescent Sensor for Fe(III) Ions, Pesticides, and Antibiotics with High Selectivity and
Sensitivity. Inorg. Chem. 2018, 57, 13330–13340. [CrossRef] [PubMed]

120. Zhang, F.; Yao, H.; Zhao, Y.; Li, X.; Zhang, G.; Yang, Y. Mixed matrix membranes incorporated with Ln-MOF
for selective and sensitive detection of nitrofuran antibiotics based on inner filter effect. Talanta 2017, 174,
660–666. [CrossRef] [PubMed]

121. Asadi, F.; Azizi, S.N.; Ghasemi, S. Preparation of Ag nanoparticles on nano cobalt-based metal organic
framework (ZIF-67) as catalyst support for electrochemical determination of hydrazine. J. Mater. Sci.
Mater. Electron. 2019, 30, 5410–5420. [CrossRef]

122. Peng, M.; Guan, G.; Deng, H.; Han, B.; Tian, C.; Zhuang, J.; Xu, Y.; Liu, W.; Lin, Z. PCN-224/rGO nanocomposite
based photoelectrochemical sensor with intrinsic recognition ability for efficient p-arsanilic acid detection.
Environ. Nano 2019, 6, 207–215. [CrossRef]

123. Zhou, Y.; Li, C.; Li, X.; Zhu, X.; Ye, B.; Xu, M. A sensitive aptasensor for the detection of b-amyloid oligomers
based on metal–organic frameworks as electrochemical signal probes. Anal. Methods 2018, 10, 4430–4437.
[CrossRef]

124. Sachdeva, S.; Koper, S.J.H.; Sabetghadam, A.; Soccol, D.; Gravesteijn, D.J.; Kapteijn, F.; Sudhölter, E.J.R.;
Gascon, J.; de Smet, L.C.P.M. Gas Phase Sensing of Alcohols by Metal Organic Framework−Polymer
Composite Materials. ACS Appl. Mater. Interf. 2017, 9, 24926–24935. [CrossRef]

125. Zhou, N.; Ma, Y.; Hu, B.; He, L.; Wang, S.; Zhang, Z.; Luc, S. Construction of Ce-MOF@COF hybrid
nanostructure: Label-free aptasensor for the ultrasensitive detection of oxytetracycline residues in aqueous
solution environments. Biosens. Bioelectron. 2019, 127, 92–100. [CrossRef]

126. Li, J.; Xia, J.; Zhang, F.; Wang, Z.; Liu, Q. An electrochemical sensor based on copper-based metal-organic
frameworks-graphene composites for determination of dihydroxybenzene isomers in water. Talanta 2018,
181, 80–86. [CrossRef]

127. Das, A.; Biswas, S. A multi-responsive carbazole-functionalized Zr(IV)-based metal-organic framework for
selective sensing of Fe(III), cyanide and p-nitrophenol. Sens. Actuat. B 2017, 250, 121–131. [CrossRef]

128. Guo, X.-Y.; Dong, Z.-P.; Zhao, F.; Liu, Z.-L.; Wang, Y.-Q. Zinc(II)–organic framework as a multi-responsive
photoluminescence sensor for efficient and recyclable detection of pesticide 2,6-dichloro- 4-nitroaniline,
Fe(III) and Cr(VI). New J. Chem. 2019, 43, 2353–2361. [CrossRef]

© 2019 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/).

25





separations

Review

Alternative Green Extraction Phases Applied to
Microextraction Techniques for Organic
Compound Determination

Eduardo Carasek *, Gabrieli Bernardi, Sângela N. do Carmo and Camila M.S. Vieira

Department of Chemistry, Federal University of Santa Catarina, Santa Catarina, SC 88040-900, Brazil
* Correspondence: eduardo.carasek@ufsc.br

Received: 29 May 2019; Accepted: 9 July 2019; Published: 16 July 2019

Abstract: The use of green extraction phases has gained much attention in different fields of study,
including in sample preparation for the determination of organic compounds by chromatography
techniques. Green extraction phases are considered as an alternative to conventional phases due
to several advantages such as non-toxicity, biodegradability, low cost and ease of preparation.
In addition, the use of greener extraction phases reinforces the environmentally-friendly features of
microextraction techniques. Thus, this work presents a review about new materials that have been
used in extraction phases applied to liquid and sorbent-based microextractions of organic compounds
in different matrices.

Keywords: biosorbents; microextraction; organic compounds; green extraction phases

1. Introduction

Sample preparation is a crucial step in analytical methods for determining organic compounds.
The isolation of the analytes from the matrix is a major task to ensure the quantification and unambiguous
identification of such compounds [1]. Classical sample preparation techniques, such as liquid–liquid
extraction (LLE) and solid-phase extraction (SPE), are usually time-consuming and labor-intensive.
These techniques usually use large volumes of organic solvents, which are expensive and generate a
considerable amount of waste that is harmful for human health and the environment [2].

Microextraction techniques such as those based on sorbent microextraction and liquid-phase
microextraction are considered of great importance, since they represent an environmentally friendly
alternative to classical extraction methods [3]. There are different microextraction configurations and
modes of use. Sorbent microextraction may be considered as an advanced and miniaturized solid
phase extraction (SPE) technique. Solid phase microextraction (SPME) [4] and thin film microextraction
(TFME) [5] belong to this category. Similarly, liquid phase microextraction (LPME) can be considered as
miniaturized liquid–liquid extraction procedures [6]. Most LPME techniques used include dispersive
liquid–liquid microextraction (DLLME) [7] and single drop microextraction (SDME) [8,9].

In general, microextractions are carried out using an appropriate extraction phase, which can be
a liquid [6] or a solid material [10], depending on the technique chosen. There is a large variety of
extraction phases commercially available. However, in the last decade, efforts have been devoted to the
development of new materials to be used as “greener” extraction phases. The green aspects of these
alternative materials contribute to a less harmful and lower-cost analysis [3]. Furthermore, their usage
reinforces the environmentally friendly character of microextraction techniques. In some specific cases,
it increases selectivity and hence applicability for treating complex samples. For example, ionic liquids
(ILs) and their tunable properties meet the criteria for extracting some compounds.
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Based on that, the aim of this work is to review the new materials used as green extraction phases
for the determination of organic compounds by microextraction and chromatographic techniques.
Furthermore, some recent applications of these materials in various matrices are presented.

2. Biosorbent-Based Extraction Phases

Natural, renewable and biodegradable sorbents are denominated biosorbents and have attracted
a great deal of attention in the sample preparation area, due to their low cost, non-toxicity and high
availability [11]. There are several materials from different sources that can be used as biosorbents,
such as agricultural waste products, industrial by-products and biomass derived from usually discarded
materials [12]. Some materials such as cork, bamboo charcoal, bract, and recycled diatomaceous
earth have already been applied in extraction phases to a large number of microextraction techniques
based on solid phase extraction. Thus, in the following topics, the characteristics and some relevant
recent applications of these materials in the biosorbent-based extraction phase will be discussed.
More information about the applications and validation parameters of the reported methods are
summarized in Table 1.

2.1. Cork as a Biosorbent

Cork is the bark of the cork oak tree (Quercus suber L.) and as a lignocellulosic material, it is
composed of 40% suberin, 24% lignin, 20% cellulose and hemicellulose and 15% of other extractives [13].
In 2013, Dias et al. [14] proposed, for the first time, the use of a cork-based biosorbent as a coating
for the solid phase microextraction technique (SPME) introduced by Pawliszyn et al. in 1990 as a
miniaturized technique [4]. The procedure to obtain SPME cork fiber involves immobilization of the
cork powder (approx 200 mech) on a nitinol wire of 0.2 mm thickness and approximately 2 cm length.
After this, the wires with biosorbent are heated at a temperature of 180 ◦C for 90 min. Before use,
the cork fibers produced are conditioned at 260 ◦C for 60 min in a gas chromatograph (GC) injection
port [14].

The fiber characterization conducted using Fourier transform infrared spectroscopy (FTIR) and
scanning electron microscopy (SEM) showed a heterogeneous chemical composition. Lignin presents
several aromatic rings that may allow π-π interactions between sorbent phase and analytes, mainly the
non-polar compounds. On the other hand, cellulose and hemicellulose exhibit a number of O–H groups
in their structure, allowing for hydrogen-bonding and dipole–dipole interactions with the compounds
presenting intermediate polarity. Furthermore, a homogeneously distributed coating and a porous
structure are reported for the surface of the fiber. The coating thickness obtained for the proposed fiber
was about 55 μm [14].

The SPME biosorbent-based fiber has already been successfully applied for the determination of
polycyclic aromatic hydrocarbons (PAH) [14], organochloride pesticides (OCPs) [15] and UV filters
such as 3-(4-methylbenzylidene) camphor (4-MBC) and 2-ethylhexyl 4-(dimethylamino) benzoate
(OD-PABA) [16] (Table 1). In the work proposed by Dias et al. [14], the cork fiber extracted the
PAHs by adsorption through π-π interactions and suberin was reported to play a more important
role than lignin, in this case. The cork fiber was compared to commercially available fibers such as
polydimethrylsiloxane/divinylbenzene (PMDS/DVB), divinylbenzene/carboxen/polydimethylsiloxane
(DVB/CAR/PDMS) and polydimethylsiloxane (PDMS), presenting similar or better extraction efficiency
for most compounds. An advantage reported by the authors was the lifetime of the coating layer,
which was higher than the commercial ones, 50–100 times against 40 times, respectively.
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When used for OCP determination [15] the extraction efficiency of the cork fiber was attributed
mostly to dipole–dipole interactions with the analytes. The authors also reported the occurrence of
hydrogen bonds with the compounds containing oxygen atoms. In the work of Silva et al. [16], the cork
fiber extraction efficiency for 4-MCB and OD-PABA was compared with PDMS/DVB and PDMS fibers,
and the results showed a better extraction efficiency when the cork fiber was used, for both analytes.

Cork has also been used with thin film microextraction (TFME) [17]. TFME comprises a new
geometry for SPME, aiming to provide more sensitivity for this technique. The device used in TFME
consists of a support coated with a thin layer of a sorbent phase that can be used in headspace or
immersion mode. Moreover, this technique has been designed to fit a commercially available 96-well
plate system providing high-throughput analyses. To date, there has been only one study published
using cork with TFME, by Morés et al. in 2017 [17]. The TFME cork coating coupled with 96-well
plate system was used as a high-throughput method for the extraction of emerging contaminants in a
water sample by high-performance liquid chromatography-diode-array detector HPLC-DAD (Table 1).
In this work, analytes with the log Kow ranging from 2.49 to 5.92 were successfully extracted by the
cork sorbent phase.

Another microextraction technique that used cork as the sorbent phase is called bar-adsorptive
microextraction (BAμE) [18]. The BAμE device consists of a finely divided powder (up to 5 mg) fixed
with suitable adhesives in polypropylene supports with cylindrical bar format. In the experimental
procedure, the adsorbing bars are placed in direct contact with the sample, under constant stirring.
Due to the low density of the polypropylene support, this floats just below the vortex formed by agitation,
preventing direct contact of the bar with the flask’s walls containing the sample, thus increasing the
useful life of the device. After extraction, the desorption step consists of completely inserting the bar
into vials containing a few microliters of a suitable extraction solvent.

Cork biosorbent has been used twice with BAμE. It was first used in 2015 for determination
of polar and intermediate polarity compounds (parabens, benzophenone and triclocarban) in water
samples by HPLC-DAD [18]. In this study, bars of 7.5 and 15 mm in length were used. Hollow
cylindrical polypropylene tubes (15 mm length and 3 mm diameter) were coated with adhesive films
followed by a layer of the cork powder (200 mesh). Before use, the bars were conditioned under
ultrasound agitation with 250 μL of acetonitrile (ACN) for 15 min. The half bars (length of 7.5 mm)
were obtained by cutting the 15 mm length bar in half. As shown in Table 1, the quantification limits
ranged from 1.6 to 20 μg L−1 using a bar of 15 mm and 0.64 to 8 μg L−1 using a bar of 7.5 mm.

The second study was published in 2017. At this time, the use of cork BAμE bars was extended to
biological samples for determination of two potential lung cancer biomarkers (hexanal and heptanal)
in human urine by HPLC-DAD [19]. In this study, the adsorptive bar surface was impregnated
with 2,4-dinitrophenylhydrazine (DNPH) so that derivatization and extraction were accomplished
simultaneously on the surface of the bar under acidic conditions. Relative recoveries in urine samples
varied from 88 to 111% (Table 1). Figure 1 illustrates a scheme of the biobased BAμE procedure
used. According to the authors, one of the main advantages was the low cost of the method,
since polypropylene tubes, adhesive and cork obtained from cork stoppers were used to produce
the devices.
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Figure 1. Scheme of the biobased bar-adsorptive microextraction (BAμE) procedure to determine
hexanal and heptanal in human urine by HPLC-DAD. Reproduced with permission from [19], Copyright
Elsevier, 2017.

2.2. Bract as a Biosorbent

Another lignocellulosic material was reported in 2017 as a green extraction phase for SPME [20].
The material, called bract, is the non-developed seeds obtained from the tree Araucaria angustifolia
(Bert) O. Kuntze, a conifer found in the south and southeast of Brazil and in eastern Argentina.
This material is composed of 45% lignin, 46% holocellulose (cellulose and hemicellulose) and 15%
total extractives. The process for obtaining bract-based fibers is similar to those already described for
cork fibers. Both materials are similar; however, the cork powder presents a better attachment to the
nitinol wire, so it is easier to handle. Bract has been used as an environmentally friendly and low-cost
biosorbent coating for SPME for the determination of OCPs in river and lake water [20] and PAH’s in
river water [21] (Table 1). The characterization of bract fiber carried out by thermogravimetric analysis
(TGA), SEM and FTIR showed that the fiber offers satisfactory thermal stability with no decomposition
observed up to 260 ◦C. SEM micrographs presented a highly porous and rough morphology and a film
thickness of approximately 60 μm [20]. Like cork, bract is also a lignocellulosic material. The FTIR
spectrum revealed peaks related to O–H bond and C–H stretching assigned to polysaccharides and
lignin. C=C stretching from the aromatic rings and a peak related to C–O–C bond were also identified.
Figure 2 shows a scheme of the preparation (2A) and SEM micrographs obtained for bract SPME
fiber (2B).

 

a) b)

c)

2A 2B

Figure 2. (2A) Scheme of the preparation of SPME fibers and (2B) SEM micrographs obtained for bract
fiber (a) magnification of 1500× (b) magnification of 3000× and (c) a cross-section of the proposed fiber
at magnification of 300×. Reproduced with permission from [20], Copyright Elsevier, 2017.

When applied to the determination of OCPs in water samples by gas chromatography–electron
capture detection (GC-ECD), a satisfactory analytical performance was reported with limits of detection
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(LODs) ranging from 0.19 to 0.71 ng L−1. In addition, the biosorbent-based fiber provided efficient
extractions when compared with the commercial mixed coating fiber DVB/Car/PDMS. In 2018, bract fiber
was used for the determination of PAH’s in water samples by gas chromatography–mass spectrometry
(GC-MS) [21]. In this study, the LODs varied from 0.003 to 0.03 μg L−1 (Table 1).

Bract has also been used with TFME combined with a 96-well plate for the determination of
steroid estrogens in human urine by liquid chromatography fluorescence detector (HPLC-FLD) [22].
At this time, the target compounds presented intermediate polarity with log P ≤ 4.12. The extraction
efficiency of the bract layer was explained by the π-π interactions between lignin and the analytes.
The LODs of the method varied between 0.3 μg L−1 for 17-β-estradiol and 3 μg L−1 for estrone (Table 1).
As an advantage, in this study, the authors reported the use of the 96-well plate system, allowing for
1.7 min/sample turnaround times for the proposed method.

2.3. Recycled Diatomaceous Earth as a Biosorbent Material

Diatomaceous earth is an amorphous silicate sediment originating from fossilized unicellular
microorganisms on algae of the class Bacillariophyceae centricae. This material is composed
mainly of silica dioxide and small amounts of aluminum, iron, calcium, magnesium, sodium and
potassium. After being used for the filtration and clarification of beer in a brewery, the diatomaceous
earth was subject to thermal treatment and then used as the extraction phase for SPME [23].
The FTIR characterization of the material revealed O–H bonds from silanol groups. Moreover,
asymmetric stretching was reported assigned to Si–O–Si bonds, frequently found in silicate materials.
This biosorbent has been used along with SPME for the determination of PAH’s in river water samples
by GC–MS [23]. In the comparison with the commercial fibers PDMS/DVB and PDMS, the biosorbent
showed better extraction efficiency for most compounds, except for acenaphthylene (C12H8), fluorene
(C13H10) phenanthrene (C14H10) and pyrene (C16H10), for which PDMS/DVB was better. In this work,
the authors did not provide a possible explanation for the interactions between analytes and the
biosorbent. However, a fiber limitation was reported regarding the use of salt in the optimization step.
According to the authors, salt particles added to the samples can remain adsorbed in the surface of
the extraction phase, causing fiber damage. In this case, if the salt addition is necessary to improve
extraction efficiency, a cleaning step with water may be done before the fiber insertion into the GC
injection port.

Other applications of this sorbent include TFME with 96-well plate system for the determination
of endocrine disruptors in water samples by HPLC-DAD [24] and with BAμE in the determination
of methyl and ethyl paraben, benzophenone and triclocarban in water by HPLC-DAD [25]
(Table 1). In the work of Kirschner et al. [24], bisphenol A (BPA), benzophenone (BzP), triclocarban
(TCC), 4-methylbenzylidene camphor (4-MBC) and 2-ethylhexyl-p-methoxycinnamate (EHMC) were
successfully determined from environmental water samples. Considering the analyte structure,
the authors attribute the extraction efficiency of diatomaceous earth to the O–H moieties presented
in the sorbent and the O–H and N–H groups in the target compounds. In this work, information
about the extraction phase stability in the presence of organic solvents was provided. After successive
extractions, the biosorbent blades were able to be used without expressive loss in the extraction
efficiency for at least 20 extraction/desorption cycles. The proposed method exhibited satisfactory
analytical performance, with LODs varying between 1 and 8 μg L−1 and determination coefficient
ranging from 0.9926 to 0.9988.

2.4. Other Materials Used as Biosorbents

A range of other materials characterized as biosorbents have also been used in combination with
microextraction techniques for organic compound determination. Although there are still few applications
involving these materials, a brief description is provided, along with the existent applications.

Bamboo plants are characterized by rapid growth and are widely distributed in China. Bamboo
charcoal is obtained by submitting the bamboo to high temperatures (over 800 ◦C), producing a
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material with high density, porous structure and a large surface area. Bamboo charcoal was proposed
as a novel and inexpensive SPME coating material for determination of 11 phthalate esters (PAE) in
water samples by GC-MS [26].

Another material used as a biosorbent was obtained from powdered seeds of the Moringa oleifera
tree. This material is considered to possess a highly fibrous and naturally functionalized surface.
The characterization of the moringa-based biosorbent using SEM and FITR showed a porous framework
of interconnected fibers, and various functional moieties were identified such as O–H, N–H and C–H
and CH2 groups. The first application for organic compound determination was in 2016, as a sorbent for
the determination of 13 phthalate esters (PE) in a milk sample by micro-solid phase extraction (μ-SPE)
and GC-MS [27]. The relative polar PEs interacted with the sorbent through the functional moieties
identified. The more the alkyl chain of PEs increased, the lower the extraction efficiency became.

An eco-material denominated montmorillonite (MMT) clay, modified through the intercalation
of ionic liquids (IL), has also been applied in the extraction phase [28,29]. MMT is a clay mineral
composed of structural layers consisting of an octahedral alumina sheet sandwiched between two
tetrahedral silica sheets. MMT is found in sediments, soils or rock and has been modified to adsorb
organic compounds of low polarity from aqueous solutions. In 2016, Fiscal-Ladino et al. [28] used
rotating-disk sorptive extraction (RDSE) and MMT in the extraction phase for the determination of
polychlorinated biphenyl (PCB) compounds in water samples with GC-ECD (Table 1). The RDSE
device consists of a rotating Teflon disk containing an embedded miniature magnetic stirring bar.
In this study, SEM was employed to characterize the novel sorbent, and the results showed clusters of
particles with a narrow size distribution of approximately 25 mm. The extraction efficiency achieved
for the MMT modified with 1-hexadecyl-3-methylimidazolium bromide (HDMIM-Br) phase was
compared with commercial phases and showed the highest response for all the studied analytes.

Very recently, the viability of MMT-HDMIM-Br as a green sorbent for RDSE was again
investigated [29]. In this study, cork and montmorillonite clay modified with ionic liquid
were explored for the determination of parabens in water samples by high-performance liquid
chromatography—tandem mass spectrometry (LC-MS/MS). The proposed method presented limits
of detection of 0.24 μg L−1 for the cork and 0.90 μg L−1 for the MMT-HDMIM-Br with correlation
coefficients higher than 0.9939 for both biosorbents.

2.5. Concluding Remarks about Biosorbents

In general, biosorbents demonstrated great versatility for the extraction of the different
classes of compounds. Lignocellulosic biosorbents, such as cork, bract and Moringa oleifera seeds,
are mainly composed of lignin, cellulose and hemicellulose. These macromolecules have a number
of chemical groups that are capable of interacting with a wide range of analytes with different
polarities. The works reported in this review showed studies in which cork was able to satisfactorily
extract non-polar compounds, such as PAH’s, and compounds with intermediate polarity, such as
parabens, benzophenone and triclocarban. Bract biosorbent demonstrated similar behavior, presenting
satisfactory extraction for compounds with low polarity, such as OCPs, and for those with intermediate
polarity, such as steroid estrogens.

The extraction efficiency of these lignocellulosic materials is mostly explained by the π-π
interactions between lignin and the analytes, or through hydrogen-bonding and dipole-dipole
interactions between O–H groups presented in the cellulose and hemicellulose with the O–H, N–H
bonds and Cl present in the analytes. When biosorbents were used with SPME for PAH extraction
in water samples, bract fiber showed lower LODs than cork and diatomaceous earth fiber. The same
was observed for OCP determination in water samples. Bract has a higher percentage of lignin in its
structure than cork, which could explain the higher extraction efficiency for the non-polar compounds.

By using BAμE as the microextraction technique, the diatomaceous earth bar provided lower
LODs than the cork bar for the extraction of parabens, benzophenone and triclocarban in water samples.
Although diatomaceous earth has been used for PAHs determination, it has shown good extraction
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efficiency for compounds with intermediate polarity, which was mainly due to interactions through
O–H groups. It is also worth mentioning that the porous structure of these biosorbents plays an
important role in the extraction through physical interaction with the analytes.

As a final remark, cork has been the material most used with different microextraction techniques
and for a large variety of compounds. This fact can be related to the ease with which it is obtained
through the reuse of wine bottle corks. The other biosorbents are more limited, such as bract, which is
obtained from trees in southern Brazil and in eastern Argentina. Similarly, diatomaceous earth is a
sub-product from the beer filtration and clarification process. Most of the works report the comparison
with commercial extraction phases. In general, the results are similar or even better, in some cases.
However, the procedures employed in the preparation of the devices, in particular for SPME, may be a
limitation for the widespread use of these bio-based extraction phases.

3. Ionic Liquids (ILs) as Green Extraction Phase

Ionic liquids (ILs) are non-molecular solvents with melting points below 100 ◦C, negligible vapor
pressure at room temperature, high thermal stability and variable viscosity. The ILs’ miscibility in water
and organic solvents can be controlled by selecting the cation or anion combination or by the addition of
certain functional groups in the IL molecule. Most often, ILs are composed of large asymmetric organic
cations and inorganic or organic anions. The most usually employed IL anions are polyatomic inorganic
species, such as PF6− and BF4−, and the most relevant cations are a pyridinium and imidazolium
ring with one or more alkyl groups attached to the nitrogen or carbon atoms [30]. ILs have been
successfully applied to the liquid phase microextraction technique (LPME) as a less toxic alternative to
conventional organic solvents. Considering these most notable properties, the potential usage of ILs as
the extraction phase for LPME and applications has already been extensively reviewed by different
authors [31–35]. The successful use of ILs in extraction phases is related to their structure. In addition
to the common interactions existing in conventional solvents, ILs also have ionic interactions which
confer miscibility when dissolved in polar substances. At the same time, the presence of alkyl chains
in the cation determines the solubility in less polar substances. A review by Han and coworkers in
2012 presents the physical properties of some of the most commonly used ILs [32].

In 2003, Liu et al. [36] reported the first application of ILs in the extraction phase in single drop
microextraction (SDME). SDME is a simple, easy-to-operate and reliable LPME-based method developed
in the 1990s [8]. In this report, IL-based SDME coupled with HPLC was applied for the preconcentration
and analysis of polycyclic aromatic hydrocarbons (PAHs) using the IL 1-octyl-3-methylimidazolium
PF6 [C8C1IM-PF6] as the extraction solvent. Compared with 1-octanol, ILs provided higher enrichment
factors (EFs), enabling the use of extended extraction times and larger drop volumes. In 2015,
Marcinkowski et al. reviewed the analytical potential of ILs in SDME [37].

One of the most relevant applications of ionic liquids concerns their use as the extraction phase in
dispersive liquid-liquid microextraction (DLLME). DLLME is a powerful extraction technique in which
microliter volumes of an extraction solvent are dispersed in the sample to extract and preconcentrate
the analytes [7]. The tunable properties of ILs have made these solvents particularly attractive for
DLLME applications. Trujillo-Rodríguez et al. [38] reviewed in 2013 the use of ILs in the different types
of DLLME and Rykowska et al. [39] recently reviewed modern approaches for IL-DLLME. In a recent
application, IL-DLLME was used for the first time in the extraction phase for cortisone and cortisol
determination from human saliva samples by HPLC-UV. The method provided high selectivity and
EFs to achieve biological levels [40].

3.1. Magnetic Ionic Liquids (MILs) as Green Extraction Phase

A subclass of the ILs, denominated magnetic ionic liquids (MILs), has also been used as a green
alternative to conventional organic solvents in LPME applications. Their physicochemical properties
are similar to conventional ILs; nonetheless, MILs exhibit a strong response to external magnetic fields.
MILs are obtained by the introduction of a paramagnetic component into the cation or anion of the IL
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structure. Often the paramagnetic component is comprised of a transition or lanthanide metal ions [41].
Synthesis, properties and analytical applications of MILs, including micro extractions, have been
already reviewed [42].

MILs have been applied to many LPME techniques. Table 2 shows the most recent applications
(since 2017). However, most of the MIL-based extraction approaches are performed using DLLME.
In this case, a mixture containing the MIL, dissolved in a small amount of an organic solvent,
is dispersed in the sample and then recovered with a magnetic rod. The first application of
MIL-DLLME was described in 2014 for the extraction of triazine herbicides in vegetable oils
using 1-hexyl-3-methylimidazolium tetrachloroferrate ([C6mim] [FeCl4]) as the extraction phase [43].
Very recently, Sajid et al. [44] reviewed significant milestones of employing MILs for analytical extraction
application and the main drawbacks of using MILs with DLLME.

Among the most recent applications, one in particular has attracted significant attention, since a
new generation of MILs suitable for in situ DLLME were presented. MILs comprising paramagnetic
cations containing Ni(II) metal centers coordinated with four N-alkylimidazole ligands and chloride
anions were used for in situ DLLME and extraction of both polar and non-polar pollutants in aqueous
samples. In this work, a metathesis reaction was originated by mixing a water-soluble MIL into the
aqueous sample followed by the addition of bis [(trifluoromethyl) sulfonyl] imide ([NTf2-]) anion.
This reaction produced a water-immiscible extraction solvent containing the preconcentrated analytes.
The MIL was then isolated by magnetic separation and subjected to analysis using reversed-phase
HPLC-DAD. The proposed methodology achieved higher extraction efficiency when compared to the
conventional MIL-dispersive liquid-liquid microextraction. Extraction efficiencies ranging from 46.8 to
88.6% and 65.4 to 97.0% for the [Ni(C4IM)4

2+]2[Cl−] and the [Ni(BeIM)4
2+]2[Cl−] MILs were obtained [45].

MILs have also been successfully applied to the SDME technique. In a recent study,
a high-throughput parallel-single-drop microextraction (Pa-SDME) was developed [46]. According to
the authors, Pa-SDME combines some advantageous features of trihexyl (tetradecyl) phosphonium
tetrachloro manganite (II) ([P6, 6, 6, 14+]2[MnCl42−]) MIL such as drop stability and extraction
capacity with the 96-well plate advantages for obtaining high-throughput analysis. In this study,
the determination of parabens, bisphenol A, benzophenone and triclocarban was conducted from
environmental aqueous samples by HPLC-DAD. The method validation was carried out after the
optimization step, and LODs ranging from 1.5 to 3 μg L−1 were achieved. Coefficients of determination
were higher than 0.994, and intraday and interday precision ranged from 0.6 to 21.3% (n = 3) and
10.4–20.2% (n = 9), respectively. Relative recovery ranged between 63% and 126%. Figure 3 shows the
Pa-SDME lab-made extraction apparatus used for the extractions.

Table 2. Recent applications of magnetic ionic liquids (MILs) for extraction of different analytes from
various matrices. DLLME—liquid–liquid dispersive microextraction.

Method MIL Analyte Matrix LOD Instrumentation Ref.

In situ DLLME [P6,6,6,14
+]2[CoCl42−] Biogenic amines Wine fish 1.3–3.9 μg L−1

1.2–3.8 μg kg−1 HPLC-UV [47]

DLLME [P6,6,6,14
+] [Cl−]

Estriol
Estrone

Parabens Carbamazepine
Diazepam
Ketoprofen
Ibuprofen

17α-Ethynylestradiol
Triclocarban

Aldicarb
Methyl parathion

Metolachlor
Diuron

Bisphenol A

River water 1.5–15 μg L−1 HPLC-DAD [48]
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Table 2. Cont.

Method MIL Analyte Matrix LOD Instrumentation Ref.

In situ
SB-DLLME

[Ni(C4IM)4
2+]2[Cl−]

[Ni(C8IM)4
2+]2[Cl−]

[Co(C8IM)4
2+]2[Cl−]

Naphthalene
Acenaphthene

Fluorene
1-chloro-4-nitrobenzene

Biphenyl
5-Bromoacenaphthene

3-Tert-butylphenol

Tap and
mineral
water

4.8–15 μg L−1

1–10 μg L−1

5.9–30 μg L−1
HS-GC-MS [49]

DLLME P66614
+]

[Dy(III)(hfacac)4
−]

Triazines and
sulfonamides

Lake water,
effluent

wastewater
0.011–0.03 μg L−1 HPLC-DAD [50]

DLLME [P6,6,6,14
+]2[MnCl42−] Estrogens Human

urine 2 ng mL−1 HPLC-DAD [51]

SB-DLME [P6,6,6,14
+]

[Ni(II)(hfaca)3
−] PAHs

River water
and rain

water
1.7–28.7 ng L−1 GC-MS [52]

HS-SDME and
DLLME [P6,6,6,14

+]2[MnCl42−] Aromatic compounds Lake water 0.005–1 μg L−1 and
0.04–1 μg L−1 HPLC-DAD [53]

SB-DLME [P6,6,6,14
+]

[Ni(hfacac)3
−] UV filters River and

sea water 9.9–26.7 ng L−1 GC-MS [54]

Vacum-HS-SDME [P6,6,6,14
+]

[Mn(hfacac)3
−] Free fatty acids Milk 14.5–216 μg L−1 GC-MS [55]

Figure 3. An overview of the extraction procedure using the novel parallel-single-drop microextraction
(Pa-SDME)/MIL-based approach. Reproduced with permission from [46], Copyright Elsevier, 2017.

3.2. Deep Eutectic Solvent (DES) and Natural Deep Eutectic Solvents (NADES) as a Green Extraction Solvent

The concept of deep eutectic solvents (DESs) was first introduced by Abbot et al. in 2003 [56].
DESs consist of two solid compounds interacting via hydrogen bonds to form a liquid phase with a
lower melting point compared to each individual component [57]. The most popular DES involves the
combination of choline chloride (ChCl) with urea, carboxylic acids (e.g., citric, succinic, and oxalic
acids) and glycerol acting as hydrogen bond donors (HBDs). The use of ChCl has been related to
some advantages for DES production, including ease of preparation, biocompatibility, non-toxicity
and biodegradability. Although DESs are considered a subclass of IL, they are cheaper and easier
to prepare due to the lower cost of the raw materials. Also, they present less toxicity and are often
biodegradable, which makes them valuable alternative solvents. One of the most attractive features of
these solvents is that, like ILs, their chemical properties can be tuned through the manipulation of their
chemical structures (HBA and HBD) to interact more effectively with the target analytes. Florindo et al.
(2018) [58] provide a closer look into DES intermolecular interactions; however, there is still a lack of
knowledge regarding this topic.

In 2017, Shishov et al. published a review of the applications of DES in analytical chemistry,
including their use in the extraction phase in microextraction techniques [59]. Nowadays, these solvents
represent a very promising alternative in the sample preparation area, mainly due to their easy
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acquisition and versatility for extract different classes of compounds. In the work of Farajzadeh et al.,
a gas-assisted DLLME method using a mixture of ChCl and 4-chlorophenol (1:2 molar ratio) as
the extraction solvent was developed for pesticide residue determination in vegetable and fruit by
GC-FID [60]. The proposed method was optimized, and enrichment factors and extraction recoveries
were achieved in the range of 247–355 and 49–71%, respectively.

Two hydrophobic deep eutectic solvents were synthetized and used as the extraction solvent with
air-assisted DLLME (AA-DLLME) for pre-concentration and extraction of benzophenone-type UV
filters from aqueous samples and determination by HPLC-DAD [61]. DESs were obtained by mixing

DL-menthol and quaternary ammonium salts with a straight-chain monobasic acid. After optimization,
a DES consisting of DL-menthol and decanoic acid mixture (1:1) was chosen for UV-filter extraction.
Analytical parameters of merit were evaluated, and the developed method exhibited low limits of
detection (0.5 to 0.02 ng mL−1) and repeatability in the range of 1.5–4.9 and 0.6–5.6% for intraday
(n = 6) and interday (n = 6) determinations, respectively. The method was applied to determine the
benzophenone-type filters in environmental water samples, and relative recoveries ranged from 88.8
to 105.9%.

Recently, a novel approach for effective liquid-liquid microextraction based on DES decomposition
was reported [62]. In this work, DESs were synthesized from tetrabutylammonium bromide and
long-chain alcohols. Afterwards, they were decomposed in the aqueous phase, resulting in an in-situ
dispersion of organic phase and extraction of hydrophobic analytes. The method was applied to
17b-estradiol microextraction from transdermal gel samples. Efficient extraction of 95 ± 5% and
reproducibility of 6% were obtained. Figure 4 shows a scheme of liquid-liquid microextraction based
on in-situ decomposition of deep eutectic solvent.

Figure 4. Schema of liquid-liquid microextraction based on in situ decomposition of deep eutectic
solvent. Reproduced with permission from [62], Copyright Elsevier, 2019.

Natural deep eutectic solvents (NADESs) are considered a sub-class of DESs, and they consist
of a mixture of cheap and natural compounds such as sugars, alcohols, organic acids, and amino
acids [63]. The most significant features of NADESs include adjustable viscosity, since they are liquid
at temperature below 0 ◦C, sustainability, and the capability of dissolving a diverse range of analytes
with different polarities. In a review by Hashemi et al., (2018) [63] the authors show the most common
compounds for preparation of DES and the chemical structure of the most used NADES components.
Cunha et al., 2018 [64] presented the main LPME techniques using DES or NADES as extraction
solvents to determine several polar volatile and non-volatile compounds from food and water matrices.
Table 3 shows some recent applications of DES/NADES (since 2017) with microextraction techniques
for the determination of organic compounds in various matrices by chromatographic methods.
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Table 3. Recent applications of deep eutectic solvents (DES)/natural deep eutectic solvents (NADES)
for extraction of different analytes from various matrices.

Technique DES/NADES Composition Analytes Matrix LOD Instrumentation Ref.

DES-ALLME Ch-Cl: TNO 1 Methadone Water and
biologic 0.7 μg L−1 GC-FID [65]

UA-DLLME trioctylmethylammonium
chloride: decanoic acid UV filters Water 0.15–0.30 ng mL−1 HPLC-UV [66]

VA-LLME
Decanoic acid:

Methyltrioctylammonium
bromide

Malondialdehyde
(MDA) and

Formaldehyde (FA)

Human urine,
apple juice and

rain water

2.0 and
10.0 ng mL−1 HPLC-UV [67]

AA-EME ChCl: Ph-EtOH Amphetamine-type
stimulants (Ats)

Human plasma
and

pharmaceutical
wastewater

2.0–5.0 ng mL−1 HPLC-UV [68]

SFO–AALLME Ch-Cl: n-butyric acid Aromatic amines Aqueous
samples 1.8–6.0 ng L−1 GC-MS [69]

UA-DLLME thymol, ±camphor, decanoic:
10-undecylenic acids PAHs Industrial

effluents
0.0039–0.0098

μg L−1 GC-MS [70]

DSPE-DES-AALLMEChCl: 4-chlorophenol Tricyclic
antidepressant drugs

Human urine
and plasma

8–15 and 32–60
ng L−1 GC-MS [71]

DES-GALLME
Mixture of two or three

different carboxylic acids (C8,
C9, C10, C11 and C12)

Phenolic compounds Water 0.22–0.53 μg L−1 HPLC-UV [72]

VA-RP-LLME [N4444]Cl, TBA 2: ethylene
glycol (EG)

Triazine herbicides Vegetable oil
samples 0.60–1.50 μg L−1 HPLC-UV [73]

MA-in
syringe
DLLME

ChCl: phenol and ChCl:
butyric acid Herbicides Wheat 1.6–12 ng kg−1 GC-MS [74]

DLLME Hexafluoro isopropanol:
l-carnitine/betaine Pyrethroids Tea beverages

and fruit juices 0.06–0.17 ng mL−1 HPLC [75]

UA-DLLME-DES
Quaternary phosphonium

salts: straight-chain
monobasic acids

Pyrethroids Water 0.30–0.60 μg/L HPLC-UV [76]

1—5, 6, 7, 8-Tetrahydro-5, 5, 8, 8-tetramethylnaphthalen-2-ol; 2—tetrabutylammonium chloride ([N4444] Cl, TBA).

4. Supramolecular Solvent (SUPRAS) as Extraction Phase

Supramolecular solvents (SUPRASs) are nano-structured liquids in which the spontaneous
association of different molecules self-organizes in a biphasic system formed by a continuous and a
dispersed phase. SUPRASs’ amphiphilic nature highlights one of their main advantages, providing
excellent solvation for a wide range of organic and inorganic compounds. This characteristic is
due to the presence of supramolecular aggregates, promoting a solvent with different degrees of
polarity [77–79]. Supramolecular solvents have already been used in the determination of several classes
of compounds such as parabens, pesticides, polycyclic aromatic hydrocarbons and bisphenols [80–83].

A very recent SUPRAS paper showed SUPRAS applicability with LPME as the extraction
solvent. In this work, cationic surfactants didodecyldimethylammonium bromide (DDAB)
and dodecyltrimethylammonium bromide (DTAB) were used in the extraction solvent mixture.
SUPRAS-based liquid phase microextraction (SUPRAS-LPME) was also used in the preconcentration
of five TCs (tetracycline, oxytetracycline, chlortetracycline, methacycline and doxycycline) in milk, egg
and honey samples. An alkaline solution of the analytes was preconcentrated via electrostatic and
hydrophobic interactions in the presence of the SUPRAS extraction solvent. The extraction mechanism
was confirmed by the exploration of SUPRAS’ Zeta potential and particle size. According to the
authors, the results showed an excellent quantification method using SUPRAS and LPME for the
determination of TCs in various matrices [84].

Recently, an innovative study proposed the application of a novel hexafluoroisopropanol
(HFIP)/Brij-35 based SUPRAS in the determination of some organic compounds in water samples
also using LPME. Brij-35 is a budget-friendly and non-toxic anionic surfactant that has a high cloud
point (>100 ◦C). Presenting characteristics of a strong hydrogen-bond donor, elevated density and
high hydrophobicity, HFIP was used in Brij-35′s density regulation and cloud-point reduction to
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below room temperature. The HFIP/Brij-35 SUPRAS-based LPME procedure allowed its preparation
at room temperature with centrifugation only, making it very simple. Quantification of parabens with
HFIP/Brij-35 showed good linearity and correlation coefficients higher than 0.9990. Spiked samples
provided recoveries from 90.2% to 112.4% and relative standard deviation of lower than 9% [85].

5. Bio-Based Solvents

Bio-based solvents are a group of green solvents that have several advantageous characteristics
such as low toxicity and non-flammability, besides being biodegradable and renewable, as they are
produced from biomass and agricultural materials [86]. One example is ethanol, which has been used
for decades in classical liquid-liquid extraction. Among others, glycerol, 2-methyl tetrahydrofuran
(meTHF), ethyl lactate, p-cymene, and terpenes are part of the bio-based solvent groups that have
attracted interest for applications in separation methodologies due to their characteristics [87]. A very
interesting bio-based solvent is d-Limonene. It is derived from citrus peel and, like other bio-solvents,
is low-cost and biodegradable and exhibits low toxicity. Its main attraction has been in the substitution
of traditional solvents such as acetone, toluene, and chlorinated and fluorinated solvents in several
applications. Due to its characteristics as a degreaser, this solvent has been applied to the removal of
oils and fats [88]. In addition, d-Limonene may be a substitute for toxic organic solvents in Soxhlet
extraction procedures [89].

Recently, a liquid–liquid dispersive microextraction (DLLME) method applying d-Limonene and
B-carotene for the determination of b-cyclodextrin (b-CD) was developed [90]. These two mixed
bio-solvents show a strong adsorption characteristic. When placed in the presence of b-CD, B-carotene
forms a complex that increases the absorbance of the extracted phase, generating an excellent analytical
signal for the determination of the target compound. The validation of the method presented an
excellent limit of detection (0.00004 mol L−1) with a linear range from 0.0004 to 0.006 mol L−1.
The method was applied for the determination of b-CD in water and pharmaceutical samples, obtaining
recovery values between 94.2 and 108.0%, confirming the efficiency of the method.

Despite the advantages, these solvents are still poorly explored as the extraction phase for
microextraction techniques, mainly with chromatography techniques. Some drawbacks may have to be
overcome, such as the high viscosity that causes poor analyte mass transfer and also the incompatibility
with analytical instrumentation [91]. Nevertheless, an alternative would be their combination with
other green solvents or their use as modifiers of solid sorbents, as already proposed by Hashemi et al.
(2018) [63].

6. Conclusions

The development of alternative green extraction phases represents an important research field in
chemical analysis for the determination of different analytes from various matrices. This approach has
been exploited in several recent publications and highlighted in this article. The use of biosorbents in
analytical chemistry, mainly applied to microextraction techniques, is a very promising eco-friendly and
cheap alternative. Cork, bract and diatomaceous earth have shown tremendous potential as alternative
sorbents to commercial phases (PDMS/DVB, DVB/Car/PDMS and PDMS). However, preparation of
the fibers may limit their use. Additional efforts need to be made in order to expand the applicability
of the existing biosorbents to different groups of analytes. The use of green extraction phases as
an alternative to conventional organic solvents has led to remarkable improvements with regard to
environmentally friendly aspects. DES/NADES and SUPRAS are a very promising alternative in
sample preparation. Additional research is needed to exploit their interactions with the analytes and
also to expand their applicability. The application of bio-based solvents in the extraction phase should
be further investigated, since there are only a few reports regarding these subjects.
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Abstract: Thirty years since the invention and public disclosure of solid phase microextraction
(SPME), the technology continues evolving and inspiring several other green extraction technologies
amenable for the collection of small molecules present in complex matrices. In this manuscript,
we review the fundamental and operational aspects of a novel SPME geometry that can be used to
“hunt” target molecules in complex matrices: the SPME Arrow. In addition, a series of applications in
environmental, food, cannabis and forensic analysis are succinctly covered. Finally, special emphasis
is placed on novel interfaces to analytical instrumentation, as well as recent developments in coating
materials for the SPME Arrow.

Keywords: SPME; green chemistry; air sampling; complex matrices; mass spectrometry

1. Introduction

Solid phase microextraction (SPME) is a concept that embraces an array of technologies, or devices,
with several common features:

• First, all SPME technologies comprise a minute amount of extraction phase or sorbent material.
This sorbent is typically adhered to a solid substrate, and said substrate can take multiple
geometries [1]. The purpose of the sorptive material or coating, is to collect/enrich analytes of
interest present in a complex matrix while preventing other matrix components from adhering to
said surface [2].

• Second, analyte collection is based on partitioning between the extraction phase and the matrix.
Thus, controlling the extraction conditions (e.g., temperature, ionic strength, and humidity) and
the extraction times is critical to assure reproducible results and use this tool for quantitative
applications [3].

• Third, a SPME device can carry out multiple steps of the analytical workflow such as analyte
collection (e.g., sampling), sample preparation (e.g., the clean-up of analytes of interest from other
matrix components), analyte transportation (e.g., when the sampling is performed outside of
a laboratory), and analyte transfer into an analytical instrument (e.g., when thermal desorption is
used on gas chromatography (GC)) [4].

• Fourth, most SPME technologies reduce/eliminate the use of solvents/additives during the sample
preparation step and can consequently be considered green analytical chemistry technologies [5].

• Fifth, analyte elution can be performed via thermal, liquid, or laser desorption, depending on
the characteristics of the extraction phase, and it can be introduced into an analytical instrument
such a mass spectrometer via a chromatographic separation technique [6]. In the case of gas
chromatography, analyte introduction onto the instrument is typically performed via the direct
thermal desorption of the SPME device.
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SPME, originally conceived and patented by researchers at the University of Waterloo (UW) in
the late 1980s, was licensed and commercialized at the beginning of the 1990s by Supelco Inc. (now
Millipore-Sigma, Bellefonte, PA, USA). The first peer-reviewed manuscript, published in 1989 [7],
brought to light the most know configuration of SPME: “the fiber” [8]. As shown in Figure 1,
a traditional SPME device is composed of the following parts: a color coded screw hub (A), a
sealing septum (B), a septum piercing needle (C), a fiber attachment needle (D), and a coated fused
silica fiber (E). Though multifarious SPME devices have been developed since the mid-1990s for
thermal, liquid, and inclusive laser desorption [1,4,9], the thin cylindrical geometry described by
Bellardi et al. [7] is the most well-known and the leader in sales worldwide. Indeed, GC coupled to
several detection systems (e.g., ECD, FID, and MS) is the most commonly used instrument to interface
SPME devices.

Figure 1. Solid phase microextraction (SPME) Arrows and a traditional SPME fiber; (1) 1.5 mm SPME
Arrow; (2) 1.1 mm SPME Arrow; and (3) 23 gauge traditional SPME fiber. d1: Support tubing; d2:
septum piercing needle; d3: phase diameter; d4: phase support tubing diameter; l3: phase length; a3:
phase area; and v3: phase volume.

Even though the SPME patent did not thwart academia/industry from conducting research
on SPME devices and extraction phases [10–12], it categorically prevented corporations from
commercializing improved versions of the “traditional” fiber (e.g., enhancements to the substrate to
make a more robust technology). The expiration of intellectual property a few years ago enabled
commercial vendors to not only offer the “traditional” SPME fibers, but to also mechanically and
chemically enhance versions of this technology. An example of these enhancements includes the first
large volume SPME fiber developed by CTC Analytics AG for GC applications, known as the SPME
Arrow (see Figures 1 and 2) [13].

In parallel with the development of the SPME Arrow, other green chemistry technologies aiming
to overcome the drawbacks of the traditional SPME fiber have also appeared [14]. Among them,
one can highlight the thin film microextraction (TFME), the stir bar sorptive extraction (SBSE), and the
in-tube extraction (ITEX). As recently reviewed by Dugheri and Olcer [9,14], most of these technologies
offer better analytical features over the traditional SPME fiber. However, some of them are harder
to automate [15] or are not compatible for direct immersion experiments [16]. Thus, the focus of the
current review article is to summarize the fundamental and operational aspects of SPME Arrows,
as well as recent developments and future directions [17,18].

46



Separations 2020, 7, 12

 

Figure 2. Restek PAL traditional SPME fiber and SPME Arrow manual extraction and injection kit.
(1) Extraction guide; (2) injection guide; (3) Arrow/fiber syringe; (4) large inner diameter (ID) locking
screw; and (5) small ID locking screw.

2. SPME Arrow Design

As portrayed in Figure 3, the SPME device workflow comprises several steps including the
following: 1. piercing the septum of the vial with the outer needle; 2. exposing the extraction phase
to the sample and collecting the analytes of interest for a fixed period of time; 3. withdrawing the
extraction phase into the needle of the SPME device; 4. transporting the SPME device to the instrument
station, and 5. transferring the SPME device into the injection port of the instrument, so the analytes
are eluted from the extraction phase via thermal desorption.

 

 

Figure 3. SPME (Arrow and traditional fiber) workflow for gas chromatography (GC) analysis.
Manual SPME extraction (1–3) and injection (4–6). (1) Load SPME in manual syringe and extraction
holder and position over sample vial. (2) Penetrate sample vial septum. (3) Press down on manual
holder plunger to expose SPME extraction phase and begin sampling. (4) Load SPME in manual
injection holder and position over GC inlet. (5) Penetrate GC inlet septum. (6) Press down on manual
holder plunger to expose SPME extraction phase and begin desorption.
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SPME Arrows were designed to overcome short-comings associated with the workflow of
traditional SPME fibers, such as limited mechanical robustness ([19]), poor inter-device reproducibility,
and small extraction phase volumes ([9]). The body of an SPME fiber is made of stainless steel,
and the extraction phase is typically coated on fused silica. Consequently, one of the most common
complaints of traditional SPME fiber end-users is a lack of physical durability of the fused silica ([20]).
Though this problem can be partially alleviated by coating the extraction phase on a metal core
(e.g., nitinol) [20,21], the body of a traditional SPME fiber is also commonly reported as fragile (see
Figure 4). Consequently, commercial vendors have begun offering pre-drilled GC inlet septa and
thin-walled vial septa to help mitigate issues with the damage of the core during the extraction and
desorption steps. It is not uncommon for a SPME device to become injured, even within the first use.
Failure rates appear to be highest amongst new end users; however, experienced end users are not
immune to these issues either. Due to the delicate nature of traditional SPME fiber devices, most of
them cannot be repaired. Manual extractions and desorptions appear to increase traditional SPME
fiber failure rates, so the adoption of robotic autosamplers (e.g., CTC PAL or more commonly referred
to as “rail” systems) has helped alleviate this problem to some degree. However, regardless of manual
or automated injection, traditional SPME fiber devices typically fail to reach their true potential lifetime
due to some sort of physical damage. “Potential” lifetime is stated because the majority of these
mechanical failures appear to take place well before the fiber phase has been exhausted (i.e., it has not
reached the life time of the coating).

 

Figure 4. Mechanical failures common to traditional SPME fibers.

2.1. Physical Attributes

SPME Arrows only share the following physical attributes with traditional SPME fibers: 1. the
dimensions and thread types on the color-coded hubs; 2. the dimensions of the needle ferrule; and
3. a stainless steel composition of the support tubing and septum piercing needle. Beyond the
aforementioned, SPME Arrows diverge from traditional SPME fibers in an attempt to increase
mechanical durability. Traditional SPME fibers have 23 or 24 gauge (i.e., 0.573 or 0.511 mm, respectively)
external diameters on their septum piercing needle. The SPME Arrow was initially developed with
1.1 and 1.5 mm (i.e., ~17 and 15 gauge) external diameters on their septum piercing needle, which is
approximately 2 and 3 times the diameter of traditional SPME fibers, respectively. Figure 1 provides
a scale image for visual comparison of the physical attributes of SPME Arrows and a 23 gauge
traditional SPME fiber. Furthermore, Table 1 breaks down the divergent physical attributes of the
SPME Arrows and a 23 gauge traditional SPME fiber. Most notably, the support tubing (i.e., plunger),
septum piercing needle, and phase support tubing of the 1.1 and 1.5 mm SPME Arrows have increased
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external diameters by 264–332%, 174–237%, and 583–449%, respectively over a 23 gauge traditional
SPME fiber. These increased external diameters are largely responsible for the increased mechanical
robustness of SPME Arrows. In particular, the increase in the support tubing appears to contribute the
most improvement in durability, as this seems to be the most common failure point associated with
traditional SPME fibers [13].

Table 1. Dimension breakdown of 23 gauge traditional SPME fiber (100 μm polydimethylsiloxane
(PDMS), 1.1 mm SPME Arrow (100 μm PDMS), and 1.5 mm SPME Arrow (250 μm PDMS).

Label Description Units
Traditional

SPME

1.1 mm
SPME
Arrow

1.5 mm
SPME
Arrow

1.1 mm%
Increase

1.5 mm%
Increase

d1 Support
tubing mm 0.304 0.804 1.01 264 332

d2
Septum
piercing
needle

mm 0.634 1.10 1.50 174 237

d3 Phase
diameter mm 0.285 0.721 0.912 253 320

d4

Phase
support
tubing

diameter

mm 0.111 0.647 0.498 583 449

l3 Phase
length mm 10.0 20.0 20.0 200 200

a3 Phase area mm2 9.40 44.0 62.8 468 668

v3 Phase
volume μL 0.600 3.80 11.8 633 1967

It is important to note that the SPME Arrows have “arrow” shaped tips from which they garner
their name. These arrow tips have the same external diameter as the SPME Arrows’ septum piercing
needle (i.e., 1.1 or 1.5 mm). The arrow tip helps increase the mechanical robustness of the SPME
Arrow, as the force required to penetrate the vial and/or GC inlet septa is less on an SPME Arrow
when compared to a traditional SPME fiber, despite the increase in diameter. It has been demonstrated
that a 1.1 mm SPME Arrow only requires 799 g of force to penetrate and headspace vial septum,
whereas, a 0.63 mm traditional SPME fiber requires 1188 g (~50% more than the SPME Arrow) of force
to penetrate the same configuration [22]. Furthermore, the SPME Arrow tip has been demonstrated
to cut slits in vial and GC inlet septa, as opposed to coring septa. Therefore, septa lifetime appears
to be as good, if not better, than traditional SPME fibers [23]. Furthermore, when retracted (i.e., not
extracting/desorbing), the Arrow tip serves the purpose of a protective cap, thereby minimizing the
diffusion of compounds into the septum piercing needle and ultimately reaching the phase. This helps
minimize background contamination in between analyses or losses of analytes while the fibers are
store for analysis on the tray of the GC system [21].

More recently, the SPME Arrow has been advanced with a 0.804 mm support tubing housed
inside a 1.5 mm septum piercing needle (denoted as 1.5* mm in Table 2). This design was released to
overcome problems associated with using SPME Arrows for direct immersion (DI) extractions, such as
phase swelling and the subsequently sloughing off and/or damaged when the SPME Arrow support
tubing is retracted inside a 1.1 mm septum piercing needle. The wider 1.5 mm septum piercing needle
provides enough clearance for the swollen phase on the 0.804 mm support tubing, thereby mitigating
the sloughing issues.
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Table 2. Current SPME Arrow phase configurations.

Analytes
Molecular Weight

*
Stationary Phase Thickness (μm)

Needle Diameter
(mm)

Volatile 60–275 Polydimethylsiloxane
(PDMS) 100 1.1 and 1.5 *

Volatile (high
capacity) 60–275 PDMS 250 1.5

Polar, semi-volatile 80–300 Polyacrylate 100 1.1

Very volatile 30–225 Carbon Wide
Range (WR)/PDMS 120 1.1 and 1.5 *

Aromatic,
semi-volatile 60–300 Divinylbenzene

(DVB)/PDMS 120 1.1 and 1.5 *

Volatile and
semi-volatile 40–275 DVB/Carbon

WR/PDMS 120 1.1 and 1.5 *

* 0.804 mm support tubing housed inside of a 1.5 mm septum piercing needle to allow for phase swelling during
direction immersion (DI) extractions.

2.2. Phase

SPME Arrows were also designed to overcome the small phase areas and volumes associated
with traditional SPME fibers. As shown in the Table 1, a 23 gauge traditional SPME fiber with 100 μm
of polydimethylsiloxane (PDMS) has a 9.40 mm2 and 0.600 μL phase. The 1.1 mm Arrow with 100 μm
of PDMS, which represents the most direct comparison to the aforementioned, has a 44.0 mm2 and
3.80 μL phase; which is a 468% and 633% increase in area and volume, respectively. This increase in
phase area and volume has resulted in an increase in sensitivity and/or capacity, which is addressed
later on in the performance and applications sections of this manuscript.

As shown in Table 2, SPME Arrows have been developed with most of the traditional SPME fiber
phase offerings. The carbowax-polyethylene glycol (PEG) and carbowax/templated resin (CW/TPR)
phase are the only phases not currently available on the SPME Arrow platform. Though the SPME
Arrow has most of the phases, it is important to note that not all phase thickness/configurations have
been replicated in the SPME Arrow. For example, although the SPME arrow is available in PDMS,
it is only available in 100 and 250 μm PDMS configurations. The 7 and 30 μm PDMS configurations
found in the traditional SPME fiber offerings are not available in the SPME Arrow. Additional phase
thickness deviations may be observed when looking at the other phases (e.g., 75/85 μm of carbon on
the traditional SPME fiber compared to 120 μm of carbon on the SPME Arrow).

3. SPME Arrow Accommodations

End users may not purchase a SPME Arrow and begin using it as direct replacement for the
traditional SPME fiber. There are several things an analyst will need to modify/replace in order to
accommodate the SPME Arrows’ larger external diameters, including: 1. the injection tool (both
manual and robotic); 2. the GC inlet; and 3. the GC inlet liner.

First, the manual tool may need modification or replacement (see Figure 2). For example,
the traditional SPME fiber holder [19] does not accommodate SPME Arrows. Despite the SPME Arrows
sharing a similar length and the same dimensions on the color-coded hubs, the Supelco manual holder
tip diameter is too small. Some users have worked around this problem by drilling out the manual
holder with a 3/64” metal compatible drill bit. Alternatively, other users have purchased the Restek PAL
manual injection kit (Restek Corporation, Bellefonte, PA, USA), which accommodates both traditional
SPME fibers and SPME Arrows without modification.

In terms of robotic platforms, CTC Analytics AG does not support the use of SPME Arrows
on their second generation PAL systems (e.g., PAL/PAL-xt). Therefore, users with these systems
will need to modify their existing SPME holder or acquire an appropriate SPME Arrow holder from
Chromtech (Bad Camberg, Germany). Newer generations of robotic arms, such as PAL3 systems
(e.g., RTC and RSI), fully support the SPME Arrow as long as users acquire the appropriate tool from
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CTC Analytics AG. In the case of rail systems commercialized by other vendors such as Agilent (Santa
Clara, CA, USA), Gerstel (Linthicum Heights, MD, USA), Shimadzu (Kyoto, Kyoto Prefecture, Japan),
and Thermo (Waltham, MA, USA), users need to contact the manufacturer to acquire the appropriate
tool for their robotic system. Furthermore, the fiber conditioner found on second and third generation
PAL systems does not accommodate the SPME Arrow diameters. Therefore, users need to directly
condition the SPME devices in the GC inlet or acquire an SPME Arrow-specific conditioner module
from the appropriate manufacturer.

In terms of the GC system, the inlets that are currently installed on the instruments made
by major manufacturers (e.g., Agilent, Shimadzu, and Thermo) do not accommodate SPME
Arrows. However, factory-modified GC inlets are commercially available for those manufacturers.
Alternatively, users can modify their existing GC inlets by drilling out the excess of metal with a 3/64”
metal drill bit. Likewise, traditional SPME fibers require the use of 0.75 mm inlet liners or greater.
With the smallest outer needle diameter of 1.1 mm, SPME Arrows require the use of lager inlet liners.
Several commercial vendors provide straight-walled inlet liners capable of accommodating SPME
Arrows. For example, a 1.8 mm ID straight/inlet liner can accommodate both the 1.1 and 1.5 mm SPME
Arrows. It is important to note, that in lieu of SPME Arrow-specific liners, end users may be able to
use a standard 2.0 mm straight-walled liner and not suffer any significant performance losses [24].

4. SPME Arrow Performance

4.1. Benchmarking

In the previous sections, several advantages and disadvantages of SPME Arrows when
compared to traditional SPME fibers were reviewed. However, those were mostly focused around
the physical attributes associated with SPME Arrows. The current section focuses on how the
aforementioned physical differences in phase area and volume translate into analytical performance.
Several benchmarking applications have been chosen to compare SPME Arrows with traditional SPME
fibers. It is important to note that the 1.1 mm SPME Arrow is the focus for the remainder of this section
and for most of the manuscript, as this configuration is available in the most popular SPME phases (e.g.,
polydimethylsiloxane (PDMS) and divinylbenzene (DVB)), as shown in Table 2, whereas the 1.5 mm
SPME Arrow is only available in a 250 μm polydimethylsiloxane (PDMS) configuration, which is
anticipated to have less applications. It is important to point out that the 1.5* mm SPME Arrows
commercially launched a few weeks prior to the writing of this manuscript, so there are little data to
warrant a discussion beyond what was mentioned previously.

When comparing a 100 μm PDMS 1.1 mm SPME Arrow against a 100 μm PDMS 23 gauge SPME
fiber after the headspace (HS) extraction of volatile organic compounds (VOCs) in drinking water
[spiked at 2.5 ppb as per International Organization for Standardization (ISO) method 17943] via GC
coupled to mass spectrometry, it was found that equilibration times, extraction times, and desorption
temperatures were equivalent among the two devices. Figure 5 presents a chromatogram overlaying
instrumental response of the SPME Arrow and SPME fiber for the 92 VOCs. The SPME Arrow’s
response is higher than the traditional SPME fiber. On average, the SPME Arrow demonstrated
a ~4× increase in response over traditional SPME fibers. This observation is consistent with the
SPME Arrow’s larger phase volume, which correlates to a greater volume/mass of target analyte
collected and thereby an increased analytical response. It is important to note that “on average” was
stated in the previous point, because the increase in response for very volatile compounds like vinyl
chloride was ~10× on the SPME Arrow vs. the traditional SPME fiber. However, a semi-volatile
compound like naphthalene only saw ~2× increase in sensitivity on the SPME Arrow compared to
the traditional SPME fiber. Such differences in extraction recoveries are correlated to different vapor
pressures (i.e., Henry’s law constants) of said analytes and, expectedly, the availability in the headspace
being the rate-limiting step. Likewise, it was observed that the SPME Arrow generated linear results
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(0.998 median R2) over a wide calibration range (0.0025–166 μg/L); with excellent precision (3.24%
median RSD); and low sensitivity (30.0 ng/L median MDL) for all 92 ISO 17943 VOCs [25].

 

Figure 5. SPME Arrow overlay (TIC) on traditional SPME fiber for ISO 71943 headspace- volatile
organic compounds (HS-VOCs) in drinking water. Acquired on Agilent 7890B/5977B GC-MS.

4.2. Method Development

Initial studies with SPME Arrows indicate that method development should follow the same logic
and approach already demonstrated to be optimum for traditional SPME fibers [26]. For example,
Herrington et al. evaluated SPME Arrows to see if there was a deviation in the extraction times
required for SPME Arrows given the increase in phase volume. For this study, 100 μm PDMS 1.1 mm
SPME Arrows and 100 μm PDMS 23 gauge traditional SPME fibers were evaluated for 92 HS VOCs,
which had been spiked in drinking water at 2.5 ppb per method ISO 17943 [25]. Everything was
equivalent (e.g., equilibration times and desorption temperatures), except for the extraction times.
Extraction times of 15, 30, 60, 120, 240, 480, 960, and 1920 s were evaluated for each SPME (n = 3
for each SPME and each extraction time). Figure S1 shows the results from which the following
two observations were made: 1. the SPME Arrow continued to demonstrate an increase in response
(i.e., amount collected per unit of time) [9], which was again attributed to the increase in phase area
over traditional SPME fibers; 2. both SPME types equilibrated at the same time (~120 s) for most of the
92 VOCs evaluated. This observation was consistent with the fact that both SPME types were 100 μm
PDMS. Since the phase thickness was the same, it was deemed reasonable that the gas phase kinetics
was the same; therefore, the equilibrium times were equivalent.

4.3. Troubleshooting

An extensive literature search only produced one reported issue associated with the SPME Arrow.
Hartonen et al. reported chromatographic issues of double amine peaks when using SPME Arrows for
extracting HS amines from water [27]. The root cause was determined to be an increased amount of
water vapor extracted from the samples, due to the SPME Arrows’ increased surface area and volume.
However, it is important to note that other work on HS volatiles from drinking water [27] did not report
any chromatographic issues and/or water issues. However, this work was conducted on thermally
conditioned fibers with the use of sodium chloride in samples and split mode during desorption: the
latter two were important conclusions Hartonen et al. arrived at [27]. In addition, Helin et al. did
not report any issues when using SPME Arrow for HS amines in water with an SPME Arrow [17].
Finally, Gionfriddo et al. demonstrated short-chain aliphatic amines are best analyzed with the use of
derivatization [28].
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Beyond the aforementioned works, it is important to note that other work on HS volatiles from
drinking water investigated the use of the 1.5 mm SPME Arrow with 250 μm of PDMS over a 1.1 mm
SPME Arrow with 100 μm of PDMS [25]. As shown in Figure S2, light gases like chloroethane
had ~2.5 times the response on the 1.5 mm SPME Arrow compared to the 1.1 mm SPME Arrow.
However, the chromatography began to tail and split. A split injection could overcome this poor
chromatography; however, then any sensitivity gains would be lost. It is believed that this tailing was
a product of the fact that the phase was so thick on the 1.5 mm SPME Arrow that these lighter gases
deeply penetrated into the thick phase, which then caused tailing up desorption. This work, Hartonen
et al.’s work, and work not shown here have tended to suggest that SPME Arrows perform best with
the use of a small (e.g., 2:1 or 5:1) split during thermal desorption. However, more extensive work
will have to investigate this in the future. For instance, forthcoming work should consider the use of
programmed temperature vaporization (PTV)-type inlets for SPME Arrows [14].

5. SPME Arrow Applications

5.1. Environmental Analysis

SPME technology has applicability for environmental pollutants in air, water, soil and sediment,
and it can be used in the field or in the laboratory for sample preparation [17,18]. An advantage of the
SPME Arrow is the larger phase volume that allows for the collection of a higher amount of the target
compounds, so reporting requirements for environmental data users can be met.

One drawback of the traditional SPME fibers for headspace analysis is that the amount of analyte
enriched on the coating is not sufficient to meet the reporting limits established by environmental
agencies. The SPME Arrow design allows for four-to-five times higher analytical responses of
compounds than a traditional SPME fiber [29]. For instance, the work performed by Kremser
et al. presented a comparison of several techniques for determining volatile organic compounds
including: purge and trap (P and T), ITEX, sample loop, traditional SPME fiber, gas-tight syringe, and
SPME Arrow. As can be seen in Table 3, the detection limits for the SPME Arrow are in the same
range as P and T and ITEX techniques, which are representative of exhaustive extraction techniques.
However, the automation of workflow for the SPME Arrow is not only simpler than for P and T but
also compatible with direct immersion experiments, which are not doable by ITEX [14].

In another study, Kaziur and collaborators developed a method capable of detecting
picogram-per-liter (0.05 and 0.6 ng L−1) levels of water taste and odor compounds
(i.e., isopropyl-3-methoxypyrazine, 2-isobutyl-3-methoxypyrazine, geosmin, 2-methylisoborneol,
2,4,6-trichloroanisole, 2,4,6-bromoanisole, and beta-ionone) in water samples [18]. As a matter of fact,
this fully automated workflow was more sensitive than existing methodologies (see Table 4).
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Headspace work with SPME Arrow has been performed for the analysis of volatile amines in
waste water. For example, after careful optimization of the extraction conditions, Helin et al. observed
that the SPME Arrow produced lower detection limits, and higher recoveries of dimethyl amine (DMA)
over the traditional SPME fiber (88% vs. 57%, respectively) [17].

The SPME Arrow has also been used for the analysis of semi-volatile compounds using
immersion extraction. Typically, semi-volatile sample preparation for water samples has used
liquid-liquid extraction (LLE) or solid phase extraction (SPE). Boyaci et al. did a comparison of SPME
technology versus LLE and SPE, and it was found that the reduction of unwanted matrix interferences,
the solventless extraction, the reusability, and the feasibility for high throughput sample analysis
made SPME a more attractive technique [47]. Kremser et al. did extensive work with freely dissolved
polycyclic aromatic hydrocarbons (PAHs) in water [48]. Extraction times and stirring rates were
optimized to determine the method detection limits, and these were compared to previously published
data for traditional SPME and SBSE (see Table 5). Direct immersion experiments using the SPME
Arrow for freely dissolved semi-organic compounds showed detection limits five times lower than the
traditional SPME fiber and similar results to stir bar sorptive extraction (SBSE). When comparing the
SPME Arrow to SBSE, the authors highlighted the easiness of automation and utilization of shorter
extraction times.

The SPME Arrow has also been used for environmental air sampling with the in-field analysis
of biogenic volatile organic compounds (BVOCs). Monoterpenes (gamma-pinene and d3-carene)
and aliphatic aldehydes (octanal and decanal) were selected by Barreira et al. to represent expected
compounds to be found in field testing [49]. In-laboratory extraction efficiencies showed that the
SPME Arrow had two-to-three times more area count than the traditional SPME fiber. Sampling was
then performed in a boreal forest in Hyytiälä, Finland. Barreira et al. determined that the extraction
efficiency of the SPME Arrow was two-times higher or greater, depending on compound, than the
traditional SPME fiber, allowing for more sensitive testing (see Figure 6) [49].

Figure 6. Comparison between the average mass of identified monoterpenes (α-pinene,
13-carene, and limonene) and aldehydes (octanal, nonanal, and decanal) collected with different
polydimethylsiloxane-divinylbenzene (PDMS-DVB) SPME devices (fiber and Arrow) from ambient air
and measured by GC-MS. Figure reprinted with permission of Elsevier from Reference [48], 2019.
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5.2. Food Analysis

There are not as many publications on SPME Arrow in food analysis, as compared to traditional
SPME fibers [8]. However, in the past couple of years, several applications have spanned the
analysis of diverse matrices including fish and rice [52,53]. For instance, Song and coworkers
compared carboxen/polydimethylsiloxane (CAR/PDMS) SPME sorbents in the fiber format to the
arrow format for the HS extraction of volatiles present in salt-fermented sand lance fish sauce [53].
The researchers reported that alcohols, aldehydes and pyrazines, with the exception of 1-pentenol,
were more effectively extracted using the SPME Arrow. Some compounds that are believed to be
important to the flavor profile were only observed using the arrow device. Lan and coworkers
described a modified zeolitic imidizolate framework (ZIF-8) as a solid phase microextraction support
on the arrow construct [54]. The group compared the novel adsorbent to a commercially available
carboxen/polydimethylsiloxane device for the sampling of volatile amines in wastewater and food
samples (salmon and mushrooms). The researchers found that the commercial ZIF-8 material exhibited
a small pore size (5.6 Å), which likely excluded the model amine compounds, resulting in a low
extraction efficiency. The acidification of the material significantly increased the extraction of small
volatile amines, presumably due to an increase in pore size. The modified ZIF-8 arrow design provided
comparable extraction efficiencies for small, volatile amines from several matrices as compared to
commercial carboxen/polydimethylsiloxane SPME Arrow devices. Yuan and coworkers investigated
metal organic framework (MOF) sorbents applied to arrow SPME devices for the determination of
PAH contaminants in fish samples [55]. The authors employed a zirconia based UiO-66-molybdenum
disulfide composite and compared the recovery of PAH contaminants from seafood samples to both
commercially-available arrow and fibers coated with PDMS/carboxen/DVB coatings. The combination
of the MOF composite sorbent and the arrow format resulted in and increased number of PAH species
detected. Lan et. al. described the analysis of low molecular weight aliphatic amines from various
matrices using several different modifications of silica sorbent applied to the arrow format [56]. The
scientists demonstrated that dimethylamine and trimethylamine could be effectively detected and
quantitated in mushroom samples using these devices.

5.3. Terpenes in Cannabis

With the rapid growth of the cannabis market taking place, the need for analytical testing
has become more critical. An area of interest in this market is being able to identify and place
cannabis flowers into the correct chemical variety, otherwise known as chemovar. To properly classify
cannabis chemovars, a comprehensive chemical profile examining compounds, such as terpenes
and cannabinoids, is collected [57]. An analysis of terpenes is typically done via headspace—gas
chromatography—mass spectrometry (HS-GC-MS). Herein, a 1.1 mm 120 μm divinylbenzene
(DVB)/PDMS SPME Arrow was used to analyze the terpene content in Humulus lupulus (hops),
and individual terpene responses were compared to that of a HS-syringe method typically used for
this application and a 65 μm DVB/PDMS traditional SPME fiber. Hops were used in place of cannabis,
as cannabis could not be legally obtained. Hops were ground using drying ice and then stored in
the freezer until needed. Ten-to-fifteen milligrams of ground hops were added to a 20 mL crimp top
HS vial.

Current methodologies recommend extraction times of 10 min for the traditional SPME fiber
analysis of terpenes [58]. Improvements to this parameter alone have the potential to decrease
instrument runtimes and increasing the number of samples that contract laboratories are able to
test. As can be seen in Figure 7, average responses for a 10 min extraction time using a traditional
SPME fiber are equivalent to that of a 2 min extraction time with the SPME Arrow. This can be done
without sacrificing reproducibility, as both techniques showed % RSDs under ≤10%. Lighter terpenes
(monoterpenes) gave better responses on the SPME Arrow, while the heavier terpenes (sesquiterpenes)
were more comparable. However, the traditional fiber did provide slightly better responses for
the sesquiterpenes.
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Figure 7. Extraction of VOCs in cannabis-related applications. Comparison of the traditional SPME
fiber vs. SPME Arrow. Acquired on Agilent 7890B/5977B GC-MS.

6. Future Directions

The future of the SPME Arrow is promising, and among the multiple research and application
avenues, this new geometry of SPME may grow rapidly. The following three areas are anticipated to
expand: the development of new extraction phases [26,55,56], the Arrow’s direct interface with MS
instrumentation [59], and the Arrow’s evolution towards smarter devices.

The first premise beyond the development of novel extraction phases is that the performance of
these materials is better than those already commercially available by improving either robustness,
extraction capabilities or device ruggedness [6,14,60]. For instance, the lack of inter-device
reproducibility of one of the most popular extraction phases in SPME for GC analysis, the triple
phase (DVB/Car/PDMS), has been its Achilles’ heel [61]. Therefore, the recently launched SPME
Arrow with a blended triple phase is expected to make a greater impact in the food and fragrance
industry [62]. The main issue with the “original” tri-phasic SPME fibers relies on the process used for
its manufacturing given that, if the two extraction phases (DVB-PDMS and Car-PDMS) are not properly
aligned, this can lead to differences in the amount of extraction phase per coating length, thus leading
to significant differences in the amount of analyte extracted—particularly volatile compounds [61].
In tri-phasic SPME Arrows, the particles of DVB and Car are embedded on the PDMS, resolving the
issue of multiphase irregularities and consequently leading to better inter-device reproducibility.

As recently reviewed by Gomez-Rios and Mirabelli [4], the direct interface of SPME devices
to MS has been increasing in the last five years, and SPME Arrows have not been an exception.
For instance, research from the Zenobi’s group demonstrated the applicability of an automated SPME
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Arrow workflow, hyphened with a dielectric barrier desorption ionization (DBDI) coupled to an LTQ
Orbitrap, to analyze common organic contaminants in treated wastewater (see Figure 8) [59]. Limits
of detection as low as 3 ng/L were attained with a total analysis time per sample of less than 10
min (see Figure S3). Given that the ionization mechanism by DBDI, as well as by other direct-to-MS
technologies, primarily relies on proton transfer for analyte ionization, a good response is typically
attained for polar compounds with high proton affinity, whereas low ionization efficiencies are
observed for nonpolar compounds. To overcome this limitation, a dopant-assisted DBDI ionization
approach has been proposed to more efficiently ionize PAHs extracted from water. Though this strategy
allowed for an up-to-an-order-of-magnitude signal enhancement for the analytes monitored, others go
in detriment, and, consequently, the use (or not) of dopant must be driven by the target analytes.
Certainly, DBDI is only one of the possible means of interfacing SPME Arrows to MS instrumentation.
Other options include but are not limited to direct analysis in real time (DART) [63–65], atmospheric
pressure photon ionization (APPI) [66], and thermal desorption-electrospray ionization (TD-ESI) [67].
It is anticipated that SPME Arrow-like geometries [11] compatible with liquid desorption and complex
biological matrices will be developed in the near future and potentially coupled to direct-to-MS
technologies such nano-electrospray ionization (nano-ESI) [68], desorption electrospray ionization [69],
and the microfluidic open interface (also known as Open Probe Sampling Interface, OPSI) [70–72],
as means to enhance the speed of analysis and the sensitivity [73]. Areas where such devices can make
a great impact include but are not limited to, food fraud [74], volatomics [64], and rapid screening in
the clinical chemistry realm [75].

 

Figure 8. Schematic drawing (a) and image (b) of the sample introduction system (with and without
dopant), source, and dielectric barrier desorption ionization (DBDI) interface with the mass spectrometer.
Figure reprinted with permission of Elsevier from Reference [59], 2020.

Finally, as part of the advances on analytical chemistry towards the Internet of Things and other
intelligent platforms [76], the development of “smart” SPME devices has begun. The so-called “smart”
SPME devices, currently commercialized by PAL, have been exclusively designed for their rail systems
and comprise a chip that automatically informs instruments about the phase coated on the device
and its usage history. Though the smartness of the device is strictly related to physical/mechanical
aspects of the device, the development of Arrows with “smarter” coatings [6] (e.g., ionic liquids [77],
MOF [78], and carbon nanotubes (CNT) [79]) and “smarter” geometries and substrates components [80]
is expected.

Supplementary Materials: The following are available online at http://www.mdpi.com/2297-8739/7/1/12/s1,
Figure S1: Extraction times for SPME Arrow and traditional SPME fiber for ISO 17943 HS-VOCs. Acquired on
Agilent 7890B/5977B GC-MS, Figure S2: 1.5 mm SPME Arrow (red trace) versus 1.1 mm SPME Arrow (black trace)
for analysis of chloroethane in water samples according to method ISO 17943 HS-VOCs. Acquired on Agilent
7890B/5977B GC-MS., Figure S3: SPME-Arrow and DBDI for determination of ppt of contaminants in waste
water. Quantitation of four compounds of varying polarities and contaminant classes: (a) DEET, (b) Tamoxifen,
(c) Pyrene, (d) Metolachlor. Figure reprinted with permission of Elsevier from Reference [59], 2020.
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Abstract: Through the development of solid phase microextraction (SPME) technologies, thin film
solid phase microextraction (TF-SPME) has been repeatedly validated as a novel sampling device
well suited for various applications. These applications, encompassing a wide range of sampling
methods such as onsite, in vivo and routine analysis, benefit greatly from the convenience and
sensitivity TF-SPME offers. TF-SPME, having both an increased extraction phase volume and surface
area to volume ratio compared to conventional microextraction techniques, allows high extraction
rates and enhanced capacity, making it a convenient and ideal sampling tool for ultra-trace level
analysis. This review provides a comprehensive discussion on the development of TF-SPME and
the applications it has provided thus far. Emphasis is given on its application to thermal desorption,
with method development and optimization for this desorption method discussed in detail. Moreover,
a detailed outlook on the current progress of TF-SPME development and its future is also discussed
with emphasis on its applications to environmental, food and fragrance analysis.

Keywords: TF-SPME; microextraction; thermal desorption; environmental analysis; flavor and
fragrance; onsite sampling; in vivo analysis; ultra-trace analysis

1. Introduction

As the need for more sensitive and greener alternatives in analytical chemistry continues to
grow [1–5], it is necessary for the further development of robust sample preparation technologies to
meet these modern demands. Sample preparation, being the first step in any analytical procedure,
is far-reaching since any and all steps in the workflow are consequently affected by the sampling
and extraction method used. The sampling and clean-up of compounds before introduction into an
instrument plays a critical role in the achieved sensitivity and quantitative capabilities of the method.
Consequently, novel extraction techniques must be developed to enhance analytical performance,
while meeting the newfound call for greener sample preparation methods. Microextraction, being
characterized by a small amount of extraction phase compared to the volume of the sample [6],
affords the opportunity of substantially reducing the amount of organic solvent used while still
achieving similar or better results compared to more traditional extraction techniques such as solid
phase extraction (SPE) [7,8] and liquid–liquid extraction (LLE) [9]. The volume of the extraction
phase, being inconsequential to the overall volume of the sample [6], allows rapid non-exhaustive
extraction, in some cases non-depletive, that can easily be quantitated using a variety of calibration
methods [10]. Moreover, analytes from the sample matrix are extracted in their “free-form” (non-bound
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or free-concentration), giving the opportunity for the analysis of bio-available analytes in various
matrices. Among existing microextraction techniques, solid phase microextraction (SPME) is the most
widely adopted as it allows solvent-less extraction that can be easily automated and adapted for in vivo
and onsite applications [11]. The conventional configuration of SPME consists of an extraction phase
coated on a solid, fiber-like support composed of fused silica, stainless steel or flexible metal alloys;
this geometry allows ease of use and automated extraction and analysis [11]. As a sample preparation
method, the use of SPME enables sampling and pre-concentration to be performed in one simple step,
making the technique more versatile in its use and able to achieve better throughput compared to more
laborious exhaustive methods such as SPE and LLE.

2. From Fiber to Thin Film Format: Pros and Cons

In common with all non-exhaustive extraction techniques, the mechanism of extraction for SPME
is based on the equilibrium-driven diffusion of analytes between the sample matrix and the extraction
phase [6]. The amount extracted at equilibrium between these phases is described in Equation
(1) and explained in Section 4, “Fundamentals of TF-SPME”. This equation implies that for most
SPME-based extractions, the only parameters that are consequential when optimizing extraction
efficiency for a non-exhaustive extraction are the distribution coefficient between the sample and the
extraction phase (Kes), and the volume of the extraction phase (Ve). During method development and
optimization, Kes is maximized through changes in different physical parameters of the extraction,
such as temperature, agitation, ionic strength, the amount of organic solvent in the sample (if any)
and most notably extraction phase chemistry [6]. As a result, during the development of an SPME
device the physiochemical properties of the coating must be carefully selected as they affect both the
extraction efficiency and specificity for the targeted analyte. Additionally, the extraction phase must
also be able to be efficiently desorbed, by either thermal desorption (TD) (the phase then needing to be
thermally stable) or by desorption in an organic solvent (the phase not swelling in organics).

Beyond the previously mentioned parameters, an increase in extraction phase volume also
contributes to the enhanced efficiency of the sampling device [12]. This phase volume allows improved
capacity for the analyte, which in turn enables a more sensitive extraction, applicable to ultra-trace
level analysis, doing so, however, poses practical challenges in both engineering of the device and
mass transfer phenomena. For example, when optimizing the volume of the extraction phase (Ve)
for fiber SPME, a simple increase in the diameter of the coating, as seen in Equation (2), drastically
prolongs the equilibration time and negatively affects the desorption efficiency. An increase in phase
volume for a fiber SPME also requires a redesign of the whole device assembly, as in the case of the
recently introduced Arrow-SPME [13,14]. This device, while important to the overall development of
SPME due to its enhanced capacity, will not be further discussed as it does not seek to maximize the
device’s surface-to-volume ratio as other TF-SPME devices do.

There have been multiple developments throughout the years to increase the extraction phase
volume of microextraction devices to enhance their sensitivity with varying success. Still commonly
used today, stir bar sorptive extraction (SBSE) seeks to increase the volume of extraction phase by coating
a magnetic stir bar with polydimethylsiloxane (PDMS) for the immersive extraction of aqueous analytes,
and has proven suitable for both direct immersion and headspace extraction [15]. This geometry allows
higher capacities than conventional SPME fiber due to the larger extraction volume, however, it still
has yet to overcome the difficulties discussed previously in timely extraction [16] (especially in regards
to large sample volumes) [17] and efficient desorption. While the large capacity can grant greater
sensitivity, the extraction time can take 24 h [18] and desorption can be long as well depending on the
molecular weight and volatility of the analytes [17]. Thin film solid phase microextraction (TF-SPME),
a novel SPME device first developed in 2003 [12], overcomes these limitations, extraction efficiency
and capacity, by the use of an alternative geometry. TF-SPME consists of a large-volume thin layer of
extraction phase (originally pure PDMS) for the pre-concentration of analytes. The development of
TF-SPME devices differs from previous attempts as its geometry is simply a flat planar surface, effectively
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increasing the surface area-to-volume ratio and thus avoiding the usual caveats of increased phase
volume [12]. With enhanced capacity and faster equilibration rates compared to other microextractive
methods, the practicality of the first iteration of TF-SPME devices was still limited. The geometry
of the earlier developments of the technique was cumbersome, its large volume required specially
suited large-volume injectors which not all labs were equipped for [12]. On a more fundamental
note, an increase of extraction phase volume consequently increases the amount of background and
bleed from the extraction phase itself and this critical drawback has only recently been addressed by
newer generations of TF-SPME devices [19]. Although the desorption of TF-SPME devices can be fully
automated, their geometry still poses a barrier for online extraction and analysis, and currently an
auto-sampler that can both perform extraction and desorption for conventional TF-SPME devices has
yet to be developed. The suitability of TF-SPME devices, however, for ultra-trace level analysis, along
with its convenience of onsite sampling, makes it a suitable and robust alternative SPME application.

3. Types of Desorption Modes for TF-SPME

There are various different approaches that can be employed toward the desorption of TF-SPME
devices, and these techniques are chosen based on the characteristics of the compounds of interest and
the composition of the TF-SPME device itself. Aside from TD, the second most common desorption
method used for TF-SPME is liquid desorption (LD), commonly used in conjunction with liquid
chromatography but also with various separation platforms [20–23]. LD utilizes an organic solvent
(or a mixture of water and multiple organic solvents) to re-extract all compounds from the extraction
phase before introduction of the now-analyte enriched liquid phase into an analytical instrument.
In doing so, this allows the TF-SPME device to still carry out sampling and sample clean up before
desorbing into a much smaller amount of organic solvent that would usually be required for LLE.
This desorption mode is a necessity for liquid-phase separations; most commonly used for non-volatiles,
thermally labile compounds and biomolecules [24]. Previous studies have shown promise for the direct
coupling of SPME to nanoelectrospray ionization [25,26], the nanospray solvent effectively desorbing
the SPME device. More recently, nanomaterial-based TF-SPME devices have been simultaneously
desorbed and analyzed by total reflection X-ray fluorescence spectrometry (TXRF) [27,28] which can
be applied to both the analysis of organic compounds and metals.

Desorption by Thermal Desorption Unit (TDU)

Since the advent of thermally stable extractive phases and binders, the TD of sorbents has been an
attractive method for sample introduction to analytical instrumentation, as it requires no additional
organic solvent as many other methods do [7–9,21]. As the science and engineering behind these
thermally stable phases progress, the inherent background of newly developed phases (solid or
liquid) is reduced, thus allowing the TD of appropriate sorbents to be applicable to ultra-trace level
analysis [19,29,30]. Fundamentally, TD operates by heating a sorbent with hot gas to release all volatile
analytes adsorbed onto the extraction phase, the increase in temperature driving the partition coefficient
of the analytes to favor the gas phase thus releasing them from the sorbent. To its advantage, TD enables
the introduction of all analytes to a gas chromatograph (GC), with the exception of any non-volatiles
that either remain on the TF-SPME device or are desorbed and deposited in the liner/column (as can be
the circumstance with liquid injection). This characteristic of TD prolongs the life of the analytical
column, reducing the amount of maintenance needed due to the reduction of particulate matter
introduced to the column. The ease-of-use and efficiency of TD, along with the inherent greenness of
the method (when applicable to solid sorbents), allows TD to be the desorption method of choice for
most volatile and semi-volatile compounds.

The efficiency of TD coupled with the convenient geometry of fiber SPME has allowed it to be
easily adapted for online analysis. Taking advantage of quick extraction times and a lack of organic
solvent, the TD of fiber SPME has long been used for routine analysis. As in other SPME geometries,
TD is the most efficient and green desorption method for the analysis of volatiles by TF-SPME, directly
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desorbing into the instrument and removing the need for an organic solvent. However, as TF-SPME
devices boast a larger extraction phase volume compared to the conventional fiber SPME geometry,
an adapter is needed for the GC inlet to accommodate its larger size. In the development of TD
adapters for larger extraction phase volumes, Wilcockson and colleagues [31] first made a custom
thermal desorption unit (TDU) that employed an external heating element to accommodate a 22 mm
glass disk coated with extraction phase. Only a couple of years later, Bruheim et al. [12] used a glass
insert to introduce a sheet of monophasic PDMS to a commercial programmed temperature vaporizer
(PTV) injector. Since then, as there is an ever-growing need for large-volume PTV injectors for various
extraction techniques, the manufacturing of automated TDUs suitable for TF-SPME have become
commonplace with units from companies such as GERSTEL, Inc. (Figure 1). The geometry of the TDU
itself plays a large role in the development of TF-SPME technology, as the volume and overall shape of
the TF-SPME device must be developed so the intended desorption unit can accommodate the device
and effectively desorb it.

Figure 1. Two-stage thermal desorption unit for thin film solid phase microextraction (TF-SPME) (photo
courtesy of GERSTEL Inc.). For the purpose of clarity, the CIS (cooled injection system) is referred to as
a cryo-trap in the text. TDU, thermal desorption unit; GC, gas chromatography.

The thermal desorption of TF-SPME devices is typically carried out by a two-stage device,
as opposed to the simpler one-stage TD often used for small-volume phases, such as is the case of
traditional SPME fiber devices. In two-stage TD, the first stage is responsible for the release of analytes
from the extraction phase into the desorption unit. This first stage is in many ways equivalent to a
one-stage TDU, however, there are more parameters to carefully optimize compared to traditional
one-stage desorption (an example being a typical GC inlet). Opposed to only transferring the analyte
directly into the column, with a two-stages desorption the analyte must be efficiently desorbed and
transferred into the cryo-trap first, and then passed into the column. This requires optimization of
the different split settings and temperature programming for each stage. The first stage, the TDU,
is most often run at a constant temperature to desorb all compounds enriched on the TF-SPME device,
however, a temperature ramp program is possible if desired. This temperature must then be optimized
depending on the volatility of the analyte (typically recommended to be 50 ◦C below a compound
boiling point) and the thermal stability of the extraction phase, the latter usually taking priority as
different extraction phases require different thermal thresholds to desorb efficiently. In most instances,
the lowest operating temperature that can be used for the desorption of enriched analytes with minimal
carryover is optimal, as this approach prolongs the health of the TF-SPME device and minimizes the
amount of bleed from the extraction phase. As an example, the operating temperatures for the two
commercially available TF-SPME devices, Carboxen®/PDMS (Car/PDMS) and divinylbenzene/PDMS
(DVB/PDMS), go up to 250 ◦C. This parameter, like many others, needs to be optimized by trial and
error at the beginning of the analytical procedure. Additionally, the split ratio must be optimized like
any other injector, however, as the TDU does not directly transfer analyte into the column but the
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cryo-trap, the split-mode of the TDU does not necessarily reflect the overall behavior of the injector.
During desorption by way of the TDU, the analyte is transferred through a heated capillary to a
cryo-trap. After desorption, the TDU is cooled and the TF-SPME device removed to ensure that no
residual analyte is erroneously transferred from the TDU to the cryo-trap during the second stage.
Furthermore, the heated transfer capillary connecting the TDU and cryo-trap should always be at a
greater temperature than the highest temperature of the TDU to ensure complete transfer of all analyte
into the cryo-trap, preferably 20–30 ◦C higher.

Contrary to one-stage desorption, in two-stage TD, after the first stage desorbs all volatile and
semi-volatile compounds from the extraction phase, the second stage is used to pre-focus analytes before
their introduction into the analytical column. This pre-focusing step, while a boon to any TD method,
is especially crucial when desorbing large-volume phases due to the amount of analyte desorbed and the
longer desorption times typically required. During the desorption of such large-volumes, as is the case
of TF-SPME, the loss of highly-volatile compounds and ultra-volatiles during a single-stage desorption
method would be unavoidable. The pre-focusing step is usually achieved by the inclusion of either a
sorbent tube or temperature-controlled unit (here referred to as a cryo-trap). While a sorbent-based
second-stage can exhibit suitable trapping capacities of analyte, the addition of a second sorbent can
complicate method optimization and thus cryo-trap stages are generally preferred. Depending on
the cryo-trap device used, the trap can be cooled by liquid gas (such as nitrogen and carbon dioxide)
or a solid-state device. In the use of a cryo-trapping device, while the analytes are desorbed at high
temperature in the TDU, the cryo-trap is held at a low temperature, −40 to 0 ◦C being appropriate for
most volatiles [16,32,33] with highly volatile substances requiring lower temperatures trending toward
−150 ◦C to properly pre-focus [8,19,29,34–36]. Only after all compounds are thermally desorbed from
the TF-SPME device and condensed in the cryo-trap, the temperature of the cryo-trap is increased at a
high rate (usually 12 ◦C/s), achieving discrimination-free transfer of analytes into the analytical column
with minimal sample loss. Proper method development and TF-SPME workflow (Figure 2), with the
use of a cryo-trap for the focusing of volatiles, results in sharper chromatographic peaks and ensures
that all compounds extracted are introduced into the analytical column, increasing the reproducibility
and sensitivity of the analytical method. In case of direct immersion extraction, it is advisable to gently
wipe the TF-SPME device before introduction into the desorption liner, as to avoid potential matrix
contaminants such as water and oil entering the TDU.

Figure 2. Optimized TF-SPME workflow (photos courtesy of GERSTEL Inc.) for extraction and
thermal desorption.
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Care must be taken when deciding the type of split for the cryo-trap as it is synergistic with
the TDU (Table 1). It should be mentioned that the gas flow of a two-stage unit is restricted by the
cryo-trap during both stages. As a result, if splitless injection is desired a solvent-venting cryo-trap
is still necessary to maximize gas flow, thus allowing efficient desorption. This solvent-vent must
then be closed when the cryo-trap begins to increase in temperature, ensuring a splitless injection
with maximum desorption efficiency. In short, for maximum sensitivity both stages should be run in
splitless mode, the cryo-trap being operated under solvent-vent conditions before desorption into the
column. In the presence of solvent, the cryo-trap can typically run in a mode that vents the solvent
if the boiling point differs greatly from the analyte (approximately a 150 ◦C difference). This allows
better chromatography with no loss of analyte, provided the boiling point temperature difference is
sufficient and the cryo-trap is heated after the solvent vent closes, effectively making this method
a splitless injection onto the column. For unknown analysis, it is typical to run both stages in split
mode, and with concentrations in the ppm level, the TDU must have an appropriate split ratio with
the cryo-trap being performed in either a splitless or solvent venting fashion.

Table 1. Common parameters of two-stage thermal desorption and their applications.

Application TDU Split Cryo-Trap Split Rationale

Ultra-trace analysis Splitless Solvent-vent 1 Maximum amount of analyte injected
High concentrations Splitless Solvent-vent Sensitivity/less column load
Unknown analysis Split Split Clean cryo-trap/column

Watery/fouled devices Split Solvent-vent 1 High sensitivity/clean cryo-trap
1 Solvent-venting ends at the same time the cryo-trap begins to heat, allowing maximum desorption flow while still
achieving a splitless injection.

It should be noted that alternative forms of TD for TF-SPME devices have been recently reported.
These methods use “transmission mode” devices consisting of a coated mesh-like surface to enrich
analytes and subsequently both desorb and ionize in one step using ambient ionization methods [37–39].
Direct analysis in real time (DART), an ambient ion source that has been shown to be well suited for
onsite analysis [40], can be simply coupled to TF-SPME (coated mesh-like geometry) by positioning
the device in-between the ion source and the mass spectrometer (MS). In this way, a stream of heated
plasma (most often helium) desorbs the TF-S4PME transmission device while also ionizing analytes at
the same time [37,38]. Another ambient ionization source, dielectric barrier discharge ionization (DBDI),
has also been proven to be well suited for the analysis of illicit drugs using TF-SPME devices [39].
However, as the DBDI source does not thermally desorb compounds as the DART source can, a separate
TD chamber was constructed using an aluminum body and temperature controller. This chamber was
then filled with pre-humidified nitrogen to facilitate desorption, the flow of this now-analyte enriched
gas entering the DBDI source [39].

4. Fundamentals of TF-SPME

SPME is one of the most attractive extraction techniques commonly used today due to its high
throughput, low-cost and solvent-less extraction. In recent years, TF-SPME has been developed to
better meet the demands of onsite and ultra-trace level analysis, as its high surface area-to-volume
ratio enables it to achieve enhanced sensitivity and greater extraction efficiency [12]. In common with
other extraction technologies, sampling using TF-SPME devices is characterized by partition equilibria
between the free form of the analyte in a sample and the extraction phase constituting the extraction
device. Consequently, the properties of the extraction phase play a significant role in the efficiency of
the extraction process. The total amount of extracted analyte in direct immersion SPME, where the
analyte equilibrates between only two phases, is described by Equation (1) [12]:

neq =
KesVeVs

KesVe + Vs
Cs , (1)
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where neq is the total amount of extracted analyte at equilibrium, Kes is the distribution constant of
the analyte between the matrix and extraction phase, Ve is the volume of extraction phase, Vs is the
volume of the sample and Cs is the initial concentration of analyte in the sample. As can be seen in
Equation (1), the greater the volume of the extraction phase (Ve), the larger amount of neq is extracted.

In the following equation describing the equilibrium time for the analyte between the two phases
(Equation (2)) [12],

te = t95% =
3δ(b− a)

Ds
, (2)

te is the required time for the analyte to reach equilibrium with the extraction phase, t95% is the time
needed to extract 95% of the equilibrium amount of an analyte on the device, δ is the thickness of the
boundary layer, (b − a) represents the thickness of the extraction phase and Ds is the diffusion constant
of the analytes into the sample matrix. While an increase in Ve allows higher extraction efficiency and
thus greater sensitivity according to Equation (1), Equation (2) demonstrates that the corresponding
increase in coating thickness results in a longer equilibrium time. Hence, it is important to optimize
these parameters to ensure the most efficient and practical mode of extraction [41].

Considering Equation (3) [12],
dn
dt

=
(DsA
δs

)
Cs, (3)

A thin film geometry can also enhance the sampling rate due to its high surface area-to-volume
ratio, reducing the time it takes to reach equilibrium and enhancing the capacity of the extraction
device. In this equation, n is the amount analyte extracted over the extraction time t, A is the area
of the extraction phase, Ds is the diffusion constant of the analyte into the sample matrix and δs is
the thickness of the boundary layer [42]. In other words, employing TF-SPME devices allows rapid
sampling with high extraction capacity, suitable for ultra-trace level analysis.

5. Development of the First TF-SPME Device and Improvements up to 2019

As discussed previously, the simultaneous increase of extraction phase volume and surface area
for TF-SPME devices allows enhanced sensitivity with as good or better extraction rates compared
to traditional fiber SPME. The development of the underlying theory of this phenomena took root
in 2000 when Semenov and colleagues described the kinetics of a thin layer of extraction phase,
predicting what would be the driving force for both TF-SPME and passive sampler development [43].
While not a traditional TF-SPME device, the first technique to exploit a higher surface area-to-volume
ratio to increase both extraction capacity and efficiency was developed in 2001 by Wilcockson and
colleagues [31]. The procedure utilized a thin film (0.05 and 0.33 μm) of ethylene-vinyl acetate as
the extraction phase which was coated onto 22 mm diameter glass disks serving as the support.
This passive sampling method, exhibiting a surface area to volume ratio over 1000 times higher than
comparable 100 μm SPME fibers, demonstrated faster equilibration times but with the caveat of having
less phase volume. Due to the decreased phase volume, sensitivity did not exceed traditional SPME
fibers, however, the method has still been adopted throughout the years with success as environmental
passive samplers [44–48]. While important to the development of TF-SPME, this technique does not
share the same geometry or sensitivity as traditional TF-SPME devices and thus is only mentioned due
to its importance in the development of parallel sampling technologies based on thin adsorbent layers.

First developed in 2003 by Bruheim and colleagues [12], the first TF-SPME device consisted of a
pre-manufactured 25.4 μm sheet of polydimethylsiloxane (PDMS) as the extraction phase. This thin
sheet of PDMS was attached to a stainless steel rod as support, being affixed in a “flag-like” manner
during extraction and wrapped around the rod prior to manual TD in a PTV GC inlet (Figure 3). Using
polycyclic aromatic hydrocarbons (PAHs) as model analytes, the study demonstrated the practical
use of TF-SPME as an alternative geometry to fiber SPME in both direct immersion extraction and
headspace extraction. As the extraction efficiency was up to 20 times higher when using a 1 cm
× 1 cm sheet of PDMS compared to a 100 μm PDMS fiber, with the extraction rate exceeding the
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already-developed SBSE [15], TF-SPME devices were further developed and optimized for better
sensitivity and a more convenient sampling approach.

 
Figure 3. A timeline of pivotal moments in the evolution of TF-SPME devices. PDMS, polydimethylsiloxane;
DVB, divinylbenzene; Car, Carboxen®; HLB, hydrophilic-lipophilic balance.

Being limited to PDMS as an extraction phase, due to the availability of pre-made sorbents,
priority was given in the geometric optimization of TF-SPME devices. In 2006, Bragg and colleagues
modified a PDMS sheet into a 127 μm thick house-like shape (Figure 3) supported by a stainless steel
wire [49]. This TF-SPME device, dimensions of 2 cm × 2 cm with the triangular portion of the device
being 1 cm in height, boasted an increased phase volume of 0.0635 cm3 compared to the 0.00255 cm3

phase volume achieved by the previous developed TF-SPME device [12]. An increase of over 20 times
the volume of the extraction phase, the achievable amount of extracted analyte was greatly increased,
and thus greater sensitivity was attained. Moreover, the house-like geometry of the TF-SPME device
permitted an increase in surface area while still allowing the device to be easily wrapped around the
support, ensuring ease of injection into the GC inlet. Additionally, the same study demonstrated the
efficacy of using TF-SPME for field analysis of aqueous media, establishing TF-SPME as a convenient
onsite extraction tool [12].

A distinct departure from previous developments in both chemistry and design, Rodil and
colleagues [32] demonstrated the use of glass wool fabric as solid support for TF-SPME. Opposed
to previous attempts, which utilized pre-manufactured sheets of PDMS supported by steel wire, the
SPME devices designed consisted of a polyacrylate (PA) extraction phase bound to glass wool. During
the development of these devices, an amount of glass wool fabric was saturated with a solution of
PA, being cured while sandwiched between two sheets of polyethylene foil to ensure homogeneity
of the applied extraction phase. Being the first composite TF-SPME device developed, the sampling
device demonstrated increased mechanical stability and the final device was 6 cm × 0.3 cm after the
sheets of foil were removed. These TF-SPME devices, named “PA strips”, were compared to SBSE by
performing their extraction with the same parameters and desorbing them into a TDU, very similar to
the modern-day TD of TF-SPME devices. It was found, however, that these devices undergo thermal
decomposition after multiple uses, resulting in high amounts of bleed into the GC and a lack of
robustness of the device.

Incorporating the house-like geometry [49] and the glass fiber support [32] of earlier TF-SPME
devices, Riazi et al. [29] developed the first mixed-mode extraction phase for TF-SPME using Car/PDMS
and PDMS/divinylbenzene (PDMS/DVB). Adsorptive particles (Carboxen® or DVB) were suspended
in a solution of the binding agent (PDMS) before being applied to a thin sheet of glass wool fabric.
Instead of allowing the polymer solution to absorb into the supporting material as previous methods
did [32], the coating procedure was performed using the spin coating method due to its ease of use
and greater control over the phase thickness. After curing and cutting the material to a 2 cm × 2 cm
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square with a 1 cm triangle (same geometry developed by Bragg et al. [49]), the TF-SPME device
was held by a cotter pin during extraction of analytes. This newly developed TF-SPME device was
then desorbed into a large volume inlet (TDU-2, Gerstel GmbH, Mulheim, Germany) with a CIS-4
(Gerstel GmbH, Mulheim, Germany) cryo-trap. Accordingly, results showed a marked increase in the
mechanical stability of the device during extraction, as well as improved thermal stability during the
desorption process.

Building on the prior success of mixed-mode TF-SPME devices, the first self-supported particle
loaded TF-SPME device was developed using DVB particles loaded onto PDMS [36]. This device
was made with the intent of air-sampling using high amounts of DVB embedded into a PDMS base.
It was found that when increasing the amount of DVB particles onto the PDMS membrane, up to 30%
(w:w) DVB allows the membrane to achieve better mechanical stability compared to non-particle load
membranes, 20% being found to be optimal for mechanical stability and extraction efficiency. As a
result, the TF-SPME device boasted better sensitivity for the target analyte, benzene, than previous
methods using fiber SPME or monophasic PDMS TF-SPME devices. This device, however, was still
unable to appropriately be used in direct immersion extraction at high agitation rates, as the mechanical
stability was not as great as previous glass-coated TF-SPME devices [29].

In 2016, Grandy and colleagues developed a sampler exhibiting far less siloxane bleed and greater
robustness due to the carbon mesh support used therefore creating the first TF-SPME device well suited
for untargeted analysis and onsite sampling by direct immersion extraction [19]. To achieve this, higher
density PDMS was used to reduce bleed along with a slight reduction in phase volume. A mixture
of two components, DVB particles embedded into PDMS, was then spread out onto a carbon mesh
which primarily provided support along with some affinitive properties. In spite of the reduced phase
volume of this device, the new design still afforded a highly sensitive extraction with now far lower
siloxane bleed. Moreover, the carbon mesh support granted much better mechanical stability compared
to previous iterations of TF-SPME, allowing the device to undergo more rigorous agitation compared
to previously developed TF-SPME devices. After curing the extraction phase, the devices were then
cut to different sizes well suited for TD, allowing more practical device introduction compared to
previous methods. As a result of these recent developments, this version of TF-SPME is now the
first commercially available TF-SPME device, currently distributed by GERSTEL Inc. (Gerstel GmbH,
Mulheim, Germany). Since then, much of the development of TF-SPME devices has followed the same
convenient format. Different extraction phases have been tested but not commercialized yet, including
hydrophilic-lipophilic balance (HLB) phases that offer a wider range of extraction [30].

With the development of new mixed-mode extractive membranes that were both thermally and
mechanically stable, new TF-SPME devices were able to overcome the limitations of previous variants
of TF-SPME technology [12,16,32,49]. Initial devices, being made of pure monophasic extraction
phase, exhibited poor structural rigidity making their practical application cumbersome in immersive
extraction [12,49]. As a consequence of the large volumes of PDMS utilized in these devices, significant
siloxane bleed was found, resulting in unacceptably high backgrounds. This was at times circumvented
by use of single ion monitoring (SIM), avoiding detector saturation but nonetheless a technique not well
suited for untargeted analysis. With the development of glass fiber supported TF-SPME devices [29,32],
better structural rigidity was met, with the first device [32] still lacking suitable mechanical stability
and thermal stability for repeated analysis. The second glass fiber supported device [29], however,
not only achieved better mechanical and thermal stability compared to its earlier counterparts but
also demonstrated a wider range of extraction than found previously by the use of mixed-mode
extraction phases. While there is certainly a benefit of using glass fiber as a structural base for TF-SPME
devices, the large amount of extraction phase and binder used is still cause of concern in terms of high
siloxane backgrounds.

Further developments of TF-SPME devices have been focused on self-supported membranes
with the incorporation of extractive particles, allowing them to achieve efficient extraction of a wide
range of analytes. The incorporation of these extractive particles provided newfound mechanical
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stability [29], permitting the devices to be well suited for direct immersion extraction. Given that the
qualities indispensable to the sampling method and characteristics important for the ruggedness of any
GC-amenable extraction device—thermal stability, mechanical stability and extraction efficiency—were
finally met, a refinement of TF-SPME as a whole was essential and further development was needed.
Although it is true that the developed phases are thermally stable, a large volume of extraction phase
will still cause more background and bleed compared to a smaller volume. In light of this, the newest
iteration of TF-SPME devices [19], applying the extraction phase to a carbon mesh, solves this issue
by retaining comparable sensitivity but with drastically reduced siloxane bleed, all the while being
more mechanically stable than previous TF-SPME devices. As much as the geometry is far more
convenient than previous iterations, the planar surface still poses a practical obstacle in the engineering
of automated sampling and desorption. The major caveat in the new design is that currently only two
phases currently are offered (DVB/PDMS and Car/PDMS).

6. TF-SPME Coating Methods

The various extraction phases and coating methods used in the development of TF-SPME devices
(Figure 4) are chosen based on the chemical properties of the analyte, the surrounding matrix and the
adopted desorption method. There are many techniques for the coating of TF-SPME devices, including
dip coating [39,50], spin coating [51] bar coating [34,36,52], electrospinning [53] and spray coating [54].
Among these different coating methods, bar and spin coating are the most common coating methods for
the production of TF-SPME devices amendable for TD. The most common coating method discussed
in this review is bar coating in which the liquid extraction phase is set on a substrate and then this
extraction phase is spread by a bar to develop the device [24]. The first TF-SPME device made by bar
coating was prepared using DVB particles impregnated on PDMS and this device was later used for
air sampling with good results [36]. Moving forward, Grandy et al. prepared bar coated DVB/PDMS
onto a carbon-based mesh support coupled with a portable GC-MS for the quantitation of volatile and
semi-volatile organic compounds [19]. The bar coating procedure is needed to be repeated on both sides
of the carbon mesh support to ensure an even coating for the final device [9]. In 2017, Piri-Moghadam
et al. used bar coating for the preparation of DVB/PDMS TF-SPME devices for the analysis of common
pesticides in surface water samples. They found that the use of TF-SPME, in comparison to LLE,
provided enhanced selectivity, reproducibility and faster rates of extraction [9]. In another study by
Piri-Moghadam and colleagues in 2018, bar coating was utilized in the development of novel TF-SPME
devices in an effort to analyze various pesticides found in river water, demonstrating a greener and
more sensitive alternative than LLE [55]. The use of these developed DVB/PDMS TF-SPME devices for
the quantification of pesticides demonstrated enhanced sensitivity and extraction efficiency for both
onsite and bench-top analysis. In the spin coating method, in similar fashion to bar coating, a layer
of extraction phase is placed on the substrate, after which by spinning the substrate, a thin layer of
extraction phase is homogenously produced [24]. In both bar coating and spin coating, the thickness
of the extraction phase can easily be controlled by the pressure of the bar onto the substrate and the
intensity of spinning, respectively. Spray coating, one of the simplest methods for the preparation of
TF-SPME devices, utilizes a dissolved mixture of extractive phase in a suitable solvent to be sprayed
onto a stage until the formation of a uniform film [24]. An example of this technique, Mirnaghi et
al. prepared polyacrylonitrile-polystyrene (PAN-PS)-DVB and polyacrylonitrile–phenylboronic acid
(PAN-PBA) TF-SPME devices for the analysis of a variety of pharmaceuticals from human plasma [56].
Through the development of these two new TF-SPME devices for consequent analysis by LC-MS/MS,
the analysis of a wide spectrum of polar compounds in human plasma with high efficiency and rapid
throughput was achieved. Finally, another coating method which is often used for TD is electrospinning
or electrospray coating. In this method, a mixture containing a polymer is sprayed by electrical energy
on the surface of substrate [24]. In 2015, TF-SPME devices were prepared by the electrospinning
method using polyimide nanofibers for the investigation and quantification of phenol compounds in
environmental water using GC-MS [53]. Extraction devices were first activated by acetone, increasing
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hydrophilicity, resulting in greatly enhanced extraction efficiency with results demonstrating limits of
quantification (LOQs) in the ppt level.

 

Figure 4. The different coating methods for preparation of TF-SPME devices.

7. Applications

7.1. Environmental Analysis

The applications of TF-SPME have been traditionally environmental in nature, as much of their
development has been expedited by the need for rugged and high capacity samplers, both passive
and active. Initial progress toward highly efficient samplers with greater surface-to-volume ratios
were developed to meet the need for the trace level extraction of contaminants found in complex
environmental matrices, but these matrices proved to be challenging due to a variety of parameters
such as large volumes for air analysis or the incredible sensitivity needed for persistent contaminants
in aqueous media. Under these circumstances, the enhanced sensitivity of TF-SPME coupled with its
convenient geometry for both extraction and introduction to onsite and benchtop instrumentation
affords it the opportunity to outperform other SPME technologies in trace level environmental analysis.

Initial developments of membrane-based TF-SPME were evaluated by the extraction of polycyclic
aromatic hydrocarbons (PAHs) from aqueous samples [12]. PAHs, a class of hydrophobic semivolatiles
that are commonly released into the environment through the combustion of hydrocarbons and other
organic matter, continue to rise in their environmental significance as they are readily distributed
throughout biosystems and are a known cause of cancer among other mutagenic effects [57]. Since then,
many studies have analyzed PAHs from aqueous samples using TF-SPME in various different modes,
utilizing PDMS film [16,49,58,59], TF-SPME membrane [20] and an alternative thin film-based sampler
using polymer-coated aluminum [45]. In addition, glass fiber reinforced TF-SPME has also been used
for the analysis of PAHs in aqueous samples, using polyacrylate coatings to extract PAHs along with
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organochlorous and organophosphorus pesticides, demonstrating greatly enhanced efficiency with the
partition coefficients for the TF-SPME device being up to 15 times higher than the SBSE device [32].
Less conventional extraction phases have also been introduced, as the recent success of carbonaceous
nanomaterials being suitable extraction phases for SPME have led the path toward the development
of mixed-mode carbonaceous TF-SPME devices. These carbonaceous TF-SPME devices have in turn
been proven to be effective in the extraction of different organic compound classes, an example again
being the analysis of PAHs in aqueous samples [20]. Furthermore, the analysis of PAHs have also
been performed using other “parallel” thin film technologies, that is, extraction which utilizes a large
surface area but does not exemplify the large phase volume needed for enhanced sensitivity. This is
accomplished using PDMS-coated vials for the determination of PAHs in soil [46]. Similar alternative
geometries have also been tested for their uses as passive samplers, such as ethylene-vinyl acetate
(EVA) coated glass fibers for the aqueous extraction of pesticides [48] and EVA coated glass cylinders
for the air sampling of volatile PCBs [44].

TF-SPME devices made of pure monophasic extraction phase, such as the first generation of
TF-SPME devices [12], are still used in some studies as passive samplers. In the case of pyrethroids,
a class of significantly hydrophobic insecticides that are known to cause damage to beneficial insects and
fish, the suitability of TF-SPME has been just recently studied using thin films (25–500 μm) of different
materials (silicon, polyethylene, polymethylmethacrylate, polyoxymethylene and polyurethane) as
passive samplers [60]. Another alternative geometry of passive sampling, sorptive tape extraction
(STE) [61], has also been effectively used for the direct sampling of plant volatiles [33,62] by both
headspace and direct application to the plant surface. This geometry uses a tape-like PDMS thin
film as a sampling device, providing an easy method of application for the non-invasive sampling
of environmental and biological [61] matrices, recently being demonstrated by Boggia et al. [33] to
be suitable for the analysis of herbivory-induced plant volatiles. While viewed currently as a passive
sampling device, similar technology could be implemented in the development of new, more convenient
TF-SPME devices.

During the development of particle-loaded TF-SPME devices, in this instance DVB particles in
PDMS, Jiang et al. demonstrated the greatly enhanced sensitivity TF-SPME offers in trace air sampling
and monitoring [36]. This particle loaded TF-SPME device was able to achieve extraction of a wide
range of analytes with differing volatilities at high capacity. Furthermore, the study quantitatively
samples benzene as a model analyte, a known carcinogen that is found commonly in fuels and smoking
devices or from polluted air near a high-traffic road. Other more recent studies have confirmed
the use of TF-SPME as a validated onsite sampling tool by its use in the analysis of biocides and
UV blockers in sunscreen found in rivers, utilizing HLB/PAN and octadecyl (C18)/PAN TF-SPME
devices [54]. Moreover, the efficacy of TF-SPME for the analysis of trace and ultra-trace level analysis
in environmental matrices has been repeatedly tested and validated since its inception. In more recent
times, since the development of carbon mesh-based TF-SPME devices, TF-SPME has been proven to be
even more of a convenient sampling tool for onsite analysis due to the structural robustness of the
device and its ease of introduction to portable instrumentation [19]. Since then, an interlaboratory study
comparing these newly improved TF-SPME devices (DVB/PDMS on carbon mesh) to EPA-validated
LLE methods demonstrated the efficacy of TF-SPME as a greener and more sensitive technique for the
routine analysis of pesticides in water [55]. This comparative study by Piri-Moghadam and colleagues
compared the suitability of different TF-SPME approaches to LLE. These approaches comprised of
an in-bottle TF-SPME method using benchtop GC/MS, an onsite drill-assisted sampling that later
used benchtop GC/MS and a procedure that used the same drill-assisted sampling as the previous
but instead used a portable GC/MS to achieve both onsite sampling and onsite analysis. Results
demonstrated (Table 2) the robustness of all TF-SPME-based methods, with the onsite extraction and
analysis being the most environmentally friendly of all methods in the study [55]. In a similar fashion,
the performance of TF-SPME has further been compared to other extraction methods, namely fiber
SPME and SPE, in the analysis of harmful coal frothing agents that have been reportedly released into
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environmental waters and, by consequence, contaminated drinking water supplies. This study, the first
to use a Car/PDMS TF-SPME device with carbon mesh support, was able to reliably extract multiple
components of the coal frothing agent, crude (4-methylcyclohexyl)methanol (MCHM), along with
a tentative metabolite with minimal sample manipulation. Results again showed TF-SPME devices
to be more efficient at trace-level analysis than other methods (Table 2) [8]. Furthermore, with the
development of novel HLB TF-SPME devices, Grandy and colleagues demonstrated the wide range of
analytes that can be extracted by the analysis of chlorination byproducts in residential hot tubs [30].

Applications of TF-SPME devices using other modes of desorption have also been applied in
the environmental sector. Recently, de la Calle and colleagues have utilized graphene TF-SPME
devices coupled with chelating agents to sample various different metals in aqueous samples before
analysis using total reflection X-ray fluorescence (TXRF) [28]. Similar methods have also employed
similar TF-SPME-TXRF protocols with the use of nanomaterial TF-SPME devices [27]. In recent years,
nanomaterial-based TF-SPME devices have been successfully applied to TD [63]. Mohammadi et al.
demonstrated the use of a self-supported TF-SPME device composed of a zeolitic imidazolate
framework, which extracts the organophosphorus pesticide ethion with subsequent TD for the analysis
of environmental water samples [63]. In other respects, there are examples of more conventional
TF-SPME being used in conjunction with LD for environmental analysis [64], ranging from the analysis
of fluorinated benzoic acids in aqueous samples [21] to the analysis of polychlorinated biphenyls
(PCBs) by direct application of a TF-SPME device into fish tissue [65].

7.2. Flavors and Fragrance Analysis

TF-SPME has various applications for the analysis of flavors and fragrances in a variety of
different matrices. In this regard, Stuff and colleagues applied carbon mesh-supported DVB/PDMS
as an extraction phase for the sampling of various volatile compounds, such as alcohols and ethyl
esters [66]. The improved sensitivity for these various classes of compounds, afforded by TF-SPME,
is essential for the rigorous demands of quality control in the beverage industry. A similar study by
Vernarelli et al. investigated the efficacy of TF-SPME technology for the analysis of foodstuffs using
DVB/PDMS TF-SPME devices and analyzed dark chocolate, cheeses and Caesar dressing [34]. These
studies [34,66] compared the performance of TF-SPME to fiber SPME with the same stationary phase,
revealing enhanced extraction efficiency and capacity for the TF-SPME devices. In 2016, another study
investigated the fragrance of various essential volatile compounds from grapes, including linalool and
3-isobutyl-2-methoxypyrazine (IBMP), which were measured using PDMS-based TF-SPME devices [38].
This novel solid-phase mesh-enhanced sorption from headspace (SPMESH) method developed by
Jastrzembski and colleagues resulted in greater throughput and enhanced limits of quantitation
(ppb) during the analysis of volatile compounds (such as odorants) compared to other traditional
methods. Sol-gel coating of a stainless steel mesh substrate with a thin film of PDMS provided great
thermal stability and high sensitivity for the direct analysis with SPME-DART [38]. In 2007, Bicchi
and coworkers compared the results of headspace and direct contact sorptive tape extraction (STE),
all the while employing fiber HS-SPME as a reference standard [62]. The analytes extracted, volatile
compounds found in various solid biological matrices such as apple, perfume on human skin, rosemary
and spearmint, all demonstrated increased sensitivity and extraction efficiency compared to the more
conventional fiber HS-SPME method.

7.3. Other Applications of TF-SPME

In addition to the diverse applications TF-SPME provides in the environmental and flavor/fragrance
fields, many other procedures have been validated with a variety of matrices. Of these applications,
one of the most striking uses of TF-SPME has been the analysis of sebum, developed by Sisalli and
colleagues for the non-invasive detection of sebum in vivo [61]. This novel TF-SPME device, utilizing
an adhesive thin layer of PDMS, demonstrated good performance in the extraction of sebum and
other constituents of skin by a simple placement of the device on human skin, later being thermally
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desorbed in a TDU/cryo-trap system. This rapid and non-invasive sampling of human skin is crucial
for the further development of sampling methods for the cosmetic and pharmaceutical industries.
In a similar fashion, Jiang et al. introduced a novel in vivo sampling method for the analysis of
human skin constituents using a thin layer of PDMS [35]. To prevent saturation of the device from
sebum and other common skin oils, the PDMS-TF was emplaced between two pieces of stainless
steel mesh and then placed on the surface of skin for sampling (Figure 5). As a result, this developed
approach was able to demonstrate great promise for applications in clinical settings due to its high
reproducibility and non-invasive sampling procedure. In another example of TF-SPME being well
suited for both in vivo and ex vivo sampling in clinical settings, Bessonneau et al. prepared HLB/PDMS
and (C18)/PDMS TF-SPME devices for the investigation of prohibited substances in saliva, analyzed
with both LC-MS/MS and GC-MS [52]. Furthermore, this study demonstrated increased analytical
precision compared to their similarly developed ex vivo method, confirming the need for more rugged
in vivo sampling devices for clinical settings. In 2019, Shigeyama and colleagues reported another
application of TF-SPME by use of zeolite-based devices for the extraction of volatile organic compounds
(VOCs) in saliva, a class of compounds that is used to determine if a patient has oral cancer [67].
This study again demonstrated the robustness of TF-SPME devices as a non-invasive method. In a
more recent study, Mirabelli et al. [39] utilized self-supported TF-SPME prepared according to the
method proposed by Jiang et al. [36] to extract illicit drugs in both beverages and biofluids. In this
study, for the first time, it was demonstrated that the DVB/PDMS TF-SPME devices were suitable
for ultrasound-assisted extraction, with a consequent drastic reduction of extraction time prior to
direct coupling to a DBDI source. Moreover, this approach allowed rapid quantitative desorption,
reducing the likelihood of the thermal degradation of sensitive analytes. As a result, this newly
developed method demonstrated several advantageous aspects, including rapid analytical throughput
and enhanced sensitivity. With the simplicity for TF-SPME devices to be used as onsite samplers, along
with their incredible sensitivity, they have been proven to be suitable tools for environmental analysis,
while their fast and non-invasive sampling affords them great potential for both the pharmaceutical
and clinical industries (Table 3).

Figure 5. The development of polydimethylsiloxane (PDMS) TF-SPME devices for the analysis of skin
volatiles. Reproduced from [35], with permission from Elsevier, 2013.
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8. Concluding Remarks and Future Directions

According to the principles of green analytical chemistry (GAC), the environmental impact of
analytical methodologies should be minimized by reducing the amount of solvents used for sample
pre-treatment and the use of toxic reagents, as well as developing alternative methodologies not
requiring solvents and reagents [70]. As broadly discussed in this review article, TF-SPME, as an
alternative geometry of SPME, is able to satisfy the requirements for greener sampling strategies yet
providing ease of use, high-throughput workflows, extraction capability for trace analysis, robustness
for onsite sampling, suitability for in vivo analysis and easy coupling to various separation platforms
and direct MS analysis. When an analytical eco-scale for assessing the greenness of analytical procedures
is performed [2,9] on conventional LLE methods, currently in use by regulatory agencies, versus newly
developed TF-SPME-based approaches, the minimized use of organic solvents and production of
laboratory waste allows TF-SPME to collect at least 50% less penalty points (based on parameters
of an analytical process that are not in agreement with the ideal green analysis) compared to LLE.
The versatility of the TF-SPME geometry both in the self-supported or supported devices enable this
technique to fit various analytical needs for environmental, food and bioanalysis. As an example,
TF-SPME can be used as wearable devices for passive sampling of skin emissions or as extractive
probes for remote sampling by use of drones, when sampling sites are not easily reachable or their
contamination levels could pose hazards to the analyst.

Due to the recent commercialization of carbon mesh supported TF-SPME devices, we envision
that their use in academic and industrial premises will increase quickly in the upcoming years. Further
work can be envisioned to test the ruggedness of these devices in complex fluids and evaluate their
capabilities of performing multiple extraction/desorption cycles in these matrixes without significant
loss of extraction efficiency. Moreover, further development of automation strategies for TF-SPME
could aim for the complete automation of extraction/desorption cycles when needed, achieving the
same throughput capabilities of fiber SPME.
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3. Gałuszka, A.; Migaszewski, Z.; Namieśnik, J. The 12 principles of green analytical chemistry and the
SIGNIFICANCE mnemonic of green analytical practices. TrAC—Trends Anal. Chem. 2013, 50, 78–84.
[CrossRef]

4. Spietelun, A.; Marcinkowski, Ł.; De La Guardia, M.; Namieśnik, J. Green aspects, developments and
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Abstract: Biological surfaces such as skin and ocular surface provide a plethora of information about
the underlying biological activity of living organisms. However, they pose unique problems arising
from their innate complexity, constant exposure of the surface to the surrounding elements, and the
general requirement of any sampling method to be as minimally invasive as possible. Therefore, it is
challenging but also rewarding to develop novel analytical tools that are suitable for in vivo and in
situ sampling from biological surfaces. In this context, wearable extraction devices including passive
samplers, extractive patches, and different microextraction technologies come forward as versatile,
low-invasive, fast, and reliable sampling and sample preparation tools that are applicable for in vivo
and in situ sampling. This review aims to address recent developments in non-invasive in vivo and in
situ sampling methods from biological surfaces that introduce new ways and improve upon existing
ones. Directions for the development of future technology and potential areas of applications such
as clinical, bioanalytical, and doping analyses will also be discussed. These advancements include
various types of passive samplers, hydrogels, and polydimethylsiloxane (PDMS) patches/microarrays,
and other wearable extraction devices used mainly in skin sampling, among other novel techniques
developed for ocular surface and oral tissue/fluid sampling.

Keywords: non-invasive sampling; wearable devices; extractive patches; skin sampling; passive
sampling; green sampling technologies

1. Introduction

Biological surfaces provide easy-to-access information about the underlying metabolism and
workings of the human body. In broad terms, there are two approaches that can be followed to gather
information from biological surfaces. The first approach is the development of wearable sensors, where
a direct sensing mechanism is used as a wearable device. Wearable sensors have complex designs that
can track a relatively small number of compounds from various biological surfaces, or monitor the
specific features of the medical condition of the wearer in different ways [1–5]. While these wearable
sensors are quite intricate in their design and mechanisms, they usually provide very basic information
in terms of their ability to detect only a limited number of biologically relevant information. Another
approach is the development of wearable extractive sampling devices examined in this review, which
can be described as being on the opposite side of the coin in the sense that they are quite simple in their
design but with the help of advanced detection methods, i.e., high sensitivity mass spectrometry (MS)
coupled with the myriad of ionization techniques available, provide a vast amount of information.

2. Skin Sampling

Sampling and profiling skin metabolites has been a topic of interest over the last several years [6–9].
The majority of the biological information is gathered from sweat, which is secreted from eccrine
and apocrine glands, and sebum which is secreted by sebaceous glands. The sebum contains many
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distinctive compounds that result from the breakdown of proteins and enzymes in the outer layer of the
skin, known as the epidermis [10]. The underlying biological pathways that produce these compounds
in sweat, sebum, and epidermis are quite varied and the compounds of interest have a wide range of
polarity, size, and structure as a result. These diverging compounds are of interest to clinical research
fields such as forensics and toxicology [11–13], not to mention the obvious applications in medicinal
diagnosis [14–16], doping tests [17,18], and environmental/occupational exposomics [19–21].

Some of the major difficulties in sampling skin secretions are the challenges of collecting large
volumes of sweat and the low concentrations [22,23] of metabolites and other compounds of interest.
Therefore, initial studies in the mid-20th century required patients to sweat copious amounts into
plastic skin bags, a rather exhaustive method of sample collection [24]. A more commonly employed
method nowadays is to use small vessels filled with organic solvents [25] to extract metabolites from a
relatively small area, but this method leaves the skin irritated and many of the organic solvents are
not biocompatible nor environmentally friendly. Less invasive methods such as Macroduct® [26] and
cotton pads [27] for sampling from skin surfaces as well as micro dialysis [28] and subcutaneous solid
phase microextraction (SPME) [29] for sampling from inner skin layers have been developed but have
some limitations. For instance, some of these methods can only be applied for one type of sample
collection, e.g., only for sweat collection or only for sebum sampling. Some methods require additional
sample preparation steps to be performed which are time consuming and may introduce additional
errors into the analysis. There are substantial efforts to address the limits of the methods listed above
and to pave the way for non-invasive, biocompatible in vivo and in situ skin sampling techniques and
to integrate them with state-of-art analysis instruments.

2.1. Direct Contact Type Sampling

In this type of sampling approach, the sampling device, or patch, is placed directly on
the skin without leaving any gap between the sampler and the surface. The advantage to this
approach is that it provides good extraction capability for both volatile and non-volatile analytes.
The main drawback is that many unwanted compounds can adhere to the sampling device by
smearing through the skin surface resulting in a considerable amount of matrix contamination. These
contaminations might affect sampler performance, resulting in absolute matrix effects, including
ionization suppression/enhancement in electrospray ionization (ESI), and may cause frequent
instrumental maintenance.

Patch type sampling employs sorbent materials embedded on scaffold or directly placed onto the
sampling area, removed after a satisfactory sampling duration, and can either be analyzed by various
analytical instrumentations allowing direct analysis (i.e., direct mass spectrometry) or be subjected to a
desorption step before analysis by suitable instrumentation. Materials used in patch type sampling
should be elastic enough to conform to the shape of the sampling area but resilient enough to sustain
the expected wear and tear of normal daily activity if the patch is required to be left on the skin of
the subject for an extended period of time. The biocompatibility of the material is another important
criterion to prevent irritation of the skin for the same reasons as above.

2.1.1. Polydimethylsiloxane (PDMS)

PDMS has been commonly used as an extractive phase for thin film microextraction (TFME) [30,31]
as well as solid phase microextraction (SPME) [32,33] for various different analytes, matrices, and
applications. Controlled polymerization of PDMS allows for adjustable elasticity and molding with
relatively inert and biocompatible features which are useful for extended sampling periods. Thermal
and chemical stability of PDMS, particularly against commonly used cleaning and surface activation
solvents, further reinforces its applicability as an extractive phase for patch type sampling purposes.

PDMS can be used as an extractive phase in two different modes: first is the headspace sampling
method where the material is not in direct contact with the sampling area and volatile compounds that
emanate from skin are captured. The second mode is the direct contact mode, where the PDMS patch
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is directly placed on top of the sampling area. In this mode, both volatile and semi-volatile compounds
can be extracted. However, the skin is usually contaminated by dust particles and many other chemicals,
such as cosmetic products; therefore, the patch might convey these unwanted matrix components to
the instrument. These matrix components could potentially contaminate the analytical instrument,
which would require clean-up before and after each use. In an effort to prevent such compounds from
adhering to the PDMS surface, Jiang et al. developed a sampling method which allowed the patch to
be used either as a headspace sampling device or for direct contact type sampling from skin [34]. Jiang
and colleagues employed two layers of stainless-steel mesh to separate the PDMS film from coming
into direct contact with the skin, as shown in Figure 1a. In order to evaluate the reproducibility of
the so-called “membrane sandwich” method, an in-vial experiment was conducted in parallel, and
intra-membrane irreproducibility was found to be 9.8% (n = 6) and inter-membrane reproducibility
was determined to be 8.2%. Inter-membrane reproducibility is particularly important for potential
clinical applications, where membranes would be used only once. When detected quantities of volatile
organic compounds (VOCs) were investigated, such as octanal, nonanal, and decanal, similar intensities
were observed for both headspace and direct contact methods. However, for semi- and low-volatile
compounds, such as 1-tetradecanol and 1-octadecanaol, higher peak intensities were observed for
direct contact sampling. Some of the heavier compounds such as squalene were not detected at all
by headspace sampling. These results indicate that, although the chromatograms for the headspace
sampling were less contaminated by matrix related background peaks, direct sampling from the surface
could be considered as a compromise between detection sensitivity and instrumental contamination.
The same study also reported monitoring of food metabolites and alcohol intake directly from skin
could be a potential application for such patches.

  
(a) (b) 

Figure 1. (a) Schematic diagram of the “membrane sandwich” headspace sampling for skin volatiles
sampling. (b) Polydimethylsiloxane (PDMS) patches placed over the ventral ear surface for direct
sampling. These were then covered with PTFE (polytetrafluoroethylene) and Tegaderm® (not shown).
Reproduced from [34,35], with permission from Elsevier and IOP Publishing, 2019.

Direct sampling mode for PDMS were employed in many other studies showing the potential of
PDMS patches for clinical applications, all highlighting the simplicity of using the patches in direct
sampling mode. For instance, a rabbit model study was conducted by Schivo et al. that employed
PDMS patches (Figure 1b) placed inside the ears of subjects to investigate histological evidence of
early-stage ulcer formation by metabolomic screening [35]. The study results identified that the
patches made of PDMS can be used for monitoring the differences between healthy and diseased
skin metabolites. Approximately 150 unique skin related compounds were characterized, and 12
biologically relevant compounds were detected abundantly in the ulcer group. Most of the skin
metabolites observed in the study were waxy compounds, although a large number of VOCs were
detected as well. Results of the study underline that the abundance of non-volatile compounds
makes direct contact sampling with PDMS a good fit and emphasize that the distribution of volatile
and non-volatile compounds can be compared to human skin profile. In another study, Martin et al.
employed PDMS patches placed onto the axilla area of female participants for VOC sampling. The
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study aimed to investigate skin metabolites responsible for body odor with an emphasis on the
effect of a single nucleotide polymorphism 538G→ A in the ABCC11 gene on the concentrations of
apocrine derived axillary odor molecules, especially 3-methy-2-hexenoic acid [36]. The investigation
was concluded with four volatile fatty acid (VFA) target compounds being identified with limits of
detection approximately around 100 s pg cm−2, with authors noting that a typical skin patch has an
area of 0.5 cm2. It was also noted that the ABCC11 gene, other than controlling body odor, is studied for
its role in breast cancer and drug resistance in cancer cells [37]. Based on the study results, combining
the sampling patches with a thermal desorption unit coupled to a secondary electrospray ionization
and mass spectrometry (TD–SESI–MS) setup is a promising approach for unattended automation of
analysis and could be employed in non-invasive fast screening of metabolites for personalized medicine.
In a pilot study [38], Martin et al. investigated changes in VOC profiles for stress-related biomarkers
using PDMS devices placed on the foreheads of volunteer subjects for sample collection. The effect of
stress on VOCs exhaled in breath was investigated previously [39], identifying six potential marker
compounds. Similarly, the results obtained by Martin et al. suggested that some of the compounds
identified in breath exhale in the previous study [39] also show altered levels in skin, namely terpenes
(3-carene is suggested as a likely candidate), benzoic acid, and N-decanoic acid seem to be involved in
the metabolic response to stress, which the authors believe a potential increase in oxidative metabolic
pathways could be the cause of.

Moreover, a clinical study by Stevens et al. have explored the spatial distribution of bacterial
populations and related VOCs using various sampling techniques, with PDMS patch type sampling
being one of them [40]. In this study, PDMS patches were used for VOC sampling. Different areas of
the foot, including toe clefts, and several dorsal and plantar surfaces, were sampled for microbiological
and VOC analyses. Then, a spatial map of the foot was constructed for microbiological and VOC
concentrations which showed significant differences between different regions. Specific volatiles such
as acetic, butyric, valeric, and isovaleric acids were found in considerably high concentrations in the
sole region of the foot compared to the dorsal region, and, in the case of isovaleric acid, it was never
found in dorsal regions while it was readily detected on the plantar surface. Their findings indicate
that key volatiles responsible for malodors are abundantly found on the sole of the foot rather than in
other regions sampled in the study. This study clearly indicates that sampling from different regions
of the body might give different levels of particular metabolite which could be simply related to
differences in body temperature, excretion rates, or skin thickness or might be indicative of biologically
relevant information. Sampling conditions of such results has to be carefully designed in order to
avoid any misinterpretation.

As it has been remarked above, PDMS based patches are versatile tools and easy to adopt for
numerous investigations. In addition, PDMS films can be purchased or prepared in the laboratory
using well defined protocols and can be easily shaped in any size. In addition, the thermal stability
of PDMS enables the thermal desorption of extracted analytes from patches using large thermal
desorption units connected to gas chromatography mass spectrometry (GC–MS) [35,36,38]. However,
it is worth mentioning that before use PDMS patches require extensive cleaning and activation steps
that might involve a considerable amount of preparation before sampling (4–24 h). Therefore, it is
crucial to prevent contamination at each step of the workflow including cleaning/pre-treatment and
sampling. Moreover, during the sampling, PDMS patches should be protected from environmental
wear and tear and possible contaminations by a placing a durable cover over them, as shown by Schivo
et al. in their pilot study [35].

2.1.2. Agarose Hydrogel

Agarose hydrogel is another commonly used material for direct contact type sampling. Agarose
hydrogel lacks the robustness of PDMS patches, but it is more biocompatible than PDMS, as it is
a naturally occurring homopolymer derived from red algae [41]. Agarose has completely different
extractive properties suitable for hydrophilic skin metabolites owing to its complex polar structure and
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adjustable water content. These properties lead to agarose patches being mostly used for extraction of
relatively polar metabolites as can be seen from the examples below.

For instance, Dutkiewicz et al. have developed agarose micropatches to detect several
low-molecular-weight skin metabolites as a proof-of-concept study [42]. In this study, the lack
of robustness of agarose hydrogels was overcome by embedding them inside cavities on a PTFE
chip. Various prevalent skin metabolites were detected, and some were identified, as given in Table 1.
The authors stated that high signal-to-noise ratios were achieved for clinically relevant analytes.
In another study, Dutkiewicz et al. also employed micropatch-arrayed pads (MAPAs) to profile
topically applied drugs. In this study, five rows of five cavities, a total of 25, containing agarose
hydrogels were applied to both in vivo human skin and ex vivo porcine skin by self-adhesive 3-D
printed PTFE scaffolds [43]. In a later study by the same group, MAPAs were implemented to
investigate psoriasis-related skin metabolites and an automated diagnostic method was developed
with satisfactory results that imply clinical use of MAPAs is a reasonable possibility [44]. A number of
metabolites, namely choline, citrulline, glutamic acid, urocanic acid, lactic acid, and phenylalanine,
were discovered to have altered concentrations in diseased skin areas, indicating they are related to
psoriasis metabolism. One of the key advantages of MAPAs is the direct coupling with nano desorption
electrospray ionization (nanoDESI). In this approach, a solvent mixture can be continuously pumped
through a capillary to one of the hydrogel micropatches while another capillary delivers the solvent to
the nanoDESI loading dock. This approach eliminates further steps (e.g., desorption, pre-concentration,
etc.) and provides a quick and simple online method for direct mass spectrometric analysis.

Table 1. Identification of peaks in the mass spectra of sweat [44].

Peak
No

m/z* (IT)
m/z* (FT –

ICR)
Metabolite
Formula

Metabolite Name
Predicted b

m/z*
MS/MS

Compared with
Standard

1 89.0 89.02438 C3H6O3 lactic acid 89.02442 + +
2 93.0 93.04578 C5H6N2 fragment of uronic acid 93.04582 + +
3 104.0 104.03530 C3H7NO3 serine 104.03532 + +
4 118.0 118.05089 C4H9NO3 threonine 118.05097 + +
5 128.0 128.03530 C5H7NO3 pyroglutamic acid 128.03532 + +
6 131.0 131.08259 C5H12N2O2 ornithine a 131.08260 + -
7 137.0 137.03561 C6H6N2O2 urocanic acid 137.03565 + +
8 154.0 154.06218 C6H9N3O2 histidine a 154.06220 + -
9 179.0 179.05731 C7H8N4O2 paraxanthine a 179.05745 - -
a Putative formula and name of the metabolite. b Values calculated for [M − H]− ions (mass of an electron is
included). *m/z: mass-to-charge ratio. IT: ion trap; FT–ICR: Fourier transform ion cyclotron resonance. Reproduced
from [44], with permission from ACS Publications, 2019.

As it has been pointed out several times by now in the studies shown above, agarose hydrogels
are limited for extraction of relatively polar analytes. This limitation narrows the biologically relevant
information that can be obtained from the studied system. Other biocompatible hydrogels, such as
gelatin and polyvinyl pyrrolidone, could potentially offer the same, or even greater, advantage for skin
sampling and further functionalization of agarose or other hydrogels could very well be a prospective
area of research in the future. Selective sampling can be also be achieved by using copolymers of
different hydrogels with different functional groups to target compounds with varying polarities.

2.1.3. Microneedle Arrays

In recent years there has been considerable effort to employ low-invasive microneedle structures
(<1-mm long, hollow structures) in drug delivery through skin [45,46]. More recently, this technique
was modified to be employed in capturing circulating biomarkers [47–52], combining microneedle
structures with biomarker-based immunoassay approach. This was achieved by functionalizing
the tips of the microneedles with specific antibodies. Although functionalized microarrays provide
high selectivity and could benefit many clinical diagnostic applications, only a limited number of
studies showing the potential of the approach have been conducted. In one of the studies, Ng et al.
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developed a multiplex microneedle device coupled with a blotting method for fast and selective
detection of multiple selected biomarkers from skin surface [53]. Microneedle devices were produced
by micromoulding: polylactic acid (PLA) was melted in vacuo into the template micromould which
was produced from the Sylgard® 184 (PDMS) elastomer and surface activated using chemical methods.
Surface characterization of the PLA microneedle device was performed using a scanning electron
microscope (SEM) at various production stages, which can be seen in Figure 2. For immobilization of
different antibodies on the multiplex microneedle device, each microneedle array was individually
dipped into the desired antibody solution 10 times. Microneedle arrays were then placed for 1 h
on mice skin doped with mouse (Interleukin 6 and 1) as well as human (Tumor Necrosis Factor
alpha) antigens. After successful antigen capture, two detection methods were employed: UV/Vis
spectrophotometry for quantitative detection and scanning the images of blotting patterns left by the
microneedles for qualitative visualization. Blotting technique employed by the authors should be
further underlined as it requires no specialized equipment and allows rapid and selective visualization
of specific antigens, albeit qualitatively. It should be kept in mind that employing the detection of
antigens with this method has its disadvantages such as having a limited number of antibodies that
can be loaded into the microneedle arrays. Therefore, scanning for a large number of different antigens
would require several runs which would increase the invasiveness of the method since different areas
have to be sampled.

 
Figure 2. (a) A photograph of the template microneedle array. (b–d) Light micrographs showing:
(b) a template microneedle, (c) a polylactic acid (PLA) microneedle prior to surface activation, and
(d) a surface-activated PLA microneedle. (e) A surface-activated PLA microneedle array under SEM;
(f) a single microneedle on this array is enlarged and shown. (g) Perforation marks on hairless
mouse skin, visualized by methylene blue staining. Reproduced from [53], with permission from
Springer, 2019.

Microneedle arrays, as indicated by this study, show promise as a low-invasive method that can
be employed in diagnosis of skin diseases. The highly selective nature of using antibodies further
promotes their diagnostic potential since extensively studied diseases can be targeted by specifically
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targeting selected antigens. Creative approaches to the geometric structures of the arrays may allow
the number of microneedles in the same area to be increased, enabling more antigens to be detected.

2.2. Headspace Sampling

2.2.1. Conventional SPME Fibers

Patch type or other contact-based sampling methods [6,34–36,38,54–56] may not always be
preferable for skin VOC analysis as contamination and introduction of non-volatile compounds
is always a possibility. Headspace SPME is a commonly used sampling approach preferred for
extracting volatiles present in various samples including complex matrices [57–60]. Several studies
have scrutinized their applicability for analysis of skin VOCs [61,62] albeit not without its limitations
due to their fragility, which is one of the main reasons why in situ headspace sampling is practiced
in controlled environments. A simple solution for this problem is employing a housing for the
SPME fibers during the sampling. This approach creates a controlled environment and ensures that
extracted analytes on the fiber are only associated with the sampling area. Similar to how PDMS and
agarose patches can be protected by durable covers or by being placed on PTFE scaffolds, Duffy et al.
have shown that headspace SPME fibers can be protected by using wearable housing vials, seen
in Figure 3a [63]. In this study, researchers compared skin VOCs before and after the acute barrier
disruption of the sampling area by tape stripping to simulate impaired skin. After tape stripping,
commercial divinylbenzene/carboxen/polydimethylsiloxane Stableflex fibers were used to sample
skin VOCs. A total of 37 compounds were identified that were significantly altered after barrier
disruption, mainly consisting of aldehydes (hexanal, nonanal, decanal), acids (nonanoic, decanoic,
dodecanoic, tetradecanoic and pentadecanoic acids), and hydrocarbons (squalene). Duffy et al. have
also utilized their wearable headspace SPME device in another study to investigate fragrance longevity
and scent profiles of participants. In this study, skin VOCs of volunteers were analyzed before and
after fragrance-derived compounds were applied to their skin to compare the difference and fragrance
permanence [64]. Following the instrumental analysis, 32 fragrance-derived and 19 endogenous
compounds were identified. Several endogenous VOCs were found to be suppressed by fragrance
application, most apparent ones being 2-decanal, 2-undecenal, 1-dodecanol, pentadecanal, and
octadecanoic acid. The most noticeable decrease in endogenous VOCs was observed immediately
after fragrance application where several skin gland secretions and their oxidation products were
not detected including acids, aldehydes, ketones, and hydrocarbons. Temporal and spatial profiling
of fragrance-derived and endogenous compounds can prove unique insights to improve fragrance
longevity and can lead to niche personalized fragrance production in the cosmetics industry.

As can be seen from the outlined studies, although such housings are not as practical as wearable
patches described in previous section, they provide unique advantage for creating a well-controlled
environment during sampling. Moreover, various commercial SPME fibers are readily available for
purchase with different extractive properties and homemade fibers can be coated with materials that
can be specialized for unique sampling purposes. Another important advantage of the SPME fibers
is that they can be directly coupled with ambient ionization techniques such as nanoelectrospray
ionization (nanoESI) [65], dielectric barrier discharge ionization (DBDI) [66], and open port probe
(OPP) interfaces [67]. Direct coupling to MS instruments eliminates desorption and chromatographic
separation steps from the analytical workflow, speeding up the overall process.

2.2.2. Passive Flux Samplers

Passive flux samplers (PFSs) are commonly employed in environmental studies to measure toxic
or greenhouse gases emitted from animal slaughterhouses [68–70], greenhouses [71], and building
materials [72], which was later adapted to sample VOCs emanating from skin [62]. So-called passive
sampling devices (PSDs) consist of a small stainless-steel plate, a trapping filter that contains an
extractive phase to extract relatively volatile analytes, a PTFE O-ring creating a headspace between
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the extractive phase and skin surface, and a back-up plate. Its schematics can be seen in Figure 3b.
PFSs can be considered more practical and robust than wearable SPME fibers with integrated housing
in terms of ease-of-use. PFSs, however, are more susceptible to the environment and there is always
a possibility of environmental background to be considered when using this technique in sampling
unless completely isolated from the environment. Due to their ease-of-use feature these devices can be
adapted for sampling from various parts of the body and track metabolic changes associated with
particular conditions. For example, a recent study by Kimura et al. investigated the causes of the
characteristic “elderly body odor” by sampling from different areas of the skin from participants
in three different age groups (young-, middle- and old-aged) using a passive sampling device [73].
MonoTrap® DCC18 containing octadecylsilane functionalized monolithic silicate and activated carbon
as extractive media providing with a large surface area and high trapping capacity (O.D. 10 mm × 1 mm
thick, >150 m2 g−1) was chosen for the study. Two compounds, 2-nonenal and diacetyl, were chosen as
likely candidates to study as to the cause of the elderly body odor phenomena. The emission fluxes of
the compounds with respect to sampling position (left forearm, left thigh, left calf, forehead, nape of
the neck and abdomen), the effect of diffusion length on the dermal emission flux, and distribution of
the emission fluxes, and changes by age and sex were investigated. Analysis of the collected samples
illustrated that emission flux of 2-nonenal increases significantly with age while diacetyl was found to
have the highest emission flux for middle aged participants. Moreover, male participants were found
to have higher emission fluxes compared to female participants of similar age. Interestingly, out of all
sampling areas, nape of the neck was found to be the most reliable sampling spot, since the emission
fluxes of both compounds altered significantly in other sampling areas but remained relatively stable
in this area. Due to the fact that eccrine and sebaceous glands are believed to be potential sources for
both compounds, their abundant presence in the area is reasonable.

   
(a) (b) (c) 

Figure 3. (a) Headspace sampling volatiles on the volar forearm using a wearable housing integrating
solid phase microextraction (SPME) fiber, affixed to the skin with surgical tape. (b) Schematic view of
the passive flux sampler for human skin gas. (c) Sampling of 2-nonenal and diacetyl at the nape of the
neck. The PFS (passive flux sampler) was fixed by a piece of medical tape. Reproduced from [63,73],
with permission from Wiley and Elsevier, 2019.

In another study, a homemade PSD (Figure 3c) was employed by Furukawa et al. to determine the
whole body dermal emission rate of ammonia by taking simultaneous measurements from a total of
13 chosen spots around the body in an attempt to cover all regions of the body [74]. In order to prepare
homemade PSD for ammonia, a commercial cellulose filter paper first was dipped in methanol solution
containing 2% phosphoric acid and 1% glycerol and then dried under vacuum. After sampling from
selected body parts, the trapped ammonia was back extracted with pure water and its concentration
was determined by ion chromatography. Results revealed that the total rates of ammonia emission
ranged from 2.9 to 12 mg h−1 with an average emission rate of 5.9 ± 3.2 mg h−1 for each person.
Partial emission rates obtained in the study per body part can be found below in Figure 4. Higher
emission flux of ammonia was found at the feet, back, and lumbar, where large sweat glands are
located, and lower flux was observed at upper arms, buttock, thighs, and legs. Based on these results
the authors speculated that there are two routes for ammonia emission in the body. The first route
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follows blood ammonia, produced by metabolic reactions that involve proteins, which can directly rise
to the skin surface from blood capillaries. The second proposed route is mixing of blood ammonia into
sweat, which explains the increased emission flux levels in areas where sweat glands are concentrated.
As can be inferred, such ease-of-use devices are very useful for tracking metabolic pathways in the
human body.

 
Figure 4. Comparison of emission flux of ammonia emanating from 13 sampling positions of ten
volunteers. Error bars show standard deviation of measured values of tested volunteers (n = 10 for
all, n = 5 for male, and n = 5 for female volunteers). Reproduced from [74], with permission from
Elsevier, 2019.

In addition to metabolic profiling of natural skin metabolites summarized above, there are also
some preliminary studies performed using PSDs for exposomic monitoring showing the potential of
wearable devices for exposure monitoring. For instance, Sekine et al. have investigated VOCs emanating
from the skin of smokers and volunteers who were exposed to second hand smoke using PSDs [75]. The
device employed was identical to the ones used in the group’s previous studies (MonoTrap® DCC18
trapping medium). Six volunteers (four smokers and two non-smokers) participated in three different
experiments to investigate the effects of cigarette smoking (for smokers) and second-hand smoke (for
non-smokers) on dermal VOC emissions. PSDs were placed for 1 h on the forearm and the back of the
hand (Figure 5a) of the volunteers. In the first test, a smoker and non-smoker volunteer stayed in the
same room for 15 min while the smoking volunteer smoked a single cigarette. Based on the results of
the first test, acetaldehyde, toluene, 3-methyl furan (3-MF), 2,5-dimethyl furan(2,5-DMF), 3-ethenyl
pyridine(3-EP), and nicotine were chosen as the dermal VOCs to be investigated in further analyses.
Following tests investigated the concentrations of these compounds in smokers and non-smokers
(through second-hand smoking) in different conditions. Results revealed that for smokers, there is
an initial spike in nicotine and its derivative 3-EP immediately after smoking which decreases to its
initial value after 2 h. In the case of secondhand smokers, the maximum dermal emission for the
same compound was observed at the 2-h mark indicating that cigarette smoke has different routes
of entrance to body. Another interesting result obtained in this study revealed that there is higher
skin emanation of 3-MF, 2,5-DMF, 3-EP, and nicotine when a non-smoking volunteer was exposed
to direct smoke emanating from a burning cigarette compared to skin emanation when the same
volunteer was exposed to environmental second hand smoke. Another recent study investigating the
biotic and abiotic exposome was able to successfully use a home-made wearable passive sampling
device containing 3D printed cartridge filled with molecular sieves (zeolite), capable of adsorbing
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both relatively polar and non-polar compounds [76]. The cartridge was attached to the particle free
air flow apparatus producing a portable device collecting both biotic and abiotic species from the
exposed environment with a constant rate of sampling at 0.5 L min−1. In the study, 15 participants
were monitored for a time span covering up to two years in over more than 60 different geographical
locations. The sampling was performed by wearing the device when possible or keeping it in two-meter
proximity to the participant when it was not possible to wear the device. The study results revealed
that the human exposome is varied and dynamic and closely effected by parameters including lifestyle,
environment, geographic location, as well as that it can be unique for each person even for people living
under similar environmental conditions. Both studies clearly highlight the importance of wearable
extractive devices for monitoring public health, microbiome, and environmental exposure to chemicals
just to name a few.

Figure 5. (a) Sampling of volatile chemicals on the forearm and back of the hand before and after
cigarette smoking or exposure to second hand smoke (SHS). (b) Wrist (left) and ankle (right) sampling
using a PDMS loop passive sampling device. (c) c.1–2 bags used for transport that were attached to track
participant ID and exposure time in the occupational deployments; c.3 single wristband deployment.
Reproduced from [75,77,78], with permission from Elsevier and ACS Publishing, 2019.

2.2.3. Other Wearable Headspace Extractive Samplers

Unconventional headspace extractive samplers including PDMS tubing sampling loops and
silicone wristbands have been suggested in several studies for qualitative monitoring purposes.
For instance, Roodt et al. used PDMS tubing in a study investigating the relationship between skin
microbiome and anthropophilic mosquito disease vectors [77]. PDMS tubing was cut (180 and 240 mm
tubing length, 0.25 mm inner diameter) to manufacture sampler loops (Figure 5b). The flexible nature
of PDMS tubing allowed samplers to be employed in non-conventional sampling areas, in the wrists
and ankles of the participants. Among the wide range of extracted analytes, 88 were identified in
total, several of which, most notably cyclic ketones, were not previously reported in skin volatile
literature. As an exemplary application area, the correlation between human skin microbiome and
the attractiveness of participants to anthropophilic blood host seeking mosquitoes were investigated.
Identification of previously unreported skin VOCs indicates that such passive sampling devices have
not yet reached their full potential and can be explored to sample from unconventional skin areas.
Another recent study using silicone wristbands was able to demonstrate the applicability of wearable
extractive devices for monitoring of occupational exposure of roofers to chemical compounds released
during hot asphalt application [78]. The obtained results indicated that the silicone wristbands were
able to absorb 25 polycyclic aromatic hydrocarbons (PAHs) during 8 h of exposure under working
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conditions as well as differentiate the variations in the amounts of the PAH collected in divergent
environmental condition, suggesting its applicability for sensitive monitoring. The silicone bands
can be seen above in Figure 5c. PDMS tubing sampling loops and silicone wristbands represent the
quintessential wearable sampling devices in the sense that they are simple, practical, robust devices
that have the capability to be fine-tuned by surface or bulk material functionalization. The possibility
of functionalization could allow these types of devices to either be used to target a specific range of
analytes in terms of polarity, size, and volatility or to increase their extractive range to be used in
untargeted studies. However, it should be kept in mind that these devices are completely open to the
environment; therefore, a high background signal should be expected.

A summary of recent non-invasive skin sampling techniques, devices, and their applications can
be found below in Table 2.
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3. Oral Fluid and Ocular Surface Sampling

As summarized above, most of the research including wearable extractive devices has focused on
detection of skin related analytes. Studies discussed above were mostly focused on implementing
already existing tools/extractive materials directly for skin sampling, neglecting other possible matrices
that can be used to gather biological information. In fact, saliva and ocular surfaces can be sampled
easily and could provide unique information about a biological system. However, as it has been shown
below, the potential of wearable devices for those matrices have not been thoroughly explored yet.

3.1. Saliva Sampling

Saliva sampling has been gathering interest as an alternative sampling matrix to blood and urine
for forensic applications, disease biomarkers, drug and doping control, and flavor studies amongst
other niche areas. One of the main reasons why saliva is an attractive alternative is that the samples
can be collected relatively easy without privacy concerns which are especially important in doping
tests. Saliva is commonly sampled through draining, spitting, and contact sampling with commercial
products such as Salivette® or Drugwipe®, and by chewing inert materials [79–82]. Saliva sampling is
inherently less invasive compared to some other biological specimens like blood or urine, and there is
still potential for developing alternative methods applicable for in vivo sampling.

One advancement towards in vivo saliva analysis was realized by Bessonneau et al. employing
thin film microextraction (TFME) with GC–MS and LC–MS techniques to evaluate and compare the
ability of in vivo and ex vivo sampling, as well as the ability to determine prohibited substances in
saliva [83]. In order to obtain maximum metabolite coverage two different type of extractive phases
were used for salivary sampling. Hydrophilic lipophilic balanced (HLB) particles were embedded in
PDMS to be used as the extractive phase for GC–MS analysis and HLB particles were embedded in
polyacrylonitrile (PAN) to be used as extractive phase for LC–MS analysis. For in vivo sampling, TFME
devices were placed under the tongue of participants for 5 min and then extracted analytes on the
HLB–PDMS phase were desorbed directly to GC–MS using a high volume thermal desorption unit while
extracted analytes on HLB–PAN phase were first desorbed into a suitable solvent prior to their LC–MS
analysis. The same desorption protocol was followed for 5 min ex vivo sampling from 1 mL of collected
saliva. Comparison of ex vivo to in vivo studies revealed similar results for hydrophilic compounds
while higher peak intensities were observed for in vivo sampling for hydrophobic compounds. This is
a reasonable result since hydrophobic compounds tend to have secondary interactions with labware.
This study highlights the advantage of employing in vivo sampling if hydrophobic compounds are of
interest and secondary interactions can potentially disrupt sampling. Moreover, in vivo sampling may
provide the unique advantage of capturing short lived metabolites that are susceptible to decomposition
which can be difficult to be determined with other methods.

3.2. Oral Tissue Sampling

Chen et al. developed a different approach for oral sampling by using a moving string sampling
probe for in situ endoscopic MS of a living mouse and to take samples from oral surfaces [84]. The device
consists of a disposable cotton sampling string, which moves through the sampling area. The string
is smeared and carries a small amount of tissue samples that adhere to its surface directly to an
ionization source to be subsequently analyzed by MS. Figure 6 depicts the schematic of the sampling
device. In the study, the sampling probe was attached to an industrial endoscope with a camera and
miniature super-bright LED. A metallic tube was bent into a V-shape and partially cut to expose the
sampling strip, with the authors noting that the camera allows the sampling process to be monitored in
real-time which can be recorded if desired. In this study, the samples were taken from the surface of the
tongue of a volunteer who had consumed a caffeinated beverage. Both atmospheric pressure chemical
ionization (APCI) and ESI mass spectra showed a strong peak at m/z 195.09 ([Caffeine + H]+) and two
peaks at m/z values 116.07 ([C5H9NO2 +H]+) and 118.09 ([C5H11NO2 +H]+) which were tentatively
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identified as proline and valine respectively. This further affirms the capability of this method to be
used for sampling small molecules such as amino acids. The proof-of-concept setup designed by the
investigators employed a cotton string and APCI/ESI–MS. The moving string approach can be realized
with any type string, as the authors mention, and with any type of ionization setup after necessary
changes are made. Although not used in the study for such purpose, employing a camera to record
the sampling process makes it possible to generate a spatial metabolite map of the sampling area to
provide an additional layer of information.

Figure 6. (a) Simplified schematic of the endoscopic mass spectrometry system that uses a moving string
as the sampling and transportation material. (b) Configuration of the sampling probe. The sample is
wiped off from the surface by the moving string and carried to the extraction and ionization region
near the mass spectrometry (MS) inlet. (c) Photograph of the probe tip. Reproduced from [84], with
permission from RSC Publishing, 2019.

3.3. Ocular Surface Sampling

The human eye is an extremely intricate and complex organ that consists of many distinct
parts with distinct characteristics and qualities that are unique in the human body. Seemingly small
disruptions to this delicate system can cause visual impairment and discomfort. It has been an ongoing
effort to identify and investigate the non-redundant proteins in the human eye, the most notable effort
being The Human Eye Proteome Project launched in 2013 [85]. Diagnosis of ocular infections caused by
bacteria, fungi, parasites, or viruses is another area of research where there is an interest in developing
new clinical tools [86]. A recent study in 2018 conducted by the association for Research in Vision
and Ophthalmology (AVRO) reported that 43% of researchers find it “difficult” or “very difficult” to
obtain human eye tissue, and 43% of the participants stated that they regularly limit the scope of their
work due to inability of finding eye tissue that meets the needs of their research [87]. Therefore, it is of
paramount importance to develop new tools to sample compounds from the human eye to tackle the
problems researchers face in this area, which can greatly benefit from the advancements in low- and
non-invasive sampling techniques.
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Such an attempt was made by Liou et al. in a study to sample from the eyelids of volunteers
using a watercolor brush to profile caffeine and its metabolites [88]. The ethanol-soaked tip of the
watercolor brush was simply rubbed against eyelids of 4 volunteers who had consumed three cups of
coffee with 3 h interval between each cup. After sampling, the brush was moved in front of the inlet
of the MS instrument. The analytes evaporated from the brush surface by the aid of the ethanol and
then subsequently ionized by charged ESI plum before finally being detected by the instrument. The
intensity of the ions and the distance of the brush to the ESI needle were investigated, with the findings
summarized in Figure 7. Although the authors chose to sample from the eyelid because of the high
concentration of blood vessels in the area and the natural trapping properties of eyelashes and not
because of any intention to sample eye-related metabolites or compounds, the sampling concept can
still be applied to detect eye related metabolites and compounds as the detection of caffeine metabolites
indicates. It should also be noted that ethanol which was used to soak the tip of the brush could extract
many unwanted skin matrix components and environmental contaminants resulting in high matrix
effect during such direct-to-MS approaches.

Figure 7. Photo (A), a picture of the sampling brush–spray ionization/mass spectrometry set up used
in this study. The sampling brush was located between the mass inlet and the ESI needle (not shown in
the picture). (B) relationship between ion intensities and the location of the brush. In this case, caffeine
was used as the test sample (concentration levels, 10 μg mL−1) and the ESI voltage was +4.5 kV. The
position, indicated in red, denotes the optimized location. Reproduced from [88], with permission from
Elsevier, 2019.

An interesting study, which could act as a lighthouse to steer future research, was conducted by
Lopez et al. where a hydrogel contact lens was developed to slow the progression of corneal blindness
caused by overexpression of zinc-dependent matrix metalloproteinases (MMPs) [89]. Monomer of
poly(2-hydroxyetyl methacrylate) (pHEMA) were modified before polymerization with dipicolylamine
(DPA) to synthesize the pDPA–HEMA hydrogel. DPA has a selective binding affinity toward zinc
ions (up to Kd = 1 × 10−11 M [90]) which is essential for MMPs to function. Removal of zinc by
the pDPA–HEMA hydrogel contact lens deactivates MMPs and slows down the degradation of the
cornea. As summarized in Figure 8, ex vivo studies using porcine cornea to simulate human cornea
were conducted by the authors which demonstrated advantageous results compared to conventional
treatments. Because there is no systemic circulation of zinc targeting drugs in the body, the treatment
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is targeted and limited to the cornea only. In addition, DPA only selectively binds to zinc out of all
biologically active metal ions excluding the possibility of side effects. Although this study is not directly
related to the ocular surface sampling, it is vital to show the potential of using such biocompatible
functionalized materials for extracting biological information directly in vivo from the ocular surface.

 

Figure 8. Schema of deactivation of matrix metalloproteinases (MMPs) by the dipicolylamine–
poly(2-hydroxyetyl methacrylate (pDPA–HEMA)-based contact lens. Reproduced from [89], with
permission from ACS Publications, 2019.

4. Extractive Patches for Imaging Applications

Recently, ambient mass spectrometric (AMS) imaging techniques have gained popularity in many
areas of research providing insights for metabolomics and lipidomic differences between samples,
the discovery of biomarkers creating these differences, and associated clinical applications. However,
as can be predicted, these techniques when applied directly to the samples may experience high
background, or ionization suppression which decreases the sensitivity of the analysis. Therefore,
involvement of suitable sample preparation methods for surface imaging using direct-to-MS approaches
are becoming more and more crucial. With this intention, Hemalatha et al. imprinted patterns of
printing inks, plant parts, and fungal growth on electrospun nanofiber mats and employed desorption
electrospray ionization mass spectrometry (DESI–MS) to rapidly analyze and capture images of the
imprinted patterns and analyte droplets [91]. Nanofiber mats were electrospun from a solution of
Nylon-6 dissolved in formic acid and characterized by SEM. Patterns were produced on the electrospun
mats by either imprinting in the case of plant slices and ink-printed patterns or by dispersing a single
drop of selected analyte directly on top of the mat. Imprinted mats were then “scanned” using a
2D moving stage with a 250 μm step distance. In a typical experiment, a spray of charged solvent
was pointed to the surface of the imprinted mat. The charged solvent dissolves the compounds and
ionizes them similar to electrospray ionization (ESI). Subsequently, the generated molecular ions were
transferred to a MS for detection. The images of the samples were obtained by raster scanning the mats
under the DESI spray and detection of the molecular ions at each spot. Major metabolites of several
plants, analytes, and constituents of dyes were detected and their imprints were imaged, some of the
results can be seen in Figure 9.
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Figure 9. (a) Desorption electrospray ionization mass spectrometry (DESI–MS) spectrum from a
turmeric rhizome slice of an imprinted nylon nanofiber mat. (a,b) Optical images of a whole and
unskinned turmeric rhizome. (c) Imprinted slice on a nylon nanofiber mat. (d) DESI–MS image at m/z
219 due to α-turmerone shown. Reproduced from [91], with permission from ACS Publications, 2019.

Li et al. utilized a different imprinting (extractive) media using a similar approach by developing
a solid-phase extraction device employing micro-funnels to scan the image of an imprinted strawberry
as a proof of concept [92]. In order to functionalize the micro-funnel membrane Parafilm M® and
Teflon tape with silicone adhesive was used to fix a mask with a chosen pattern on the surface, and
C18 functionalized silicate powder was used to create grooves on the membrane with extractive
micro-funnels. Figure 10 shows the workflow of the preparation and analysis of the micro-funnel
based SPE device as well as the mapping of major metabolites found in the imprinted strawberry slice.
Although both approaches are good candidates to decrease background signal in direct-to-MS studies,
the effect of imprinting in chemical image resolution is not discussed thoroughly. In fact, limited image
resolution should be expected, mainly due to diffusion phenomenon. The diffusion of analytes in the
extractive phase during the chemical imprinting and further diffusion of analyte during the desorption
process will be the main reasons for limited resolution. Also, it should be kept in mind that none of
these imaging studies were performed directly in situ on living systems. However, they show the
potential of the current progress in imprint imaging with MS towards the applicability of wearable
extractive devices for non-destructive in vivo and in situ small molecule imaging.
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Figure 10. (a) Flow chart of C18-mounted solid phase extraction (SPE) micro-funnel-based spray for
Ion-mobility spectrometry (IMS). (b) Chemical images of major components of a strawberry using
C18-mounted SPE micro-funnel based spray MS with 0–3 washing steps. Reproduced from [92], with
permission from SAGE, 2019.

5. Perspectives in Future Directions and Concluding Remarks

The goal of this review was to summarize the current technology that has been paving the way
for novel applications for non-invasive in situ sampling devices and highlighting potential methods
that can be used for wearable extraction-based devices. There are two routes of progress in this area.
The first is focused on collection methods of the representative specimen in a non-invasive way from
the investigated system, with very little technological improvement in collection devices. The second
and more important aspect is the development of wearable extractive devices which are designed to
allow free movement of the object during the sampling period with the advantage of integrating the
sampling and sample preparation into a single step. This approach in general allows short sampling
times with information relevant to the current state of the system, and long-term monitoring providing
insightful information about time weighted average (TWA) concentration of the species in the studied
system. In this review we focused only on non-invasive extractive sampling tools and wearable
devices that can be used in various areas, including clinical application, exposure monitoring, food
quality control, and cosmetics. A brief overview of the methods and their advantages as well as their
shortcomings is shown in Table 3. The current progress in the area is promising; however, only a
fraction of the full potential of such devices is currently being developed and investigated. It is clear
that with current direction of the development in noninvasive wearable technologies, soon many
different areas will start to use the advantage of these technologies.

Table 3. Comparison of reviewed sampling methods (biocompatibility, non-invasiveness, and
ease-of-use: � low, �� medium, ��� high).

Method Biocompatibility Non-Invasiveness Ease-of-Use
Commercial
Availability

Sampler to
Instrument
Coupling

Real Time
Monitoring

PDMS patches ��� ��� ��� Yes c Yes f No

Hydrogel
patches ��� ��� ��� No Yes No

Microneedle
arrays �� � �� No No No

SPME
headspace

sampler
�� a ��� � Yes d Yes No
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Table 3. Cont.

Method Biocompatibility Non-Invasiveness Ease-of-Use
Commercial
Availability

Sampler to
Instrument
Coupling

Real Time
Monitoring

Passive flux
sampler �� a ��� ��� Yes e No No

Wearable
headspace
sampling

��� ��� ��� No Yes f No

TFME
sampling ��� ��� ��� Yes e Yes No

String type
sampler ��� ��� � No Yes Yes

Brush type
sampler �� b �� ��

Not
applicable Yes No

a Depends on the extractive coating. b Ethanol used as solvent reduces biocompatibility. c PDMS sheets are
commercially available. d SPME fibers are commercially sold, however the housing is home-made. e There are some
commercially available. f Can be coupled to GC via large volume thermal desorbers.

For instance, doping control could be one of the areas that could benefit from the wearable
extractive patches. Such patches will protect athletes’ privacy during the sample collection process as
it does not require any assistance for the sampling. Currently, there are some wearable patches that are
being considered for sweat sampling; however, their main target is to collect the sweat itself rather
than to focus on extraction of analytes that may be present in the sweat, giving the information about
drug abuse or other type of doping.

Another area that such patches will benefit is roadside sampling. Particularly if it is combined
with a portable device it might benefit opioid and cannabinoid analysis. Taking in to account that
marijuana has been legalized in some countries, it is necessary to have tools that can be employed by
law enforcement to perform fast roadside tests compatible with portable detection systems.

As can be seen from this review all current sampling devices are focused on skin and sweat
sampling. However, alternative matrices such as ocular surface and oral fluids/surface have high
potential for information as many sensor-based wearable devices have been developed.

Exposomics is another area that has a great potential to use such devises, especially for evaluation
of hazards arising from occupational and environmental exposure to various chemicals that are
detrimental to human health. There are already some early studies in this area using extractive
wearable devices to investigate human exposure to environmental chemicals. However, more research
is needed, and wearable extractive devices will be one of the main tools in the analytical toolbox for
exposomic studies.

Moreover, such devices will facilitate the development of protocols for hazard analysis at critical
control points. One of these areas would be pesticide control in agricultural products. Because of their
frequent uncontrolled use in agricultural products, pesticide residues accumulate in food which often
is associated with various health problems. There are many methods developed for pesticide analysis;
however, there is still a high demand for novel and reliable methods applicable to multi-residue
analyses on-site. Such extractive devices can be used for pesticide profiling on fruits and vegetables
during the growth which will allow regulation of the safe amount of pesticides used in the production.

There is also a reasonable demand for wearable devices with different selectivity targeting specific
needs. In the near future, the current developments in nanotechnology and nanostructured materials
and the synthesis of novel extractive phase will allow the properties of materials to be tuned towards
enhancing the selectivity towards targeted analytes. Potentially promising smart selective materials
can be summarized as, but not limited to, molecularly imprinted polymeric materials, aptamer-based
surface modifications, and metal-organic frameworks.
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Finally, more work will be done in future for coupling these extractive wearable devices with
portable instrumentation for direct sampling and monitoring on site.
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Abstract: The current clinical and forensic toxicological analysis of body fluids requires a modern
approach to sample preparation characterized by high selectivity and enrichment capability, suitability
for micro-samples, simplicity and speed, and the possibility of automation and miniaturization,
as well as the use of small amounts of reagents, especially toxic solvents. Most of the abovementioned
features may be realized using so-called microextraction techniques which cover liquid-phase
techniques (e.g., single-drop microextraction, SDME; dispersive liquid–liquid microextraction,
DLLME; hollow-fiber liquid-phase microextraction, HF-LPME) and solid-phase extraction techniques
(solid-phase microextraction, SPME; microextraction in packed syringes, MEPS; disposable pipette
tip extraction, DPX; stir bar sorption extraction, SBSE). Some other extraction methodologies like
dispersive solid-phase extraction (d-SPE) or magnetic solid-phase extraction (MSPE) can also be
easily miniaturized. This review briefly describes and characterizes the abovementioned extraction
methods, and then presents their current applications to the preparation of body fluids analyzed for
bioactive compounds in combination with appropriate analytical methods, mainly chromatographic
and related techniques. The perspectives of the analytical area we are interested in are also indicated.

Keywords: microextraction techniques; body fluids; bioactive compounds; clinical and forensic analysis

1. Introduction

Body fluids belong to the most often analyzed samples in clinical investigations, and in related
fields such as forensic toxicology. Plasma/serum, whole blood, urine, and saliva constitute biological
materials of special interest.

Due to complexity of the matrix, body fluids are a challenge for those who are interested in
bioanalysis. In most cases of such analyses, the selection of an appropriate sample preparation method
is required because of main factors such as the chemical nature of the analyte and type of sample matrix,
the analytical interferences of the target compounds with their metabolites and/or with constituents of
the matrix, the low concentration levels of analytes, which are not detectable by analytical instruments,
and the contamination and subsequent shortening of life of the used instrument or its accessories
(e.g., due to interaction of matrix constituents with sorbents of chromatographic columns).

At present, conventional extractions techniques, i.e., liquid–liquid extraction (LLE) and solid-phase
extraction (SPE), are still extensively applied to the analysis of body fluids for determination of bioactive
compounds [1]. Although they demonstrate many advantageous features, they also possess some
drawbacks, e.g., time consumption, large consumption of toxic organic solvents and possible formation
of emulsion (LLE), or the requirement of relatively expensive extraction columns and multi-step
processes (SPEs) [1]. Therefore, the development of alternative sample preparation methods is desired.
The development of novel sample preparation approaches is strongly stimulated by the following
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requirements of modern clinical or forensic analysis: (a) high selectivity and enrichment capability,
(b) simplicity and rapidity, (c) suitability for micro-amount biological samples, (d) automation,
and (e) miniaturization [2]. The other key factor affecting the dynamic development of extraction
methods is the introduction of new materials, which may be used as potential sorbents in bioanalysis.
There are MOFs (metal–organic frameworks), [3] ionic liquids [4], fabric phases [5], graphene oxide
tablets [6], cork [7], bract [8], or coated papers [9].

This review focuses on modern approaches to the preparation of body fluid samples. The principles
of microextraction techniques are briefly described and then exemplified using selected applications for
the preparation of body fluids analyzed for medicines, drugs of abuse, and other bioactive compounds.

2. Modern and Novel Sample Preparation Techniques

There are several sample treatment methodologies that may be applied to the preparation of body
fluids analyzed for bioactive compounds. The selection of the below sample preparation approaches
was mainly based on the consideration of efficient and cost-effective miniaturized techniques, so-called
microextraction methods. Generally, microextraction methods may be divided into two groups:
Solid-phase extractions and Liquid-phase extractions.

2.1. Solid-Phase Extractions

2.1.1. Solid-Phase Microextraction and Derived Techniques

A solvent-free solid-phase microextraction (SPME) was proposed by Arthur and Pawliszyn in
1990 [10], and then, in 1993, Supelco introduced the first commercial version of an SPME device [11].
The SPME technique, like conventional SPE, involves the partitioning of the target compound between
an organic phase coating a fiber (usually made of fused silica) and the sample matrix. This extraction
methodology may be conducted into two ways: directly by placing a small-diameter fiber coated
with a stationary phase film in an aqueous sample or in headspace mode, by placing the fiber on
the headspace of the sample. The adsorbed/absorbed analytes are then thermally desorbed from
the stationary phase in the injector of a gas chromatograph. However, a new trend in developing
faster analytical procedures involving SPME, i.e., direct coupling of this extraction approach with
mass spectrometry, was noted [12]. Although, the SPME technique is known to have some drawbacks
(fragile coating layers, degradation of the fibers with multi-use, carryover problems, batch-to-batch
variations of fiber coatings, and relatively high cost), currently, it is dynamically developing, mainly
through the introduction of new SPME fiber materials and selective coatings [2].

The SPME approach may be also performed “in-tube”, where an open tubular fused-silica capillary
column is exploited as the SPME device instead of an SPME fiber [13]. A comparison of fiber and
in-tube SPME techniques in combination with liquid chromatography was also provided [13]. In-tube
SPME is superior to fiber SPME mainly due to the shorter equilibrium time and better suitability for
automation, as well as a wider diversity of stationary phases coating commercial capillary columns.

Thin-film microextraction (TFME) constitutes another geometry for SPME, which was proposed by
Jiang and Pawliszyn [14]. In TFME, a sheet of flat film, employed as the extraction phase, is reinforced
by an extra support such as a stainless-steel rod, stainless-steel mesh, or blade-shaped substrate [15].
Due to the large surface area-to-volume ratio, TFME is superior to SPME in terms of adsorption
capability and extraction rate. This technique, in combination with novel biocompatible matrix
membranes, may be especially useful in the medicine field as a non-invasive diagnostic tool in the
analysis of breath, skin, and saliva.

2.1.2. Microextraction in Packed Syringe

Microextraction in a packed syringe (MEPS) is a relatively new technique because it was first
applied in a fully automated procedure by Abdel-Rehim in 2004 [16] to extract local anesthetics from
human plasma. The MEPS technique is a miniaturized version of conventional solid-phase extraction
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(SPE), which can be connected online to GC or LC, without modification [16]. In MEPS, 1 mg of the
sorbent material is usually placed into a syringe (100–250 μL) as a plug. A sample is drawn through
the syringe (e.g., by an autosampler) before passing through the solid material where analytes are
adsorbed. The sorbent is washed to remove the biological matrix, and then the analytes are eluted
with an appropriate organic solvent (e.g., directly into the instrument’s injector). In comparison with
conventional SPE, the main advantages of MEPS are congruence for full automation (which minimizes
the sample preparation time to a minute), as well as the possibility to reuse a packed syringe (more than
100 times with body fluid samples), whereas an SPE column usually can only be used once. Compared
with SPME, the MEPS technique is more powerful for the preparation of biological samples with
complex matrices. Moreover, much higher extraction yields can be obtained (60–90%) compared to
standard SPME (1–10%), and smaller sample volumes can be handled (10 μL) compared to SPME
(>1000 μL) [16].

2.1.3. Disposable Pipette Extraction

Disposable pipette extraction (DPX, TIPS, PT-SPE) is a miniaturization of conventional SPE,
which was developed by Brewer [17]. In DPX, the sorbent is placed in a pipette tip and it is mixed
well with the sample. This reduces the sorption material needed to retain analytes, and leads to
faster and more efficient extraction process [18]. Similarly to conventional SPE or MEPS, a four-step
extraction process takes place: (1) conditioning for activation of the sorbent sites, (2) aspiration of
the sample, (3) removing sample matrix interferences, and (4) elution of analytes. In the steps 1, 3,
and 4, an appropriate solvent (or solvents) is aspirated with air and removed one or more times.
After conditioning (step 1), the sample is suctioned with air (step 2) for mixing with the adsorbent.
The mixing/contact time must be controlled to reach a dynamic equilibrium during the interaction
of analytes with the sorbent, and then the sample is removed from the tip. DPX is a simple and fast
sample preparation approach, which minimizes the consumption of the sample and organic solvents.
Recently, some miniaturized concepts for chromatographic analysis involving a pipette tip and spin
column were reviewed [19]. However, until now, their application to routine analysis is limited mainly
due to the small number of commercially available extracting materials and the higher cost compared
to traditional SPE columns [20].

2.1.4. Dispersive Micro-Solid-Phase Extraction and Magnetic Solid-Phase Extraction

Dispersive micro-solid-phase extraction (D-μ-SPE) is a miniaturized dispersive solid-phase
extraction (d-SPE) consisting of the dispersion of micro- or nanosorbents in the sample solution, followed
by separation of the solid sorbent from the extracted analytes by centrifugation and filtration [21].
Among the advantageous features in favor of the D-μ-SPE technique in relation to conventional SPE
are rapidity (due to the dispersion phenomenon which increases the sorbent surface for interaction
with analyte molecules), possibility to use a large spectrum of sorbents (which are able to disperse
in the sample solution), simplicity, and reducing costs in terms of the used sorbent amounts and
laboratory equipment. One of the d-SPE variants is magnetic solid-phase extraction (MSPE), where
magnetic nanoparticles (MNPs) are used as sorbents in the sample preparation process. MNPs attract
the consideration of many analytical chemists because they considerably simplify and accelerate the
extraction process due to their capacity to be easily isolated from the sample solution through an
external magnet [2]. Regarding the trend of MNPs to form agglomerates and the loss of magnetism due
to their chemical activity, these materials are modified into core–shell composites by coating them with
an organic (e.g., surfactant) or an inorganic (e.g., graphene or carbon nanotubes) layer. The magnetic
composites created, which are used as sorbents, may also have a higher extraction ability than simple
magnetic nanoparticles (e.g., Fe3O4) when samples with a complex matrix are analyzed. A recent
general review of D-μ-SPE [22] focused mainly on the dispersion strategies and sorbents used, and also
indicated several trends in the near future for the development of this extraction technique.
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2.1.5. Stir Bar Sorption Extraction

Stir bar sorption extraction (SBSE) was introduced by Baltussen with his co-workers in 1999 [23].
In this approach, a stir bar (magnetic element) is coated with a sorbent and immersed in a sample
solution. The sample is stirred with appropriate speed for a specified time to reach equilibrium.
After adsorption of the analyte on the sorption material, the magnetic element is transferred to a small
amount of a selected organic solvent to desorb the analyte into it. Although SBSE is theoretically
similar to SPME, its capacity is greater than SPME. This results from the fact that more sorbent mass
is usually present in SBSE than in SPME and more analyte is transferred to the sorbent in SBSE.
Currently, polydimethylsiloxane (PDME) is mainly employed as the sorbent coating, and the SBSE
technique is not used very often. However, the current trend is to employ this technique in combination
with many novel materials, including restricted access materials, carbon adsorbents, molecularly
imprinted polymers, ionic liquids, microporous monoliths, sol–gel prepared coatings, and dual-phase
materials [24]. The main advances in various “extraction/stirring integrated techniques”, including the
source SBSE technique, emphasizing their analytical potential, were also previously reviewed and
compared [25].

2.2. Liquid-Phase Extractions

2.2.1. Single-Drop Microextraction

The term “liquid-phase microextraction (LPME)” means that the extraction technique consists
of a microsyringe playing two roles: a funnel for extraction and a syringe for injection into a GC
port. Single-drop microextraction (SDME), the simplest mode of LPME, was introduced by Liu and
Dasgupta [26], as well as by Jeannot and Cantwell in 1996 [27]. In the SDME technique, analytes are
isolated from an aqueous sample (being stirred) into a small (ca. one μL) drop of a water-immiscible
organic solvent hanging on the needle of a microsyringe [28]. After the extraction process, the drop is
withdrawn into the syringe and usually injected directly into a GC instrument. The SDME technique
may be realized via three ways: through direct immersion, in the headspace mode, and as three-phase
SDME. In contrast to the direct immersion mode, where the extracting solvent drop is submerged
into the aqueous sample, in the headspace mode, the drop hangs in the headspace of the sample.
In three-phase SDME, the droplet contains two immiscible solvents, i.e., the polar acceptor solution
and the polar donor solution. These two solvents are separated by a non-polar solvent. The major
problem of the SDME technique is drop instability, but attempts are being made to solve this issue
via the creation of new devices for SDME. Current trends in developments in SDME, such as the use
of non-conventional solvents, novel materials (for combining sorbent and liquid-phase extractions),
and the creation of more suitable SDME devices, as well as their automation and implementation in
microfluidic chip technologies, were presented in a recent review paper [29].

2.2.2. Dispersive Liquid–Liquid Microextraction

Dispersive liquid–liquid microextraction (DLLME) was proposed by Rezaee and co-workers in
2006 [30]. This technique is based on a ternary-component solvent system consisting of an extraction
solvent, a dispenser, and an aqueous sample. In DLLME, a mixture of extraction and dispenser
solvents is rapidly injected into an aqueous sample via a syringe. The extraction solvent is dispersed
into the aqueous phase and forms a cloudy solution of fine droplets, which interact with an analyte.
The centrifugation allows the separation of two phases, whereby the sediment phase is enriched with the
analyte. The extraction solvent must be a high-density water-immiscible solvent, whereas the dispenser
solvent must be a polar water-miscible one. Carbon tetrachloride, tetrachloroethylene, chlorobenzene,
and ionic liquids may be used as the extraction solvent, while acetone, methanol, ethanol, acetonitrile,
or tetrahydrofuran may play the role of dispensers. One of the more interesting varieties of the DLLME
technique involves the solidification of a floating organic drop (DLLME-SFO) [31]. In DLLME-SFO,
dodecanol or 2-dodecanol are usually used as extraction solvents. After centrifugation, the floating
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organic phase is solidified quickly by cooling (e.g., in an ice bath). The solidified extraction solvent
with the isolated analytes is separated, melted at room temperature, and then subjected to analysis.

2.2.3. Hollow-Fiber Liquid-Phase Microextraction

The idea of a supported liquid membrane (SLM) was for first time integrated with single-use
extraction units for liquid–liquid–liquid microextraction (LLLME) by Pedersen-Bjergaard and his
co-workers in 1999 [32]. The authors employed a polypropylene hollow fiber as the membrane for
extraction of the model compound (methamphetamine) from body fluids. In SLM, an organic solvent
(e.g., 1-octanol) is usually impregnated in the small pores of a hollow fiber, which protects the
extracting solvent, thus permitting extraction only on the surface of the solvent immobilized in the
membrane pores. Hollow-fiber liquid-phase microextraction (HF-LPME), as a mode of liquid-phase
microextraction, was firstly published by Shen and Lee in 2002 [33]. To impregnate the pores of the
fiber wall with an appropriate solvent, the needle tip inserted into the hollow fiber is immersed in
an organic solvent for several minutes. In order to remove the excess organic solvent from the inside
of the fiber, water is injected to flush it before being removed from the solvent. For the extraction,
the prepared fiber is immersed in an aqueous sample while the organic solvent in the syringe is injected
completely into the hollow fiber. During the extraction, the solution is agitated using a magnetic stirrer.
After the extraction process, the solvent with the isolated analyte is withdrawn into the syringe and
subsequently injected into a GC instrument. The disadvantages of HF-LPME include the relatively
low repeatability of the extraction process due to the air bubbles forming on the hollow-fiber surface
(reduction of transport speed), and the formation of a membrane barrier between the sample and the
acceptor solvent (usually an organic solvent), reducing the rate of extraction [30]. Electromembrane
extraction (EME) is an extended concept of HF-LPME, which was introduced in 2006 [34]. In the EME
approach, a charged analyte is extracted from a sample solution through the SLM into an acceptor
solution, where its transfer is facilitated by an external electrical field applied across the SLM [35].
A review article concerning the EME technique, covering its principles, new SLMs, support materials
for the SLM, new sample additives, and novel technical configurations, as well as the applications of
EME in pharmaceutical analysis, was published [35].

3. Applications

Data concerning exemplary applications of solid-phase extractions and liquid-phase extractions
for clinical and forensic analysis are gathered in Tables 1 and 2, respectively.
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3.1. Solid-Phase Extractions

The SPME process may be fully automated and effectively accelerated using the 96-well plate
format of thin-film solid-phase microextraction (TFME). A PPy–CH2–COOH (nanostructured α-carboxy
polypyrrol) coating for SPME fiber, used in headspace mode (HS-SPME), was synthetized and applied to
the extraction of methadone at its trace level from plasma and urine samples [36]. The carboxy end-capped
polypyrrole film was electrochemically deposited on a platinum wire, and a nano-fibrous structure with a
diameter of 120 nm was obtained. The nanostructure of the film provided a high surface area that allowed
for the high extraction efficiency of methadone. The extraction efficiency was 95–97%. Advantageous
features of the used nanostructured fiber include high mechanical stability, strong adhesion of the coating
to the substrate, fast extraction equilibrium and desorption, and relatively low cost.

Eight beta-blockers and bronchodilators were isolated from body fluids (plasma and urine)
employing the 96-well plate format of the TFME system and an extraction phase made of
hydrophilic–lipophilic balance particles (HLB) [37]. Methanol–acetonitrile (80:20 v/v) with 0.1% formic
acid was used as a desorption solvent, which was compatible with the used mobile phase of LC–MS/MS
method. The developed extraction method described in the form of a protocol is fast (time of full
preparation of one sample less than 2 min), automated, and efficient. The authors also emphasized
that the protocol could be modified through compromising sensitivity; finally, the proposed extraction
approach could be shortened to 10–15 min for all 96 samples.

The combination of LC–MS/MS with SPME, involving polymeric sorption coatings with molecular
imprints (MIP), was used for the simultaneous determination of 10 antibiotic drugs in-whole blood
samples [38]. Three conducting polymers, polypyrrole, polythiophene, and poly(3-methylthiophene),
used as coatings in SPME, were selected for the extraction of the target compounds. Optimization of
the extraction conditions included parameters such as the extraction time, kind of desorption solution,
and pH of organic extraction solvent. The obtained results showed that the tested antibiotics could be
divided into three groups due to sorption capacity and selectivity to SPME coatings used and, thus,
the appropriate sorbent was chosen for each group of analytes. According to the authors, the proposed
MIP–SPME–LC–MS/MS method is suitable for therapeutic drug monitoring (TDM) of antibiotics in clinical
laboratories, as well as in forensic laboratories for assays at higher concentration levels in body fluids.

Two modes of solid-phase microextraction (in-tube and thin-film SPME) were applied to the
estimation of hormone (or similar substances) levels in saliva [38] and urine [39]. Testosterone, cortisol,
and dehydroepiandrosterone were assayed by online in-tube SPME in combination with LC–MS/MS [39],
and estrogens( estrone, 17β-estradiol, 17α-ethinylestradiol, and estriol) were determined employing a
combination of thin-film SPME (TF-SPME) with a 96-well plate system and HPLC–FLD [8]. In the
second case [39], a biosorbent—bract—as a novel extraction phase for TF-SPME, was used. In both
cases, the methods were fast, with a high throughput and low sample consumption (100 μL of saliva
and 37 μL of urine), and only ultrafiltration of samples was required prior to analysis.

Microextraction in packed sorbent (MEPS) is a new sample preparation technology, used in
combination with liquid chromatography–mass spectrometry [40] or mass spectrometry alone [41].
An automated sample work-up and quantification of four immunosuppressive drugs in whole blood,
using combined MEPS with LC–MS/MS, was presented [40]. The proposed method required 50 μL
of whole-blood sample. The obtained quantitative results were in good agreement with a reference
LC–MS/MS method involving protein precipitation. The analytical parameters of the developed
method revealed that it can be useful for TDM of the studied immunosuppressive drugs.

The MEPS technology was also used in a fast screening of cocaine and its metabolites in human
urine samples examined by direct analysis in a real-time source coupled to time-of-flight mass
spectrometry (DART–TOF) [41]. As the type of sorbet is one of the most important parameters in
solid-phase extraction, four various adsorbent materials (C8, ENV+, Oasis MCX, Clean Screen DAU)
were studied. The last material (Clean Screen DAU) worked best, showing satisfactory extraction
efficiency for all studied analytes. In the described sample preparation method, a few microliters of the
sample were used, and the extraction time was less than 2 min. Finally, the authors stated that coupling
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MEPS technology to an autosampler and connecting it with DART/TOF mass spectrometer would allow
for its full automation, making it a very useful tool for screening drugs of abuse in biological matrices.

Developing a new approach for antibiotic drug (linezolid and amoxicillin) determination
in human plasma by LC/UV–MS/MS, three sample preparation methods were compared [42].
The pretreatments of samples were performed using protein precipitation (PP), solid-phase extraction
(SPE), and microextraction in a packed syringe (MEPS). Among three studied extraction methods,
MEPS appeared to be superior to PP and SPE, in terms of accuracy and precision.

A bio-inspired sponge, an amino-functionalized metal–organic framework (Zr–MOF–NH2),
was successfully applied as a sorbent in PT-SPE to extract carbamazepine from urine samples [43].
This extraction method was combined with the HPLC–UV method. The best extraction conditions
were achieved when the sample volume was 100 μL, with sample pH adjusted to 7.5, and 5 mg of
the sorbent and 10 μL of methanol as eluent solvent were used. The total time of analysis, including
the sample preparation step, was less than 12 min. The sorbent was used for at least eight extractions
without significant loss of its capacity and extraction repeatability.

Two automated clean-up methodologies, based on monolithic packed 96-tip sets and combined
with LC–MS/MS, were employed for determination of the beta-blockers (pindolol and metoprolol)
in plasma [44] and anti-cancer drugs (cyclophosphamide and busulfan) in whole-blood samples [45].
In the case of the beta-blocker analysis, a 100-μL sample volume was handled, and, for the determination
of the anti-cancer drugs, 1 mL of a sample was needed. In both cases, sample preparation was performed
in only about 2 min for 96 samples. However, in the case of whole-blood analysis, the monolithic
packed 96 tips can be re-used up to only five times, inferior to the 100 times achieved with MEPS
methodology [45]. Comparing the determination of the beta-blockers in plasma, using monolithic
packed 96 tips, with the protein precipitation method (using 0.1% formic acid in acetonitrile), the tips
method resulted in a higher (2–3 times) S/N ratio. Generally, the tips methodology provided better
results in terms of selectivity, accuracy, and precision.

A d-SPE protocol based on the modified QuEChERS procedure (using 50 mg of PSA and
150 mg of anhydrous MgSO4), followed by large volume injection programmed temperature
vaporization (LVI–PTV)–gas chromatography–mass spectrometry (GC-MS) analysis, was developed
for the simultaneous determination of 16 drugs and pesticides in postmortem blood samples without
derivatization [46]. The validated d-SPE/LVI–PTV/GC–MS method is suitable for routine analysis in a
forensic laboratory. The usability of the proposed method was confirmed by the analysis of 10 postmortem
blood samples. Six samples contained cocaine, two contained MDMA, and two contained carbamazepine.
Other found analytes were carbofuran, the metabolite 7-aminoflunitrazepam, amitriptyline, and diazepam.

Magnetically modified nanomaterials based on conductive polymers [47] and molecularly
imprinted polymers (MIPs) [48] can be used as examples of new sorbents widely employed in
MSPE for preconcentration and determination of pharmaceuticals in a complex biological matrix.
Polypyrrole (PPy) with magnetic nanoparticles (MNPs)—Fe3O4—doped by sodium perchlorate
(NaClO4), exhibited high extraction efficiency: 93.4–99% and 94–98.4% for citalopram (CIT) and
sertraline (STR), respectively. The isolation of the medicines was performed in the optimized extraction
conditions: sample pH—9.0, sorbent amount—10 mg, sorption time—7 min, elution solvent (0.06 mol/L
HCl in methanol) volume—120 μL, elution time—2 min. The performance of the developed extraction
method was estimated by spiking CIT and STR at trace levels in urine and plasma samples [47].

Molecularly imprinted magnetic carbon nanotubes (MCNTs@MIPs) were applied to the MSPE
of levofloxacin in serum samples [48]. The prepared sorbent was characterized by high specific
surface area and high selectivity to template molecules of levofloxacin. Investigations indicated
that the sorbent was very selective (exhibited excellent recognition) toward levofloaxacin. Under
optimal extraction conditions (sorbent amount—15–20 mg, adsorption and desorption time—60 min,
eluent—methanol/acetic (6:4, v/v), eluent volume—2 mL), extraction recoveries ranged from 78.7 ± 4.8%
to 83 ± 4.1%. The sorbent stability was assessed as a reduction in average recovery after five cycles and
was estimated at less than 7.6%.
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A validated high-performance liquid chromatography with fluorescence detection (HPLC–FLD)
method combined with stir bar sorption extraction (SBSE) was developed for determination of
fluoxetine in human plasma [49]. The extractions of this antidepressant drug from plasma samples
were performed using laboratory-made polydimethylsiloxane (PDMS) stir bars. Several factors such
as temperature and time of sorption, stirring speed, and two modes of desorption (ultrasonic and
magnetic stirring) were considered in the optimization of extraction conditions. The method was
successfully applied to the analysis of real plasma samples originating from depressed patients treated
with fluoxetine. Taking into account the time of sample preparation (3 h), low cost of each coated bar,
and possibility to reuse it 50 times, the authors recommended the proposed method as a reliable tool
for routine analysis. Novel coatings for bars in the SBSE approach were introduced for body fluid
preparation for the determination of antihypertensive drugs [50] and illicit drugs [51]. A monolithic
vinylpyrroli–doneethylene glycol dimethacrylate (VPD-EDMA) polymer was applied to the extraction
of losartan and valsartan from plasma samples [50]. Compared to commercially available PDMS
(polydimethylsiloxane) and PA (polyacrylamide) stir bars, the proposed coated stir bar exhibited
higher physical stability and, therefore, it was suitable for the use of an ultrasonic stirring mode,
which was profitable in terms of requiring less time and less solvent for the performed extraction.
A nano graphene oxide sol–gel composite (NGO/sol–gel), used as the coating of a capillary glass
tube stir bar, was employed for the isolation of amphetamine and methamphetamine from urine
samples [51]. In both cases, the coated bars were coupled with HPLC in combination with relatively
low-sensitivity UV detection, but the obtained results indicated the usefulness of both mentioned
methods for the analysis of real samples in clinical and forensic laboratories.

3.2. Liquid-Phase Extractions

Jahan and co-workers [52] proposed a coupling microextraction device combining a microsyringe
with a very short capillary. The designed device enabled manually controlling the shape and size
of the aqueous organic droplet during the extraction process, as well as ensuring droplet stability
even under vigorous stirring conditions. The performance of the developed method was checked
using human serum samples spiked with five statins (lovastatin, simvastatin, mevastatin, Fluvastatin,
and atorvastatin). Using 1.2 μL of a toluene–aqueous (0.2:1) droplet, a 350–1712-fold enrichment of the
statins was achieved within four minutes.

A combination of SDME and open tubular capillary electrochromatography (OT–CEC) for the
simultaneous determination of seven illicit drugs (caffeine, cocaine, ephedrine, morphine, piroxicam,
strychnine, and theophylline) in horse urine was presented [53]. The extraction procedure enabled
good compound recovery with good precision and appropriate reduction of interferences. The obtained
enrichment factors were between 38 and 102 depending on the studied compound. The proposed
SDME–OT–CEC method showed potential for application in toxicology investigations, as well as being
a cheaper and more environmentally friendly method compared to LC–MS methods.

SDME was also used on-line coupled with sweeping micellar electrokinetic chromatography (MECK)
for the isolation and preconcentration of three alkaloids: berberine, palmatine, and tetrahydropalmatine,
present in human urine at trace level [54]. In this method, analytes were firstly extracted from a basic aqueous
sample solution (donor phase) into n-octanol, and then back-extracted into the acidified aqueous solution
(acceptor phase), which formed a droplet at the tip of a capillary. The acceptor phase was introduced into
the capillary using the hydrodynamic injection mode and analyzed by sweeping MEKC. The extraction
method was optimized considering a number of experimental factors: extraction solvent type, time of drop
formation, stirring rate, duration of pre- and back-extraction, sample temperature, addition of NaCl, and
composition of donor and acceptor phase. Under the optimized conditions, the developed method gave a
1583–3556-fold improvement in sensitivity for the studied analytes within 20 min.

Organic solvent dispersive liquid–liquid microextraction (OS–DLLME) and ionic liquid dispersive
liquid–liquid microextraction (IL–DLLME) were applied to determine emodin and its six metabolites in
urine samples. These two extraction approaches were evaluated and compared [55]. The analytes were
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assayed using HPLC–UV and HPLC–MS methods. In order to optimize DLLME, several parameters
were studied and optimized, including kind of extraction solvent, volumes of the extraction solvent
and the disperser solvent, extraction and centrifugation time, sample pH, and concentration of added
NaCl. At optimal extraction conditions, the enrichment factors for emodin and its metabolites ranged
from 90–295 for the OS–DLLME method and from 63–192 for the IL–DLLME method. Comparing the
abovementioned extraction methods, it was concluded that IL–DLLME was more rapid and simple, as
well as more repeatable, than OS–DLLME. However, OS–DLLME exhibited higher enrichment factors,
a wider linear range, and lower limits of detection for the target compounds.

A one-step in-syringe set-up for DLLME with the use of an ionic liquid was proposed, and pros
and cons of the novel approach were discussed [56]. Among the advantages may be listed the use of a
simple extraction unit (only a conventional plastic syringe), avoiding the centrifugation step, reducing
the extraction time, and being more suitable for the automation of the whole extraction procedure
than in the conventional approach. The novel approach broadens the used solvent range (not only
solvents denser than water can be exploited) by simply changing the orientation of the syringe during
the phase separation step [56]. Among the limitations (at the present state), low extraction recoveries
and low precision of the procedure may be mentioned. The suitability of the proposed approach was
evaluated via the determination of four non-steroidal anti-inflammatory drugs (ketoprofen, naproxen,
flurbiprofen, and indomethacin) spiked with urine samples. The obtained wide concentration range
(0.02–10 μg/mL) of the target drugs allowed assaying them at therapeutic and toxic concentration levels.

DLLME in combination with HPLC–UV was applied to the determination of five antiarrhythmic
drugs, metoprolol, propranolol, diltiazem, carvedilol, and verapamil, present in human plasma [57].
The method required 660 μL of plasma sample, and the complete separation of all the analytes was
achieved within 7 min. In the extraction process, acetonitrile, used as a disperser solvent (resulting
from the protein precipitation), was mixed with the extracting medium (dichloromethane) and then
quickly injected into an aqueous basic solution. After centrifugation, the sedimented phase with
the concentrated drugs was taken and evaporated to dryness. The dried residue was dissolved in
50 μL of deionized acidified water and subjected to HPLC analysis. The developed method was
successfully applied to the analysis of the selected antiarrhythmic drugs in real plasma samples at
ng/mL. According to the authors and considering the determined analytical parameters, the proposed
method seems to be appropriate for routine analysis in drug analysis laboratories for pharmacokinetic
and pharmacodynamics studies, as well as for therapeutic drug monitoring.

In hollow-fiber liquid-phase microextraction (HF-LPME), a porous membrane of the polypropylene
hollow fiber with the pore size of 0.2 μm prevents the entry of macromolecular compounds in the
sample solution into the acceptor phase present inside the fiber [58]. The HF-LPME technique may be
realized using two modes: two-phase and three-phase. In two-phase HF-LPME, the target compound
is enriched into the organic solvent as the acceptor phase and then determined by an appropriate
chromatographic method. In three-phase HF-LPME, the analyte is extracted from the aqueous donor
phase to organic phase, followed by back-extraction into the aqueous donor phase which is directly
subjected to analysis. The applications of two-phase and three-phase HF-LPME for the isolation and
preconcentration of hydrochlorothiazide (HYD) and triamterene (TRM) in urine samples were presented,
respectively [58]. Under optimal conditions, enrichment factors of 128 and 239 were achieved for HYD
and TRM, respectively. Finally, the proposed method was successfully applied to the analysis of TRM and
HYD in a urine sample obtained from a volunteer who received 500 mg of triameterene-H. The performed
analysis showed that the concentrations of HYD and TRM were 18.2 and 7.3 μg/L, respectively.

Using HF-LPME in the three-phase mode combined with GC–MS, ketamine (KT) and its
main metabolites, norketamine (NK) and dehydronorketamine (DHNK), were determined in urine
samples [59]. A “green chemistry” approach to the sample extraction involved using eucalyptus essential
oil as a supported liquid membrane in HF-LPME. After drying, the acceptor phase with the isolated
analytes was derivatized with trifluoroacetic anhydride before analysis by GC–MS. The usefulness
of the developed method was confirmed by the analysis of real urine samples originating from two
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patients who were suspected of taking KT. KT, NK, and DHNK were determined in the concentrations
0.0873, 5.805, and 8.760 μg per 1 mL of urine, respectively (in one case) and 7.3, 5.3, and 6.8 ng per
1 mL of urine, respectively (in the second case).

A novel generation of deep eutectic solvent (DES) as an acceptor phase in three-phase HF-LPME
was introduced for the extraction of two steroidal hormones, dydrogesterone (DYD) and cyproterone
acetate (CPA), from urine and plasma samples [60]. The following factors influencing extraction
efficiency were studied: nature and composition of DES, composition of supported liquid membrane,
salt addition, length of hollow fiber, stirring rate, and duration of extraction. Under the optimized
conditions, preconcentration factors ranged from 187 to 428. The method was validated via the analysis
of real urine samples collected from two patients. In the case where patient 1 consumed one tablet
(containing 2 mg of cyproterone acetate +0.035 mg of ethylene estradiol), the analysis showed that the
medicine concentration was below the detection limit of the method. However, positive results of the
analysis were achieved in the case of patient 2, who was subjected to hormonal therapy for a long time.
The usefulness of the developed method was also confirmed via analysis of plasma samples spiked
with 5 and 100 ppb of DYD and 10 and 200 ppb of CPA.

4. Summary and Conclusions

Microextraction methods constitute modern approaches for sample preparation in terms of
efficiency, selectivity, simplicity, speed, enrichment capability, requirement of small sample volume,
and congruence for automation and miniaturization. Due to low or very low (usually on the order
of several hundred microliters) or no consumption (SPME combined with thermal desorption of
analytes in GC injection port) of organic solvents, these techniques may be also classified as “green”
approaches. The eight microextraction techniques belonging to solid-phase (SPME, MEPS, DPX,
D-μ-SPE/MSPE, SBSE) and liquid-phase (SDME, DLLME, HF-LPME) extractions were briefly described
and characterized. The usefulness of these techniques in the preparation of biological samples was
supported by selected examples of their applications for the determination of medicines, drugs of abuse,
and other bioactive compounds in body fluids. In the most reported cases, extraction recoveries were
over 80% with an acceptable RSD lower than 10–15%. To quantify the studied bioactive compounds,
the proposed microextraction techniques were usually combined with an appropriate chromatographic
or capillary electrophoretic method. Using such combinations, limits of detection and quantification
were at concentration levels equal to ppb or ppm. Considering sample consumption, solid-phase
extractions generally require lower volumes, especially MEPS and DPX techniques, where sample
volume consumption range from 5 to 600 μL. It is also worth noting that some proposed microextraction
methods, at the optimized conditions, may be effective enough (they have a high enough enrichment
capacity) to achieve LODs at low ppm levels of the studied compounds, even in combination with a
relatively low-sensitivity UV detection method.

Microextraction techniques began being introduced during the last decade of the last century,
and, based on the growing number of publications associated with them, it seems that they represent
the current direction of development of sample preparation methods. Considering their numerous
advantages, including “green” characteristics, without loss of analytical performance, it seems that
these approaches will be extensively developed and employed in many important analytical areas,
such as clinical and forensic investigations, as well as in environmental and food analysis.
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Abstract: The demand for the recovery of valuable metals and the need to understand the impact
of heavy metals in the environment on human and aquatic life has led to the development of
new methods for the extraction, recovery, and analysis of metal ions. With special emphasis on
environmentally friendly approaches, efforts have been made to consider strategies that minimize
the use of organic solvents, apply micromethodology, limit waste, reduce costs, are safe, and utilize
benign or reusable materials. This review discusses recent developments in liquid- and solid-phase
extraction techniques. Liquid-based methods include advances in the application of aqueous two-
and three-phase systems, liquid membranes, and cloud point extraction. Recent progress in exploiting
new sorbent materials for solid-phase extraction (SPE), solid-phase microextraction (SPME), and bulk
extractions will also be discussed.

Keywords: metal extraction; liquid–liquid extraction; solid-phase extraction; solid-phase
microextraction; green extraction methods

1. Introduction

Metals are ubiquitous in nature serving as essential elements for human health and critical
materials for modern industrialization and urbanization. While some metals such as iron are necessary
for human health, many metals are toxic, and can cause physical problems such as diarrhea, nausea,
asthma, kidney malfunction, different cancers, and even death [1]. Arsenic, cadmium, chromium,
mercury, and lead are commonly known as heavy metals—or metalloids in the case of arsenic—and
have the greatest toxicity. The maximum limits in drinking water for these metal ions according to the
World Health Organization (WHO) are 10, 3, 50, 6, and 10 μg L−1, respectively [2]. The harmful effect
of arsenic can mostly affect skin, respiratory, and cardiovascular systems. Elevated risk of skin and
lung cancers has been reported among people who were exposed to arsenic from working in mining
and smelting areas where inorganic arsenic was inhaled [3]. Cadmium and lead are harmful for the
nervous system. Mercury used in electrical devices, dental fillings, Hg vapor lamps, solders, and X-ray
tubes has a strong attraction to biological tissues and is carcinogenic, mutagenic, and teratogenic [4].
The Flint water crisis in 2014 affected about 100,000 people when lead from aging pipes leached into the
water supply and contaminated the drinking water. This poignant example illustrates the importance
of careful monitoring of heavy metals (HMs) in water systems and investigating new technologies to
extract and remove them [5,6].
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Other metals such as cobalt, copper, iron, and zinc have higher threshold limits. The maximum
limit for copper in drinking water is 2 mg L−1 according to the WHO [2]. No guideline values are
provided for iron and zinc in drinking water, however, high concentrations of these elements may still
cause adverse health effects or, at a minimum, an unacceptable taste for consumers [2]. The recovery,
removal, and recycling of valuable metals, including gold, platinum, and rare earth elements, from
natural and secondary sources such as industrial wastes is also important for their economic, strategic,
and national security value. These critical elements have important applications in metallurgy and the
biomedical and electronics industries [7–12].

Several methods have been used for extraction and removal of metals from different sources of
water, including microfiltration [13], chemical precipitation [14], coagulation and flocculation [15],
electrochemical removal [16], liquid–liquid extraction [17,18], osmosis [19], crystallization and
distillation [20], photocatalysis [21], and adsorption. In this review, we focus on several techniques for
extraction, determination, and removal of metals, including heavy and valuable metals, from water
samples. In particular, extraction methods that aim to provide environmentally friendly, simpler and
faster techniques are discussed. Approaches include recent advances in primarily liquid–liquid and
solid-phase extraction. Comparison of their advantages and disadvantages will be made to illustrate
efforts to develop more environmentally friendly methods.

2. Liquid-Based Extraction

Numerous liquid-based techniques like liquid–liquid extraction (LLE) [9,22–24], chemical
precipitation [14,25], and cloud point extraction [26] have been utilized for extraction of metal ions
from aqueous media. Among the listed methods, LLE is based on analyte partitioning between two
immiscible phases. Conventional LLE is widely used for separations and preconcentration, including
extraction and recovery of metal species from aqueous media by the addition of organic solvents [24].
This technique has significant advantages. These include rapid extraction kinetics, the ability to choose
selective solvents, amenability to large-scale separation, and easy and flexible implementation. In spite
of these advantages, traditional LLE has several drawbacks, including the extensive use of volatile and
flammable organic solvents, which are potential health and environmental hazards [27]. Moreover,
from the economic point of view, LLE is quite expensive because of the cost of organic extractants and
their disposal [28]. These drawbacks can be circumvented by embracing new methods that provide
simple, low-cost, fast, sensitive, and accurate analyses in a more environmentally friendly manner.
Various advancements in liquid-based extraction for metal ions, such as aqueous biphasic and triphasic
extraction, cloud point extraction, and liquid membrane extraction, are discussed herein.

2.1. Aqueous Biphasic Systems

Aqueous biphasic systems (ABS, Figure 1) forms when two immiscible aqueous-based solutions
are mixed together at a certain temperature [29]. ABS have gained more attention for metal extraction
since 1984 when Zvarova and co-workers successfully extracted copper, zinc, cobalt, iron, indium,
and molybdenum using a polyethylene glycol (PEG) 2000–ammonium sulfate–water system in the
presence of ammonium thiocyanate and sulfuric acid [30]. Because organic solvents are not required in
ABS, it has several advantages over traditional solvent extraction. ABS are less toxic, more economical,
biocompatible, and have a reduced environmental risk [31]. Furthermore, numerous inorganic anions
can be used as water-soluble extractants resulting in metal ion partitioning between two immiscible
aqueous phases, which reduces dehydration effects [32].

ABS can be formed by various mechanisms and thus are tunable to the desired extraction. Biphasic
systems composed of polymer–polymer [33], polymer–salt [34], salt–salt [35], ionic liquid–salt [36], and
surfactant-based systems [37] have been reported. In addition to these, other phase-forming elements
are amino acids, alcohols, and carbohydrates. In ABS, factors governing the metal ion extraction
include molecular weight and polymer type [38], Gibbs free energy of hydration [32], medium pH [39],
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presence and absence of an extracting agent [32,40], and temperature [41]. Examples of metal ion
extractions using different ABS are given in Table 1.

Figure 1. Schematic representations of a two- versus three-phase system for metal ion extraction.

Table 1. Aqueous biphasic systems for metal ion extraction.

Targeted Metal(s) ABS Composition Extraction Agent Detection Ref.

Surfactant–Salt

Zn2+ Triton X-100 a, MgSO4 PAN n UV–Vis [42]

Mo6+, W6+ Triton X-100, (NH4)2SO4 None ICP–AES r [43,44]

Polymer–Salt

Hg2+, Zn2+, Co2+ PEG 6000 b, Na2CO3 None AAS s [45]

Mn2+, Fe3+, Co2+, Ni2+,
Cu2+, Zn2+, Cd2+, Li+

PEG 4000, Na2SO4 None AAS [46]

Fe3+, Co2+, Ni2+, Cu2+,
Zn2+, Cd2+ L35 c, Na2SO4

1N2N o, SCN−,
I− AAS [47]

Cd2+, Ni2+ L35, LiSO4 KI, TTL p AAS [48]

Zn2+, Cd2+, Hg2+, Pb2+,
Bi3+

PEG 1550, Na2SO4, NaNO3,
(NH4)2SO4

NaX, X = I−, Cl−,
Br−, SCN− FTIR t [49]

Co2+, Fe3+, Ni2+ PEO d 1500, (NH4)2SO4, H2O KSCN FAAS u [50]

Hg2+ PEG 5000, Na2SO4
NaX, X = I−, Cl−,

Br−

Packard
Cobra II
Auto- -

Spectrometer

[51]

Co2+, Ni2+, Cd2+ L64 e, Na2C4H4O6 1N2N FAAS [52]

Ca2+ L64, sodium tartrate None FAAS [53]

As3+ L64, (NH4)2SO4, H2O APDC q ICP–OES v [54]
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Table 1. Cont.

Targeted Metal(s) ABS Composition Extraction Agent Detection Ref.

Salt–Salt

Cd2+ TBAB f, (NH4)2SO4 None AAS [55]

Ionic Liquid–Salt

Ni2+, Co2+ (P44414) g(Cl), NaCl None NR [56]

Co2+, Fe3+, Nd3+, Sm3+ Cyphos IL 101 h, NaCl None ICP–OES,
TXRF w [57,58]

Sc3+ (P444C1COOH)Cl i, NaCl None TXRF [59]

Au+ 1-alkyl-3-methylimidazolium
bromide, K2HPO4

None AAS [60]

Co2+ (HMIM)(BF4) j, NaCl None ICP–OES [61]

Pr3+ (A336)(NO3) k, NaNO3 None UV–Vis [62]

Nd3+ (P4444) l(NO3), NaCl None ICP–MS [63]

Miscellaneous

Au3+ (C6mim)(C12SO3) m, PEG 6000 None UV–Vis [64]
a octylphenolpolyethoxylene, b polyethylene glycol (average molecular mass 6000), c (ethylene oxide)11
(propylene oxide)16 (ethylene oxide)11, d poly(ethylene oxide), e (ethylene oxide)13-(propylene oxide)30-(ethylene
oxide)13, f tetrabutylammonium bromide, g tributyl(tetradecyl)phosphonium, h tri(hexyl)tetradecylphosphonium
chloride, i tri-n-butyl(carboxymethyl)phosphonium chloride, j 1-hexyl-3-methylimidazolium tetrafluoroborate,
k tricaprylmethylammonium nitrate, l tetrabutylphosphonate, m 1-hexyl-3-methylimidazole dodecyl sulfonate,
n 1-(2-pyridylazo)-2-naphthol, o 1-nitroso-2-naphthol, p tie-line length, q ammonium pyrrolidine dithiocarbamate,
r inductively coupled plasma atomic emission spectrometry, s atomic absorption spectrophotometry, t fourier
transform infrared spectrophotometry, u flame atomic absorption spectrophotometry, v inductively coupled plasma
optical emission spectrometry, w total reflection X-ray fluorescence.

It is important to note that to extract a single target metal in each extraction step with a biphasic
system, the extraction process for a specific metal from a mixture of metal ions must be highly selective,
resulting in a potentially lengthy and costly method. A well-designed three-liquid-phase extraction
system may overcome this disadvantage by selective separation and extraction of two or more targeted
metals during a single extraction step.

2.2. Three-Liquid-Phase Extraction

Three-liquid-phase extraction (TLP, Figure 1) has been used for the isolation of organic
macromolecules such as cellulose, enzymes, proteins, and metals [65,66]. This approach is based on
the use of three immiscible liquid phases composed of different organic solvents, polymers, inorganic
salts, water, or ionic liquids [67,68]. As the number of non-miscible phases is increased from two
(biphasic) to three (triphasic), the steps required for separation decrease. Therefore, three metal cations
can be separated simultaneously in a single step as shown in Figure 1. For example, in the case of a
biphasic system, a mixture of five metals may require four steps for the separation, whereas for TLP,
two steps may be sufficient. Different approaches have been considered to design a TLP system for
metal extraction. These include one aqueous and two organic phases [69], one organic and two aqueous
phases [70], and ionic liquid-based systems [71]. One recent study showed an improved extraction
efficiency for Co2+ with a TLP system when directly compared to an ionic liquid ABS approach [61].
However, in TLP, the challenges associated with the use of organic phases are reintroduced. Examples
of metal ion extraction using different TLP systems are tabulated in Table 2.
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Table 2. TLP systems for metal ion extraction.

TLP
Phases

TLP Component Metal Extracted
Ref.

Top Middle Bottom Top Middle Bottom

1 Organic 2 Aqueous

TRPO a PEG-2000 (NH4)2SO4, H2O Ti4+ Fe3+ Mg2+ [72]

S201 b EOPO j Na2SO4, H2O Pd2+ Pt4+ Rh3+ [73,74]

D2EHPA c PEG (NH4)2SO4, H2O Cr3+ Cr6+ None [75]

Cyanex272 d PEG (NH4)2SO4, H2O Yb3+ Eu3+ La3+ [76]

Cyanex272 PEG 2000 (NH4)2SO4, H2O Yb3+, Eu3+ Fe3+, Si4+ La3+, Al3+ [77]

PC-88A e PEG 2000 (NH4)2SO4, H2O Eu3+ Al3+, Si4+, Fe3+ La3+, Yb3+ [78]

Xylene,
(D2EHPA) PEG (NH4)2SO4, H2O Mn2+ Co2+ Ni2+ [79]

N1923 f PEG (NH4)2SO4, H2O V5+ Cr6+ Al3+ [80]

2 Organic 1 Aqueous

S201
(Sugaring

out)
CH3CN

glucose, H2O Pd2+ Pt4+ Rh3+ [81]

S201
(Salting

out)
CH3CN

NaCl, H2O Pd2+ Pt4+ Rh3+ [69]

TLP Systems with Ionic Liquids

H2O (HMIM)
(BF4) k NaCl None Co2+ None [61]

TOPO g H2O (Bmim) (PF6) l
Mn2+,
Zn2+,

Cd2+, Pb2+
None Cu2+, Ni2+ [71]

S201 H2O (C4mim) (PF6) l Pd2+ Rh3+ Pt4+ [82]

TBP h,
(P66614)
(Tf2N) i

H2O (Hbet) (Tf2N) m Sn2+ Sc3+ Y3+ [66]

a trialkylphosphine oxide, b diisoamyl sulfide/nonane, c di(2-ethylhexyl)phosphoric acid,
d bis(2,4,4-trimethylpentyl)phosphinic acid, e 2-ethylhexylphosphoric acid mono(2-ethylhexyl)ester,
f primary amine, g tri-n-octylphosphine oxide, h tri-n-butyl phosphate, i trihexyl(tetradecyl)phosphonium
bis(trifluoromethylsulfonyl)imide, j polyethylene oxide-polypropylene oxide, k 1-hexyl-3-methylimidazolium
tetrafluoroborate, l 1-butyl-3-methylimidazolium hexafluorophosphate, m betainium
bis(trifluoromethylsulfonyl) imide.

2.3. Cloud Point Extraction (CPE)

The cloud point is the point where a solution mixture turns cloudy due to diminished solubility of
one component after changes to experimental conditions such as pressure, temperature, and inclusion of
additives [83]. For example, this clouding process can result in the formation of two distinct phases
of nonionic and zwitterionic surfactants in which one is a surfactant-rich phase and the other has a
concentration close to the critical micelle concentration [84]. The surfactant-rich phase obtained at
the cloud phase condition functions to extract and preconcentrate various inorganics [85]. This phase
extracts metal cations and is dispersed in the aqueous phase formed after phase separation. Detection of
the cloud point occurs by various techniques (e.g., light scattering or particle counting, turbidimetry,
refractometry, thermo-optical methods, and viscometry) [86]. CPE shows great promise as a more
environmentally friendly method for heavy metal extractions [87]. Kazi et al. have studied extraction
of Al3+ by the cloud point technique where 8-hydroxyquinone was added to coordinate Al3+ while
the surfactant octylphenoxypolyethoxyethanol (Triton X-114) was added to extract and entrap the
complex [88]. Similarly, Zhao et al. studied the extraction of Cd2+, Co2+, Ni2+, Pb2+, Zn2+, and Cu2+

using a dual-CPE technique [89]. The main advantage of CPE over other techniques is the use of water
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instead of organic solvents [90]. CPE is also easy to manipulate, is fast, requires minimal expense,
and offers high analyte recovery [85,91].

2.4. Liquid Membrane Extraction

Membrane-based extraction is a non-equilibrium process that has been developed as an important
green strategy for recovery of rare earth elements [92]. Different types of liquid membranes (LM)
have been reported, such as bulk liquid membrane (BLM) [93], emulsion liquid membrane (ELM) [94],
supported liquid membrane (SLM) [95], and hollow fiber-supported liquid membrane (HFSLM) [96].
Their advantages and disadvantages are summarized in Table 3. Various metal ions from common
metals (copper, nickel, and cobalt) [97] and valuable metals (platinum, gold) [98,99] to radioactive
species (uranium) [100] have been extracted using LM techniques. As noted in Table 3, there are several
concerns regarding membrane stability when organic solvents are used.

Table 3. Liquid membrane systems for metal ion extraction.

Type of LM Overview Advantages Disadvantages Ref.

SLM

Hydrophobic membrane
impregnated with an

organic solvent is squeezed
between an aqueous feed

and stripping solution

Simplicity of
operation

Low operating cost

Emulsion formation of liquid
membrane phase in water

Instability
[95]

HFSLM

Hollow fiber is used as
microporous hydrophobic

membrane and impregnated
with LM phase

High interfacial
area-to-volume

ratio
Lower transport rate than SLM [96]

ELM

Water/organic/water
(W/O/W) or

organic/water/organic
(O/W/O) with a thin middle

LM phase

High transfer rates

Continuous operation is difficult
to achieve as settling stage is

performed after extraction. Long
contact of emulsions with water in

feed stream results in swelling
and rupture due to the difference
in osmotic pressure, shear forces,
and static pressure between the

feed and stripping phase

[101]

BLM
An aqueous feed and

stripping phase separated by
bulk organic LM phase

High transfer rate Less interfacial area-to-volume
ratio results in low fluxes [93]

2.5. Summary

In summary, LLE methods often require several extractions for complete recovery of targeted
metals. Thus, LLE is often replaced by solid-phase extraction (SPE) methods to achieve higher efficiency
and recovery. SPE is advantageous because consumption of organic solvent can be minimized [102].
Additionally, errors from inaccurately measured extraction volumes, especially when multiple extraction
steps are required with LLE, are minimized with SPE as it does not require phase separation [103].

3. Solid-Phase Extraction

Solid-phase extraction (SPE, Figure 2) is one of the most popular sample pretreatment and
separation techniques because of its simplicity, low cost, high preconcentration factors, selectivity,
and versatility. Furthermore, the availability of a wide variety of sorbent materials and the ability to
use only minimal amounts, or in some cases, no organic solvents, makes SPE a very environmentally
friendly technique [102,104,105]. Most of the benefits of SPE methods are governed by the physical
and chemical nature of the sorbent [104,106]. Recent development and applications of a number of
new sorbent materials for metal extraction, such as nanosorbent materials, polymers, metal oxides,
magnetic materials, metal organic frameworks (MOFs), and bioadsorbents, are discussed herein.

136



Separations 2020, 7, 4

Figure 2. Schematic representation of solid-phase extraction (SPE), solid-phase microextraction (SPME,
direct immersion only), and dispersive solid-phase extraction (D-SPE).

3.1. Nanosorbent Materials

Nanosorbent materials such as carbon nanotubes (CNTs) [107], graphene oxide (GO), silica [108],
chitosan [109], and activated carbon [110,111] are particularly useful due to their large surface areas
compared to their particle volume. Thus, they are excellent candidates as sorbent materials for
metals since the high surface area provides a greater number of active sites leading to enhanced
extraction efficiency. Recently, Gouda et al. developed a sorbent material based on multiwalled carbon
nanotubes impregnated with 2-(2-benzothiazolylazo)orcinal (BTAO) for preconcentration of cadmium,
copper, nickel, lead, and zinc from food and water samples prior to determination by flame atomic
absorption [112]. Similarly, carbon nanotubes impregnated with tartrazine [113], polyaniline [114], and
di-(2-ethyl hexyl phosphoric acid) [115] have been utilized as sorbent materials for preconcentration,
separation, and determination of metals. Moreover, Awual et al. synthesized ligand-impregnated
conjugate nanomaterials for the extraction of mercury from aqueous solution [116]. Metal oxides
such as Al2O3 [117], TiO2 [118], and SiO2 [119] have been used for metal extraction due to their
physical stability, cost-effectiveness, and high surface area [118]. Other examples are shown in Table 4.
The utilization of nanosorbent materials is attributed to their high surface area, ease of modification,
and nonspecific adsorption with metals [120,121]. However, limitations include low selectivity and,
in some cases, low stability and limited reusability of the material.
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Table 4. Nanomaterial-based solid sorbents.

Sorbent
Extraction
Method

Target Metal(s) Reusability SC f (mg g−1) Ref.

Tyre-based activated
carbon SPE-FAAS d As5+, Cd2+, Cr3+, Cu2+, Fe3+,

Mn2+, Ni2+, Pb2+, Zn2+ NR NR [122]

Dowex 50W-x8 &
Chelex-100 SPE Cd2+, Co2+, Cr3+, Cu2+, Fe3+,

Ni2+, Pb2+, Zn2+
Stable up to 150
elution cycles NR [123]

ZnFe2O4 nanotubes
(ZFONTs) DMSPE e Co2+, Ni2+, Mn2+, Cd2+ NR

Co2+-30.09
Ni2+-28.4
Mn2+-35.4
Cd2+-27.9

[124]

Agarose-g-PMMA a DMSPE Cd2+, Ni2+, Cu2+, Zn2+ NR

Cd2+-31.8
Ni2+-42.5
Cu2+-48.3
Zn2+-34.3

[125]

Activated carbon DSPE Cu2+ Stable up to 6
cycles 1.6 [126]

MWCNTs b DMSPE Cr6+ NR NR [127]

GO-MWCNTs-DETA c SPE Cr3+, Fe3+, Pb2+, Mn2+ NR

Cr3+-5.4
Fe3+-13.8
Pb2+-6.6
Mn2+-9.5

[128]

a poly(methyl methacrylate) grafted agarose, b multiwalled carbon nanotubes, c diethylenetriamine, d flame atomic
absorption spectrometry, e dispersive magnetic SPE, f sorption capacity, NR: not reported.

3.2. Polymer-Based Materials

Some of the limitations found with nanosorbent materials have been addressed by employing
specially designed sorbent materials based on chelating resins [129–132], polymers with chelating
units [133,134], ion imprinted polymers [135–138], and polymeric ionic liquids [135,139,140].

Polymeric chelating materials, unlike the inorganic nanosorbents, have the advantage of tunability
in functionalization using unique chelating groups to obtain enhanced selectivity and extraction
efficiencies for metals. Recently, Nunes et al. developed a greener SPE approach for the extraction of
Zn and Ni by employing nylon-6 nanofibers modified with di-(2-ethylhexyl) phosphoric acid [141].
The experimental results suggested that these polymeric nanofibers were cost-effective because of
their reusability even after ten cycles of extraction in addition to being ecofriendly due to the absence
of organic solvents. The same polymeric material was also used for SPE of indium from LCD
screens [142]. Furthermore, polymeric materials based on ionic liquids also were utilized as effective
sorbent materials for extraction of metals. For example, a polymeric ionic liquid containing 3-(1-ethyl
imidazolium-3-yl)propyl-methacrylamido bromide and ethylene dimethacrylate was specifically
developed by Zhang et al. for extraction of antimony employing a stir cake sorptive extraction
method [143]. Table 5 summarizes several additional examples of polymer sorbents including
ion-imprinted polymer (IIP) materials for SPE of metals.

138



Separations 2020, 7, 4

Table 5. Polymer-based sorbent materials for metal ion extraction.

Sorbent Material
Extraction
Method

Target Metal(s) Flow Rate
Extraction

Time
Ref.

Copolymer
StrataTM-X resin On-line SPE Cd2+, Pb2+,

Cu2+, Cr6+ NR 1.5 [144]

mGO/SiO2@coPPy-Th a MSPE b Cd2+, Pb2+,
Cu2+, Cr3+, Zn2+ NR 6.5 min [145]

Thallium ion-imprinted
polymer SPE c Tl3+ NR 30 min [146]

Copolymer of
4-Vinylpyridine and

Ni-Dithizone
SPE Ni2+ 0.2 mL min−1 NR [147]

(EGDMA-MAH/Ni) d

imprinted polymer
SPE Ni2+ 0.5 mL min−1 NR [148]

Double imprinted
chitosan-succinate

polymer
SPE Cu2+ NR NR [149]

Dual imprinted
polymers of Cd SPE Cd2+ 3.0 mL min−1 20 min [150]

Poly(GMA e-co-EDMA f)-IDA g SPE Cu2+, Pb2+, Cd2+ 10 μL s−1 NR [151]

Nylon 6-DEHPA h SPE Zn2+, Ni2+ NR 7.5 min [141]
a SiO2-coated magnetic graphene oxide modified with polypyrrole–polythiophene, b magnetic solid-phase extraction,
c solid-phase extraction, d ethyleneglycoldimethacrylate-methacryloylhistidinedihydrate nickel(II), e glycidyl
methacrylate, f ethylene dimethacrylate, g iminodiacetate, h di-(2-ethyl)phosphoric acid.

3.3. Metal–Organic Frameworks

Metal–organic frameworks (MOFs) consist of metal ions and organic linkers that are strongly
bonded together. These materials have been used as effective sorbents in various applications due to
their highly porous structure and the ability to be synthesized in various shapes and sizes [152,153].
Recently, Tadjarodi et al. designed a magnetic nanocomposite sorbent from HKUST-1 MOF combined
with Fe3O4@4-(5)-imidazoledithiocarboxylic acid (Fe3O4@DTIM) for SPE of Hg2+ in canned tuna and
fish samples [154]. The sorbent selectivity towards Hg2+ was due to the presence of sulfur atoms in
DTIM. Also, the magnetic Fe3O4 nanoparticles facilitated separation from samples by simply applying
an external magnetic field while the MOF prevented aggregation of Fe3O4 nanoparticles by acting
as spacers and a support matrix with the MOF cavities providing increased surface area to enhance
sorption capacity. Similarly, Esmaeilzadeh developed a MOF with iron-based magnetic nanoparticles
decorated with tetraethyl orthosilicate to create a silica layer on the surface [155]. The nanoparticles
were subsequently functionalized with morin (2-(2,4-dihyroxyphenyl)-3,5,7-trihydroxychromen-4-one)
as a chelating agent to develop a MIL-101(Fe)/Fe3O4@morin nanocomposite for the selective extraction
and speciation of V4+ and V5+. In this case, the silica layer provided stability for the Fe3O4 nanoparticles
in acidic conditions as well as allowed for further functionalization. MIL-101(Fe) also prevented
aggregation of the nanoparticles by acting as a spacer and support. In addition, Nasir et al. developed
a two dimensional leaf shaped zeolite imidazolate frame work (2D ZIF-L) for arsenite adsorption [156].
Table 6 shows recently reported MOFs as effective sorbents for the SPE of metals.
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Table 6. MOF sorbent materials for metal extraction.

Sorbent Material
Extraction
Method

Target Metal(s) Reusability SC f (mg g−1) Ref.

UiO-66 a -NH2 SPE Cd2+, Cr3+, Pb2+, Hg2+ NR

Cd2+-49
Cr3+-117
Pb2+-232
Hg2+-769

[157]

KNiFC b

Fe3O4/KNiFC
MSPE Cs+ 5 153 and 109 [158]

Fe3O4@ZIF-8 c SPE As5+ NR 0.035–0.036 [159]

ZIF-8@cellulose SPE Cr6+ NR NR [160]

FJI-H12 d SPE Hg2+ NR 440 [161]

Fe3O4/IRMOF-3 e MSPE Cu2+ 10 2.4 [162]

UiO-66-OH SPE Th4+ 25 47.5 [163]
a zirconium-based, b potassium nickel hexacyanoferrate, c zeolitic imidazolate framework-8, d Co(II) and
2,4,6-tri(1-imidazolyl)-1,3,5-triazine, e iso-reticular MOFs, f sorption capacity.

3.4. Magnetic-Based Materials

In the process of developing more environmentally friendly methods, incorporation of magnetic
materials such as iron oxide nanoparticles into sorbent composites has increased in recent years.
Magnetic materials are utilized to readily extract target metal ions from complex matrices followed by
sorbent separation from samples by an external magnetic field. Following desorption of the metals,
the sorbent can be recovered and effectively recycled. Magnetic nanoparticles have been combined
with carbon-based [164], ionic liquid [165,166], MOF [167], and polymer [168] materials for magnetic
SPE of metals. Several such examples are given in Tables 4–6, while other unique recent studies using
magnetic-based materials are described below and in Table 7.

Shirani et al. developed a magnetic sorbent based on an ionic liquid linked to magnetic multiwalled
carbon nanotubes for simultaneous separation and determination of cadmium and arsenic in food
samples using electrothermal atomic absorption spectrometry [169]. Habila et al. synthesized a sorbent
material based on Fe3O4@SiO2@TiO2, which shows unique magnetic, photocatalytic and acid resistant
properties, and was used for the preconcentration of copper, zinc, cadmium, and lead prior to ICP–MS
analysis [170]. The advantage of this sorbent material was it not only allowed extraction of toxic
heavy metals from complex matrices, but also assisted the simultaneous degradation of the organic
matrix to aid preconcentration. Additionally, Molaei et al. utilized a copolymer based on polypyrrole
and polythiophene (PPy–PTh) layered on the surface of SiO2-coated magnetic graphene oxide for the
extraction of trace amounts of copper, lead, chromium, zinc, and cadmium from water and agricultural
samples [145].
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Table 7. Magnetic-based sorbent materials for metal ion extraction.

Sorbent Material
Extraction
Method

Target Metal(s) WS f pH SC g (mg g−1) Ref.

CEMNPs a MSPE Cu2+, Co2+, Cd2+ 9.0
Cu2+-3.21
Co2+-1.23
Cd2+-1.77

[171]

Co-IDA b MSPE Cu2+ 7.5 NR [172]

M-PhCP c MSPE Cd2+, Pb2+ 6.0 NR [173]

Fe3O4@MOF-235(Fe)-OSO3H MSPE Cd2+ 3.0 NR [167]

(Fe3O4-ethylenediamine)/
MIL-101(Fe) MSPE Cd2+, Pb2+, Zn2+, Cr3+ 6.1

Cd2+-155
Pb2+-198
Zn2+-164
Cr3+-173

[174]

Fe3O4@TAR d MSPE Cd2+, Pb2+, Ni2+ 6.2 185–210 [175]

MOF Fe3O4-Pyridine MSPE Cd2+, Pb2+ 6.3 186–198 [176]

SH-Fe3O4/Cu3(BTC)2
e MSPE Pb2+ 6.0 198 [177]

a carbon-encapsulated magnetic nanoparticles, b magnetic cobalt nanoparticles functionalized with iminodiacetic
acid, c magnetic phosphorous-containing polymer, d thiazolylazo resorcinol, e mercapto groups modified with
benzene tricarboxylic acid, f working solution pH, g sorption capacity.

3.5. Ion Exchange

Ion exchange is another technique that can be used for the removal of metals, though it depends
on the solution composition [178]. Moreover, other factors like the capacity and selectivity of sorbent
material, pH, temperature, and solution salinity also play important roles in the ion exchange
process [179]. Recently Murray et al. studied the removal of Pb2+, Cu2+, Zn2+, and Ni2+ from
natural water with polymeric submicron ion exchange resins [180]. Similarly, Vergili et al. found
good extraction properties with a weak acid cation resin for the sorption of Pb2+ from industrial
wastewater [181].

3.6. Ligand Binding

Simple coordination chemistry, where a ligand with affinity for a metal binds and forms a complex,
is a useful method to selectively isolate a metal from aqueous solution. There are numerous organic
chelating agents for heavy and precious metal extraction. The overall challenge is achieving selectivity
for a single metal or class of metals. Depending on the strength of binding, recovery of the isolated
metal ion can also be difficult. Recent studies show dithiocarbamate ligands as one of the most
useful materials to coordinate and extract transition metals from aqueous solution [182]. Because of
the presence of various hybridized states of nitrogen and sulfur and the tendency to share electrons
between the nitrogen and sulfur with metal ions, the removal of heavy metals by these ligands has
been demonstrated [183–186]. They also are known to form colored metal complexes, which makes
detection and analysis relatively easy [187]. Table 8 provides examples of ion exchange and ligand
binding techniques for metal extraction.
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Table 8. Ion exchange and ligand binding techniques for metal ion extraction.

Techniques Substance Used SC h Target Metal(s) Ref.

Ion Exchange
Membrane

Cellulose nanofiber modified
with PAA a and PGMA b 160 mg g−1 Cd2+ [188]

Chitisan/PVA c/Zeolite nanofiber NR Cr6+, Fe3+, Ni2+ [189]

PAN d/GO e/Fe3O4 nanofiber 799.4 mg g−1 of Pb2+,
911.9 mg g−1 of Cr6+ Pb2+, Cr6+ [190]

Ligand Binding

PMHS f-g-PyPz g

PMHS-g-PyPz(OEt)2

0.24 mmol (Co2+) and
1.48 mmol (Cu2+) g−1

of polymer

Cu2+, Cd2+, Cr3+,
Ni2+, Co2+ [191]

N,N’-dialkyl-N,N’-diaryl-1,10-
phenanthroline-2,9-

dicarboxamides
NR Lanthanides [192]

N,N’-dimethyl-1,4-piperazines NR
Zn2+, Cu2+,

Mn2+, Li+, Ni2+,
Mg2+

[193]

a poly(acrylic acid), b poly(glycidylmethacrylate), c polyvinyl alcohol, d polyacrylonitrile, e graphene oxide,
f poly(methylhydrosiloxane), g pyridine–pyrazole, h sorption capacity.

3.7. Solid-Phase Microextraction

Although SPE has advantages over LLE, more progress is needed in the development of more
ecofriendly and cost-effective approaches to further reduce the amount of organic solvents and sorbent
material, as well as to minimize cost, analysis time, and disposal of waste chemicals. Such considerations
have led to the development of greener alternatives such as SPME (Figure 2), which was developed
and introduced by Pawliszyn in 1990 [194]. SPME is a fiber-based version of SPE that has benefits
over other extraction techniques because the sample and solvent amounts are reduced, liquid, solid
and gas samples can be analyzed with higher sensitivity and cost-effectiveness, and the use of organic
solvents is minimized. Briefly, a fiber-based material is used as the sorbent to extract molecules by
direct immersion of the fiber into the sample solution (Figure 2) or into the headspace above the
solution. Once analytes partition into the sorbent, the fiber is removed for desorption and analysis.
Direct coupling to analytical instrumentation is then possible to achieve simultaneous preconcentration
and determination of target species, thus reducing the analysis time [195–199].

There are limited reports on the use of SPME for metal ion detection and analysis using HPLC and
GC [200,201]. For SPME–HPLC, determination of metal ions is limited to commercial adsorbents [200].
Derivatization is required to obtain a hydrophobic organometallic compound to achieve adsorption
onto the fibers and desorption after injection into a SPME–HPLC chamber. Difficulties with slow
analyte diffusion in HPLC complicate the analysis of metals. One notable example of SPME–HPLC
was reported by Kaur et al., in which a complex of thiophenaldehyde-3-thiosemicarbazone with cobalt,
nickel, copper, and palladium was followed by UV detection [202]. SPME coupled to GC is limited to
volatile species, which also often requires derivatization prior to detection [203]. Apart from the need
for derivatization, there are other challenges including fiber-to-fiber variation, carry over problems,
relatively high cost, reusability and recycling of the coating material, instrumental compatibility and,
most importantly, delicate fibers or fragile coatings [152,199,204].

A recent goal is the desire to use SPME for the direct extraction and analysis of metal ions without
the need for derivatization or complicated procedures. Rahmi et al. developed a novel SPME approach
for trace metal analysis by modifying the inner wall of a syringe filter tip with a monolithic chelating
moiety [205]. Twenty-two elements, including titanium, iron, cobalt, nickel, copper, gallium, cadmium,
tin, and rare earth elements, were extracted prior to ICP–MS analysis with extraction efficiencies higher
than 80%. Rohanifar et al. developed a versatile, easily tunable, cost-effective, greener approach for
SPME of heavy metals from natural waters [133]. In this study, pencil lead was used as a substrate as an

142



Separations 2020, 7, 4

alternative to a commercially available SPME fiber or a metal wire, which significantly reduced the cost.
The pencil lead was coated by electropolymerization with a sorbent composite containing polypyrrole,
carbon nanotubes, and different metal chelating ligands. The resultant fiber was then used for direct
immersion SPME of heavy metals followed by determination by ICP–MS (Figure 3). The chelating
ligand was trapped inside the polymer matrix, which effectively captured the metal from the solution.
Metals were therefore preconcentrated onto the fiber and then released in an analysis solution by
treatment with acid. A composite containing polypyrrole/carbon nanotubes/1,10-phenanthroline
demonstrated exceptional extraction efficiencies for silver, cadmium, cobalt, iron, nickel, lead, and zinc
in several sample matrices. The accuracy of the method was validated by the analysis of a certified
reference standard. Analyses were accomplished in a minimum amount of aqueous solution and were
thus very environmentally friendly.

Figure 3. Schematic representation of the creation of an SPME fiber by electropolymerization and its
application for metal extraction. Reprinted with permission from [133].

3.8. Dispersive Solid-Phase Extraction

Dispersive solid-phase extraction (D-SPE, Figure 2) is another variation of solid-phase extraction
where a micron-sized sorbent is dispersed in the sample solution. This approach eliminates the need to
optimize the flow rate and potential backpressure issues with a packed SPE cartridge, especially with
newer nano-based materials. Enhanced contact between the analytes and sorbent results in very efficient
extractions [206]. New sorbents for D-SPE for metals are beginning to be reported that utilize materials
that effectively and selectively capture metal ions by chelation. Sitko et al. described the synthesis of a
graphene oxide sorbent modified with (3-mercaptopropyl)-trimethoxysilane for determination of Co2+,
Ni2+, Cu2+ As3+, Cd2+, and Pb2+ by total reflection X-ray fluorescence [207]. Preconcentration and
metal capture is quite straightforward, while the analysis step is solvent free. Similarly, dithiocarbamate
functionalized Al(OH)3–polyacrylamide was prepared and characterized for extraction of Cu2+ and
Pb2+ [208]. As with SPME, the goal for D-SPE applications is to enhance selectivity for metal analysis
with new selective sorbent materials. Recently, pyrrole was derivatized with carbon disulfide and
chemically polymerized to obtain an air stable, water-insoluble, chelating polymer for extraction of
soft metal ions [209]. Application of this new sorbent for D-SPE of Co2+, Ni2+, Cu2+, Zn2+, Cd2+, and
Pb2+ demonstrated excellent removal and recovery of these ions. The chelating polymer is reversible,
releasing the captured metals after acid treatment for preconcentration prior to analysis by ICP–MS.
D-SPE is also amenable to magnetic sorbent particles as demonstrated by the references in Table 4.
Therefore, D-SPE shows tremendous promise for developing simple environmentally friendly methods
to extract metals.
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4. Bulk Sorbent Methods

4.1. Chemical Precipitation

Wastewater is a common medium that regularly is contaminated with heavy metal ions. To ensure
safe re-entry into the environment, treated water must contain metal concentrations below an accepted
level called the maximum contaminant level (MCL) for each metal ion [210,211]. Chemical precipitation
is a useful approach to remove large amounts of heavy metals from inorganic waste materials and
prevent contamination of the environment [211]. This technique removes ionic metal components after
adding counter-ions to reduce their solubility in aqueous solution [212]. Dissolved metals are turned
into insoluble components by a precipitating agent under favorable pH conditions [212]. Much research
on chemical precipitation for metal extraction has been conducted because of the low cost and ease of
implementation for large volumes of wastewater. However, disadvantages such as the inability to
maintain pH for optimum precipitation, high volume of sludge production [213], and low selectivity of
metal extraction [214] limits widespread use. The treatment method should not produce toxic chemical
sludge such that disposal remains ecofriendly and cost-effective [215]. Several examples on the use of
precipitating agents to extract various metals have been reported [216–219].

4.2. Biosorbent Extraction

Biosorbent extraction is particularly important for the removal of heavy metals from industrial
effluents as this process utilizes readily available and inexpensive dead biomass compared to
conventional sorbents [220]. Aquatic organisms like yeast, algae, and bacteria adsorb dissolved
heavy metals and even radioactive elements found in their surroundings [221]. Dead fungal material,
for example, does not result in increased toxicity with the extracted metal or adverse operating
conditions. Furthermore, no nutrients are needed for dead mass and relatively simple non-destructive
treatments are used for the recovery of bound metals, which are often in their anionic forms [220,222].
Natural biosorbents can be valuable low-cost alternatives for metal removal and cleanup, especially
for developing countries with limited financial resources. In addition, recent review articles have
discussed progress related to the development of ecofriendly phytoremediation and phytoextraction
approaches for the removal of metals from contaminated environmental sites [223–225].

Kratochvil et al. studied the removal of molybdate (MoO4
2−) with chitosan beads for up to

700 mg g−1 of molybdate [220]. Similarly, removal of Cr6+ by peat moss [226] and corncobs [227]
was achieved with excellent results. Marine green algae, due to presence of different proteins, lipids,
or polysaccharides on the cell wall surface, show good metal binding strength [228]. Hence, for effective
removal of heavy metals even at low levels, biosorbents are considered as an emerging technology [229].
However, despite the availability of large quantities of biomass, selection of the most suitable type of
biomass is still a challenge. Slight variations in biomass properties can result in considerably different
affinities for various metals, which also offers an opportunity to alter biomass properties to design
new biosorbent materials. For example, Mallakpour et al. developed a new hydrogel nanocomposite
biosorbent by embedding calcium carbonate nanoparticles into tragacanth gum for the removal of Pb2+

ions from water samples [230]. Similarly, pine (Pinus sylvestris) sawdust was modified with thiourea
groups and utilized for the extraction of precious metals from industrial solutions [231]. Table 9 shows
additional examples of recently reported natural biosorbent materials for extraction of metals.
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Table 9. Biosorbent materials for metal ion extraction.

Biosorbent SC a Target Metal(s) Ref.

Rice husk, palm leaf, water
hyacinth NR Cu2+, Co2+, Fe3+ [232]

Rhizopus arrhizus 180 mg g−1 U6+, Th4+ [233]

Ascophyllum and Sargassum 30% of dry weight of
biomass Pb2+, Cd2+ [234]

Tobacco dust 39.6, 36.0, 29.6, 25.1,
and 24.5 mg g−1

Pb2+, Cu2+, Cd2+, Zn2+,
Ni2+

[235]

Sargassum filipendula NR Ag+, Cd2+, Cr3+, Ni2+,
Zn2+ [236]

Chlorella vulgaris 161.41 mg g−1 of Cr4+

and 169 mg g−1 of Pb2+ Cr6+, Pb2+ [237,238]

Saccharomyces cerevisiae and
Rhizopus arrhizus

Ranges from 31 to 180 mg
g−1 for different metals Cu2+, Zn2+, Cd2+, U6+ [239]

Alcaligenes sp. 66.7 mg g−1 Pb2+ [240]

Olive mill Varies with pH and other
conditions

Hg2+, Pb2+, Cu2+, Zn2+,
Cd2+ [241]

Parachlorella NR Y3+, La3+, Sm3+, Dy3+,
Pr3+, Nd3+, Gd3+ [242]

a sorption capacity.

5. Conclusions

Recovery of metals often requires extraction from complicated matrices in large quantities, while
metal analysis is routinely sought at the trace level. In either case, strategies that are considered greener
and minimize their impact on the environment drive development of emerging methods for metal
extraction and analysis, many of which are described in this review. Much of the evolution of metal
extraction and sample preparation has benefitted from the development and use of new materials.
Aqueous two- and three-phase systems reduce the amount of organic solvents needed in LLE and
include the use of ionic liquids, which offer the advantageous properties of low flammability and
volatility, excellent solvating ability, and high thermal stability. Solid-phase extraction further reduces
the need for organic solvents and utilizes novel materials based on adsorption, biosorption, ligand
binding, and ion exchange. Extension of SPE into the micro-regime shows exciting promise for effective
and selective SPME of metals. Initially, limited by the derivatization of metal ions to generate volatile or
hydrophobic organometallic species for gas and liquid chromatographic analysis, new SPME coatings
and materials take advantage of classical coordination chemistry to permit direct analysis of metal
ions. Development of unique coordination type polymers, magnetic materials, and thin-film coatings
for SPE and SPME shows great promise for highly selective and ecofriendly extraction methods for the
recovery of valuable metals and for efficient sample preparation and preconcentration of a range of
metals from complex matrices.
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Abstract: In this study, we report the combination of comprehensive two-dimensional gas
chromatography (GC×GC) with multivariate pattern recognition through template matching for
the assignment of the contribution of Brazilian Ale 02 yeast strain to the aroma profile of beer
compared with the traditional Nottingham yeast. Volatile organic compounds (VOC) from two beer
samples, which were fermented with these yeast strains were sampled using headspace solid-phase
microextraction (HS-SPME). The aroma profiles from both beer samples were obtained using GC×GC
coupled to a fast scanning quadrupole mass spectrometer. Data processing performed through
multiway principal components analysis succeeded in separating both beer samples based on yeast
strain. The execution of a simple and reliable procedure succeeded and identified 46 compounds as
relevant for sample classification. Furthermore, the bottom-up approach spotted compounds found
exclusively in the beer sample fermented with the Brazilian yeast, highlighting the bioaromatization
properties introduced to the aroma profile by this yeast strain.

Keywords: foodomics; Brazilian yeast; craft beer; sensomics

1. Introduction

The Brazilian beer market has been in the spotlight due to steady increase in beer consumption
over the past few decades [1]. In this context, the search for better quality beers and new varieties of
the raw materials (malt, water, hops and yeast) is fundamental. Additionally, new ingredients have
been tested during brewing to produce unique beers with innovative flavor compounds [2].

Flavor compounds are characterized by their interaction with human olfactory system and it
is through such chemistry that specific odor sensations are induced. Volatile organic compounds
(VOC) are directly involved in the flavor sensation of beers. The chemical nature of VOC that are
associated with flavor and aroma in beer is varied, including esters, aliphatic and aromatic alcohols,
carbonyl-containing compounds and terpenoids [3,4]. Hence, beer is considered a complex matrix,
even though the majority (92–95%) of the beverage is water [5]. Several qualitative studies have tried
to profile the composition of beers, whether to characterize the VOC profile or to search for specific
markers in aged beer [3,6–9].

The art of brewing involves careful control of several stages, and a paramount one is the
fermentation, i.e., bioaromatization. Fermentation involves the addition of yeasts to the recipe to
convert the sugars in ethanol and introduce aroma-related compounds derived from biological channels
from the yeast’s metabolism. Accordingly, important factors that can influence this metabolic balance
include temperature, pH and yeast strain [5].

Separations 2019, 6, 46; doi:10.3390/separations6040046 www.mdpi.com/journal/separations159



Separations 2019, 6, 46

Research on non-conventional yeasts has taken place to effectively develop novel aroma profiles
through bioaromatization [10]. Recently, a local startup (Yeastlab—Franca, Brazil) isolated a unique
yeast strain from Plinia cauliflora (i.e., jabuticaba, a “Brazilian berry”) peel that could be used for beer
production, which was named Brazilian Ale 02 yeast. Furthermore, to the best of our knowledge there
are no reports evaluating the outcome of the bioaromatization properties of Brazilian Ale 02 yeast strain
to the aroma profile of a beer.

The bioaromatization properties study of Brazilian Ale 02 yeast should be driven using appropriate
sample preparation, which mitigates production of artifacts, to guarantee reliable results. Solid-phase
microextraction (SPME) [11] fits these requirements since it eliminates the use of solvents and combines
analyte isolation and pre-concentration into one simple step. The technique has been popular
to analyze food products, including wine, cheese and beer [12]. Reports involving beer analysis
usually use headspace solid-phase microextraction (HS-SPME) for targeted analysis. Headspace
analysis is very beneficial to extent SPME fiber lifetime since non-volatile compounds such as
sugars, proteins and polyphenols present in the beer are avoided in the extraction, which could
damage the sorbent phase during direct immersion (DI) [13,14]. A wide variety of coatings can
be used as extracting phases in SPME. Some reports applied a mixed fiber for beer analysis, i.e.,
divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS), in which analyte adsorption
dominates analyte sorption. These reports covered characterization of the VOC profile, off-flavors
research or quantitation [9,12,15], demonstrating high reproducibility either in manual or automated
methods [12].

Standard practices for VOC profiling in beers used conventional gas chromatography
(1D-GC) [8,9,15–20]. However, peak overlap severely dampens qualitative and quantitative analyses
in such complex samples [21]. Flow-modulated comprehensive two-dimensional gas chromatography
coupled to mass spectrometry (FM-GC×GC-MS) enables proper sample separation and characterization
due to the enhanced peak capacity of the composite system. Such technique uses two consecutive
stages of separation with distinct selectivity. FM has been increasingly attractive to expert and
non-expert users because of its operational simplicity, and capability to modulate compounds from
a broad volatility range. Griffith et al. [22] demonstrated the increased peak capacity of differential
flow modulation GC×GC. The report using reverse fill/flush (RFF) modulation showed the excellent
precision and capacity to handle significant overloading peaks that exhibited poor peak shape and
performance in forward fill/flush (FFF) modulation. Moreover, RFF modulation enables cost-effective
and robust analysis, bridging the gap between powerful instrumentation and routine analysis.

Martins et al. [23] made use of GC×GC to trace the terpenic composition of 18 lager beers, revealing
the presence of 94 mono and sesquiterpenic compounds. The second dimension was important to
resolve key compounds such as 1,1,3,5-tetra-methylcyclohexane and β-ocimene. Similarly, GC×GC [4]
allowed the assignment of 32 VOC related to beer aroma from Portuguese samples.

Chromatograms generated by FM-GC×GC-MS are structurally complex (i.e., four-way data)
and contain a lot of information; thus, it is important to work with an appropriate data processing
technique capable of extracting all meaningful and context-oriented information. Multiway principal
components analysis (MPCA) is a well-established multivariate statistical method for data processing,
which enables pixel-based pattern recognition [24].

In this article, we applied a bottom-up approach involving FM-GC×GC-MS and MPCA for
assignment of yeast related volatile organic compounds in two beer samples fermented with
distinguished yeast strains. Data processing had the aim of highlighting compounds that could
be used to differentiate both beer samples.
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2. Materials and Methods

2.1. Samples

Fresh beer samples were kindly provided by a local company (Cervejaria Confra da
Mantiqueira—Campinas, Brazil). Comparative analysis was enabled by standardizing the brewing
process. Brewing started from the same wort, which presented 14% of maltose as its original extract
(OE). Fermentation/bioaromatization step lasted 7 days at 20 ◦C followed by a cold maturation step
at 2 ◦C for 7 days. Sample uniqueness was established in the yeast strain used; each beer was
fermented with a distinguished yeast strain. The yeast strains were the traditional Nottingham yeast
(Lallemand—Montreal, QC, Canada) and the unique Brazilian Ale 02 (Yeastlab Biotecnologia—Franca,
Brazil). For discussion purposes, the beer produced with the Brazilian yeast will be named “BR” and
with the English yeast will be named “ENG”. The samples were CO2 capped in amber bottles and
stored in the refrigerator (4 ◦C) for up to 14 days. Analysis was performed immediately after opening
the sample.

2.2. Materials and Extraction Devices

The linear temperature programmed retention indices (LTPRI) of the analytes were determined
using a standard mixture of C8-C20 n-alkanes (04070-1ML) (Merck—St. Louis, MO, USA). A 2-cm
SPME fiber coated with 50/30 μm DVB/CAR/PDMS (57299-U) was used for analyte extraction (Merck).
Magnetic screw caps with PTFE-PDMS septa (SU860101) and 20 mL glass vials (SU860097) (Merck)
were used in the SPME extractions.

2.3. Solid-Phase Microextraction Method

The DVB/CAR/PDMS fiber was conditioned as recommended by the manufacturer. Sample
degassing was performed using ultrasound for 10 min at room temperature. After degassing, 5 mL
aliquots of beer were added to 20 mL vials. The vials contained pre-weighted 1.75 g of sodium
chloride [17]. The samples were immediately stored in the refrigerator (−2 ◦C). Prior to extraction,
a pre-equilibrium step of 20 min at 45 ◦C was applied. To ensure optimum extraction of VOC, an
extraction profile was evaluated between 5 to 45 min at 45 ◦C. Longer extraction times were not
evaluated to improve sample throughput. The agitation was maintained continuously at 500 rpm
to ensure fast mass transfer between sample and HS. Four replicates were obtained for each sample.
After extraction, sample introduction to the GC was attained by thermal desorption at the inlet, which
operated in splitless mode at 260 ◦C with a sampling time of 1 min.

2.4. Gas Chromatography

The GC×GC analyses were performed on a flow-modulated instrument that comprised a TRACE
1300 gas chromatograph coupled with a fast scanning ISQ single quadrupole mass spectrometer (QMS)
(Thermo Fisher Scientific—Waltham, MA, USA). The GC×GC was fitted with a split/splitless injector,
which operated in splitless mode at 260 ◦C. The INSIGHT interface (SepSolve Analytical—Peterborough,
UK) was used to perform differential flow modulation using the reverse fill/flush configuration.
ChromSpace (SepSolve Analytical) was used to synchronize and control the INSIGHT modulator.
Instrument control and data acquisition was performed using Xcalibur (Thermo Scientific—Waltham,
MA, USA) software.

Column set consisted of two wall-coated open tubular (WCOT) capillary columns. The primary
column was a 30 m × 0.25 mm-id (0.25 μm; β of 250) MEGA-5HT (MEGA srl—Legnano, Italy). The
secondary column was a 5 m × 0.25 mm-id (0.25 μm; β of 250) HP-50+ (Agilent Technologies—Santa
Clara, CA, USA). Oven temperature ramp was programmed from 45 ◦C (3 min) to 270 ◦C at 3 ◦C min−1.
Modulation period was set to 6.0 s with a re-injection (flush) pulse of 200 ms. A sampling loop of 50 μL
was used for GC×GC modulation. Helium was used as auxiliary and carrier gas at constant flow rates
of 12.5 mL/min and 1.00 mL/min, respectively. The mass range was set from 50 to 350 m/z units at
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42 scans s−1. Transfer line was operated at 250 ◦C and ion source at 200 ◦C. Electron ionization was
performed at 70 eV and 150 μA.

2.5. Identification

GC Image (Zoex—Houston, TX, USA) was used for tentative identification of analytes by
combining mass spectrum similarity searches and LTPRI filtering. Blob detection was done by setting
the following parameters in GC Image: minimum area of 20, minimum volume of 50 and minimum
peak value of 50. Tentative identification was executed by adopting minimum similarity match of 80%
and ± 25 LTPRI deviation from NIST. Qualitative analysis was performed using NIST14 MS library
(National Institute of Standards—Gaithersburg, MD, USA). The Good Scents Company was used to
obtain the odor and flavor descriptors.

2.6. Pixel-Based Chemometric Analysis

The ‘.raw’ Xcalibur (Thermo Scientific) native files were converted to ‘.cdf’ ANDI/netCDF format
using the File Converter plug-in. MATLAB R2017b (MathWorks—Natick, MA, USA) environment was
used to perform multivariate data analysis. The netCDF files were imported to MATLAB to generate
three-way data tensors. For additional detail on three-way data tensors refer to [25,26]. PLS Toolbox
7.5 (Eigenvector Research Inc.—Wenatchee, WA, USA) was used to perform the MPCA analysis and to
highlight the relevant chemical information for sample classification based on yeast strain.

3. Results and Discussions

3.1. SPME Optimization

To guarantee the higher extraction rate with shortest time, the extraction profile was determined
and the extraction time during SPME optimized for a representative beer. As shown in Figure 1, five
extraction times were evaluated and total volume of peaks were used as response parameter to ensure
adequate transfer of the analytes from the sample matrix to the extracting phase.

Figure 1. Extraction profile of volatile and semi-volatile organic compounds (VOC) from beer. The
response is presented as the sum of the peak volumes from the GC×GC chromatogram.

The extraction profile reveals that the equilibration time for the analytes is reached within 40 min
of extraction, after that the amount of analyte extracted is about the same. Therefore, to ensure sample
throughput, extraction time was fixed in 40 min.
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3.2. VOC Tracing Using GC×GC

Beer production involves a considerable number of important steps, which presents many variables
that can affect the final composition of the beverage if they fluctuate from the expected values. A
small fluctuation during beer production can be responsible for relevant changes between the ratio of
its components or the presence of unique ones in the perceived flavor, altering the volatile organic
compounds and organoleptic profile of the beer. The chromatograms obtained for BR and ENG beer
samples, exhibited in Figure 2, shows the presence of approximately 210 compounds in the beer aroma.
Main chemical classes of analytes, see Table 1, include alcohols, terpenoids, organic acids and esters,
which are corroborated by previous findings [3,4].

 

Figure 2. GC×GC-QMS chromatograms for two craft beer samples using HS-SPME and sampling with
DVB/CAR/PDMS (a) BR sample; (b) ENG sample. BR corresponds to the beer brewed with the Brazilian
Ale 02 yeast and ENG corresponds to the beer brewed with the Nottingham yeast.

Esters are important contributors to flavor and in general are present in concentrations around
their threshold, which means that minor changes in their concentration may dramatically affect beer
flavor [27,28]. Usually they are compounds that impart a sweet-fruity aroma to beers and among
them the ones with proven aroma activity can be synthesized intracellularly by fermenting yeast
cells. The volatile portion of these compounds are produced in an enzyme-catalyzed condensation
reaction between an activated fatty acid (acyl-Coa) and a higher alcohol [28]. Esters detected in the
beer samples include 2-phenylethyl acetate and perillyl acetate, with first one contributing to honey
attributes and the second one associated with woody and raspberry notes. Figure 2 also reveals a region,
indicated by the dashed area between 40–46 min, with notable differences between the samples, with
BR sample exhibiting compounds with higher intensities than ENG; among them are aromadendrene
(analyte #2), which is associated with woody notes. Important terpene hydrocarbons also identified
are γ-muurolene (analyte #8), responsible for herbal and spicy attributes, and α-humulene (analyte #3)
a hop oil compound that impart woody notes in the aroma profile.

Another chemical class that plays an important role in the aromatic profile of beers are volatile
phenols. 4-vinylguaiacol and 4-vinylphenol are the main phenols that impart flavor in beer. Usually
their presence must be controlled, otherwise surpassing a specific concentration they are considered
off-flavors that negatively affect beer quality [9,29]. 4-vinylguaiacol (analyte #1) exhibits a higher
intensity in the BR sample, imparting a sweet smoky attribute to the organoleptic profile. Conversely,
ENG sample exhibits higher intensities for methyl 2-nonynoate (analyte #4), a flavoring related
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substance that contributes with floral and tropical fruity notes, and 2-phenylethyl acetate (analyte #5)
that imparts honey and floral rosy attributes.

These findings are corroborated by previous studies of the VOC profile of beers [16,23,30]. As
a matter of fact, it is important to highlight that although approximately 210 peaks were detected
in the chromatograms, only 79 (~38%) were successfully identified based on the selected qualitative
parameters (80% of similarity and ± 25 LTPRI deviation from NIST Web Book). This highlights the
need to couple GC×GC with high accuracy mass spectrometers to complement qualitative analyses.

It should be noted that hexanoic acid (analyte #6), heptanoic acid (analyte #9) and octanoic acid
(analyte #7) were successfully identified, although their peaks exhibited deviations higher than 25
LTPRI units. Identification was confirmed by evaluating their peak shapes in the chromatograms
and similarities between their experimental mass spectrums and NIST database. Figure 2 reveals the
presence of pronounced peak tailing in the first dimension for these organic acids, two reasons are
identified as responsible for it. First, slow mass transfer of the analytes from the SPME fiber to the GC
column [31]. Second, peak tailing is related to non-linear chromatography of organic acids using a
non-polar stationary phase used in the first dimension, a MEGA-5HT capillary column.

Figure 2 also exhibits the benefits that comprehensive two-dimensional gas chromatography
brings to the analyses, mitigating possible co-elution between chromatographic peaks, which are
resolved in the second dimension. For example, Figure 3 focuses on one of these regions of the
chromatograms for BR sample.

Figure 3. Example of resolved peaks in the second dimension of the chromatograms for BR. Second
dimension resolved trans-geraniol (peak A) and 2-phenylethyl acetate (peak B). Additionally, (E)-methyl
geranate (peak C) and 4-vinylguaiacol (peak D).

The selected region reveals the gain in resolution obtained due to increased peak capacity of the
composite 2D-GC analysis. The second dimension mitigated the co-elution between trans-geraniol (peak
A) and 2-phenylethyl acetate (peak B). In addition, (E)-methyl geranate (peak C) and 4-vinylguaiacol
(peak D) were resolved in 2D.

Although visual inspection of the chromatograms reveals variations between the chromatographic
profile of the BR and ENG samples, to ensure that all the chemical information provided by the
GC×GC-QMS will be properly analyzed, an appropriate data handling technique is necessary.
Furthermore, as GC×GC-MS is an analytical technique that produces structurally complex and
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dense data, it is also important to guarantee that relevant information will not be lost or overlooked
during data processing. Then, with the aim of an unbiased assessment during identification of
compounds produced due to the use of the unique yeast strain, computational tools and a multivariate
technique were required for proper pattern recognition.

3.3. Chemometrics

Development of an adequate protocol to evaluate BR and ENG beers was accomplished by
MPCA. The main idea was to extract data information by using a multiway exploratory method,
which benefits from all the available data dimensions and results in useful and easily understood
plots. Principal components (PC) are generated based on the explained information extracted from
the original data, with the first PC explaining most of the data variance and subsequent components
explaining progressively less of the remaining variance [24].

In this pixel-based chemometric analysis four replicates from the same BR beer sample and four
replicates from the same ENG beer sample form the sample group, and each variable refers to a pixel of
the chromatogram’s data obtained after raw data handling in MATLAB environment. MPCA basically
decomposes the data into what is called scores and loadings. Through the scores information it is
possible to identify the patterns within the samples, while the loadings can be used to pinpoint the
chromatographic peaks responsible for such patterns.

The scores graph of total ion chromatogram (TIC) from PC1 and PC2, seen in Figure 4, reveals
important information for pattern recognition. Its analysis reveals the presence of distinct traits
between the VOC profile of BR and ENG beer samples. In this case, the information within PC1 is able
to distinguish the samples groups (BR and ENG).

Figure 4. Scores plot of pixel-based two component Multiway principal components analysis (MPCA)
from beer samples evaluated (BR and ENG) using the four-way data from GC×GC-QMS.

The loading’s graph can be used to elucidate the variables/pixels that contributed to the pattern
evidenced in Figure 4. For additional detail on template matching refer to Reference [32]. This
information enables targeting the analytes that are responsible for beer differentiation and establishing
the contributions the unique Brazilian Ale 02 yeast strain brought to the VOC profile of the beer. As the
BR samples are found in the negative part of PC1, loadings with negative values cover the VOC that
are present in higher intensities in BR samples in comparison with ENG. By selecting the negative
weights from the loadings of PC1, it was possible to plot a virtual chromatogram, which highlighted
the peaks that differentiated BR and ENG samples. This virtual chromatogram was then used to create
a template using GC Image software, Figure 5a. After creating the template, it was matched and
applied onto the real sample chromatograms of BR samples. Hence, the analytes that varied the most
between BR and ENG beer were identified, as shown in Figure 5b.
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Figure 5. (a) Peak template creation using the loadings vector and the reconstructed chromatogram;
(b) Process of template matching using GC Image highlighting potential unique compounds in the
GC×GC-QMS total ion chromatogram of the BR beer sample.

Template matching revealed 46 compounds that were exclusively in one sample or in both, but
with distinguished intensities. Table 1 summarizes all the compounds identified by the approach
described herein.

According to the data of Table 1, ENG brewing enabled retention/formation of higher alcohols and
monoterpene alcohols. Template matching identified compounds that were present in higher quantities
in the ENG sample, including alcohols and esters. These chemical classes are known to enhance fruity
notes to the sample; examples include cis-geraniol; trans-geraniol and 2-phenylethyl acetate.

Furthermore, the chemometric approach highlighted that the Brazilian Ale 02 yeast supported
the formation and/or retention of terpenic compounds in the beer. The terpenoids caryophyllene
oxide, beta-pinene, and caryophyllene contribute to enhance spicy aromas and flavors in the beer,
corroborating the information presented in the datasheet of the Brazilian Ale 02 yeast [34]. Classification
of terpenic compounds depends on the number of repetitions of the isoprene unit (C5H8), being
monoterpenic compounds (two isoprene units), sequiterpenic compounds (three isoprene units) and
so on [35]. Their presence in a beer comes mostly from the hops added during brewing, which
act as preservative and impart the bitterness characteristic of beers [23]. A minor source to these
chemical compounds may be the yeast’s metabolism. King et al. [36] demonstrated that ale and lager
yeasts are capable of biotransforming the monoterpene alcohols trans-geraniol and linalool into other
monoterpene alcohols or esters.

Finally, template matching provided conditions to the identification of the bioaromatization
properties introduced in the aroma profile of the beer by the unique Brazilian yeast. The approach
enabled the identification of seven compounds that were found exclusively in the BR samples,
chemical classes found include esters (ethyl phenylacetate; ethyl decanoate; isoamyl octanoate; ethyl
dodecanoate), terpenes (γ-muurolene; aromadendrene) and a phenolic compound (4-vinylguaiacol).
Unfortunately, due to synergistic and antagonistic effects it is difficult to know what will be the effect
that different levels of higher alcohols and esters will have on the overall profile of the beer [27].
Therefore, the data analyzed provided general answers about the aroma that compounds can impart to
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the beer. These findings highlight the necessity of allying a sensory panel of specialists to taste beer
samples and to elucidate the influence of such compounds to the aroma of beers.

Furthermore, there is a threshold in which a compound with a concentration lower than that will
not be perceived, but also due to synergistic effects the presence of different esters can affect beer flavor
even if they are well below their individual threshold concentrations [27]. This is valid for both desired
and undesired molecules. Examples of undesired compounds (off-flavors) and their individual sensory
threshold in beers include the esters isoamyl acetate (1400 ng mL−1); ethyl acetate (15,000 ng mL−1);
ethyl hexanoate (200 ng mL−1) and 2,3-butanedione (40 ng mL−1) [37]. Ethyl hexanoate and isoamyl
acetate were both detected in BR and ENG, which highlights how difficult it is to produce beers
without off-flavors.

4. Conclusions

The steady increase in beer consumption over the past decades demonstrates the notorious
importance that the beverage possesses in a global scenario. Therefore, the search for better quality
beers is fundamental nowadays. In this study, we evaluated a bottom-up approach to reveal the novel
contributions that the Brazilian Ale 02 yeast could impart in the VOC profile of a beer. The protocol
adopted succeeded in comparing both beer samples based on yeast strain, highlighting 46 compounds
as relevant for sample classification. Furthermore, multiway principal components analysis discarded
unrelated information from the GC×GC-MS chromatograms, which enabled simple and efficient data
mining, even by non-expert users. It was possible to accurately identify seven key markers spotted in
the VOC profile of the BR sample due to the use of the unique Brazilian yeast during brewing.

These outcomes highlighted the importance of combining high peak capacity techniques, as
comprehensive two-dimensional gas chromatography, with appropriate data processing techniques
such as MPCA. Finally, we expect to continue the research through the analyses of more samples and
the alignment of a sensory panel of specialists to obtain comprehensive aroma-related information
among beers.
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Abstract: In the present contribution, new-generation bar adsorptive microextraction devices
combined with microliquid desorption, followed by high-performance liquid chromatography–diode
array detection (BAμE-μLD/HPLC–DAD) are proposed for the determination of two very
polar ultraviolet (UV) filters (2-phenylbenzimidazole-5-sulfonic acid (PBS) and 5-benzoyl-4-
hydroxy-2-methoxybenzenesulfonic acid (BZ4)) in aqueous media. Different sorbents were evaluated
as BAμE coating phases, in which polystyrene–divinylbenzene polymer showed the best selectivity
for the analysis of both UV filters, with average extraction efficiency of 61.8 ± 9.1% for PBS and
69.5 ± 4.8% for BZ4. The validated method showed great reproducibility for the analysis of PBS and
BZ4 UV filters, providing suitable limits of detection (0.04 μg L−1 and 0.20 μg L−1), as well as good
linear dynamic ranges (0.16–16.0 and 0.8–80.0 μg L−1), respectively. The proposed methodology
was applied for monitoring the target analytes in several real matrices, including tap, sea, and
estuarine waters, as well as wastewater samples. Despite some matrix effects being observed for
some real samples, good selectivity and linearity were obtained. The present contribution showed an
innovative analytical cycle that includes the use of disposable devices, which make BAμE much more
user-friendly and suitable for the routine work, being a remarkable analytical alternative for trace
analysis of priority compounds in real matrices.

Keywords: bar adsorptive microextraction; floating sampling technology; high-performance liquid
chromatography; polar UV filters; real matrices

1. Introduction

In the last decades, many improvements have been introduced in the field of sample preparation,
aiming at simplification, miniaturization, easy manipulation, as well as the reduction of the use of
toxic organic solvents, in compliance with the green analytical chemistry (GAC) principles. In this
context, the sorption-based techniques have played an important role, mainly for trace analysis of
complex matrices. In this regard, solid phase microextraction (SPME) [1], stir bar sorptive extraction
(SBSE) [2], and, more recently, bar adsorptive microextraction (BAμE) [3,4] are good examples of
effective sample-enrichment approaches. In BAμE, a bar-shaped polypropylene device (7.5 mm in
length and 3 mm in diameter) coated with a convenient sorbent phase is used, simultaneously with a
conventional Teflon magnetic stirring bar at the bottom of the sampling flask. This technique operates
under the floating sampling technology mode, which uses an analytical device lighter in weight in
comparison with water density. The BAμE devices are easily lab-made by coating the polypropylene
support bars with a convenient adhesive, where the sorbent materials (<5 mg) are fixed. BAμE is very
cost-effective, and the great advantage over other sorption-based methodologies is that the analytical
devices can be easily coated with the most selective sorbent phases, according to the characteristics of
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the target analytes. Furthermore, this technology is also in compliance with GAC principles, needing
just around 100 μL of an appropriate organic solvent during the back-extraction stage, performed
through liquid desorption (LD). In a previous work [5], novel improvements were introduced in
this technique, by designing new-generation BAμE devices in order to reduce the number of steps
involved during the back-extraction stage. It allowed the implementation of an innovative analytical
cycle, with an effective microextraction stage together with a back-extraction stage performed in
“only single LD step”, for interface enhancement with the instrumental systems. From the analytical
point of view, the new-generation BAμE approach is user-friendly, as well as much more competitive
for the routine work over other well-established microextraction techniques. Furthermore, due to
the simplicity, eco-friendliness and cost-effectiveness involved, the reutilization is not considered
in this novel analytical approach. To show the versatility of the new-generation devices recently
introduced [5], the present contribution aims to apply them to monitor trace levels of highly polar
compounds, such as hydrophilic ultraviolet (UV) filters in real samples.

UV filters are a large group of chemical compounds used to block or absorb UV light and protect
the skin from the harmful effects of sun radiation. They are extensively present in a variety of
personal care products, such as sunscreen lotions, skin care, facial makeup, and lip care products.
These compounds are considered persistent pollutants once they are continuously released into
the aquatic ecosystems through recreational aquatic activities or industrial and urban wastewaters.
As a result, UV filters have been found at trace levels in several environmental matrices, mainly in
surface [6], sea [7], as well as tap [8] waters, and their effects and consequences are issues of increasing
concern. Numerous reports can be found in the literature regarding the determination of lipophilic
UV filters from environmental water samples using microextraction techniques [9–11]. Meanwhile,
few studies aim at the analysis of very polar UV filters and, most of them, use non-green analytical
techniques such as solid phase extraction [12,13]. Yet, only one paper can be found in the literature
using a miniaturized technique for the extraction of these hydrophilic UV filters compounds, the stir
bar sorptive-dispersive microextraction mediated by magnetic nanoparticles–nylon 6 composite [14].
Although it is efficient, this methodology requires the composite synthesis in three steps, including
the synthesis of the nanoparticles, followed by coating with silica, and finally the synthesis of the
polymeric network with the nanoparticles, which takes many hours and requires several chemicals.

In this work, the new-generation BAμE devices combined with high-performance
liquid chromatography–diode array detection (BAμE-μLD/HPLC–DAD) is applied for the
determination of two highly polar UV filters (2-phenyl-5-benzemidazolesulfonic acid (PBS) and
5-benzoyl-4-hydroxy-2-methoxy-benzenesulfonic acid, also known as benzophenone-4 (BZ4)) (Table 1)
in real matrices. The optimization, validation, and application of the proposed analytical methodology
to several types of matrices are fully discussed.

Table 1. Chemical structures, log KOW and pKa of the two ultraviolet (UV) filters under study. PBS:
2-phenyl-5-benzemidazolesulfonic acid. BZ4: 5-benzoyl-4-hydroxy-2-methoxy-benzenesulfonic acid.

UV Filter Chemical Structure Log KOW pKa

PBS −0.234 −0.87

BZ4 0.993 −0.70
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2. Materials and Methods

2.1. Reagents, Standards, and Samples

Analytical standards of PBS (96%) and BZ4 (≥97.0%) were purchased from Sigma Aldrich
(Steinheim, Germany). Methanol (MeOH, 99.8%) and acetic acid (99.5%) were obtained from Carlo
Erba (Arese, Italy), sodium chloride (NaCl, 99.5%) was provided from Merck (Darmstadt, Germany),
sodium hydroxide (NaOH, 98.0%) was purchased from BDH Chemicals (London, UK), hydrochloric
acid (HCl, 37%) was provided from Panreac (Barcelona, Spain). Ultra-pure water was obtained from
Mili-Q water Milipore purification systems (Billerica, MA, USA). Stock solutions of individual UV
filters (1000 mg L−1) were prepared in MeOH, and standard mixtures for instrumental calibration were
prepared by appropriated dilution of the previous stock solutions. The polymeric phases used were
N-vinylpyrrolidone–divinylbenzene (HLB; particle size 30, surface area 810 m2 g−1 and pH stability
1–14, Waters, Milford, MA, USA) and polystyrene–divinylbenzene (PS-DVB; particle size 40–120 μm,
surface area 1200 m2 g−1 and pH stability: 1–13, Merck, Kenilworth, NJ, USA). The activated carbons,
AC1 (surface area 1400 m2 g−1; pHPZC: 2.2) and AC2 (surface area 1400 m2 g−1; pHPZC: 6.4) were
obtained from Salmon & Cia (Lisbon, Portugal). All water samples were obtained in the metropolitan
area of Lisbon (Portugal). The tap water samples were obtained from our lab; the estuarine and sea
water samples from the coast, and the wastewater samples from Alcantara wastewater treatment plant.

2.2. Experimental Set-Up

2.2.1. Optimization Assays

The new generation of BAμE devices were prepared “in house” by using nylon supports having
bar-shaped geometry (7.5 mm in length and 1.0 mm in diameter) and an adhesive film coated with
the powdered sorbents, previously cleaned with ultra-pure water. The detailed description of the
devices manufacturing can be consulted in previous reports [3,5]. For the optimization assays, 25 mL of
ultra-pure water spiked with the working standard solution (8.0 μg L−1 for PBS and 40.0 μg L−1 for BZ4),
a BAμE device, and a conventional Teflon magnetic bar were introduced into glass sampling flasks.
The microextraction stage was performed in a univariate optimization strategy using a multipoint
agitation plate (Variomag H + P Labortechnik AG Multipoint 15, Germany) at room temperature
(25 ◦C), under the floating sampling technology mode. Parameters such as stirring rate (750, 1000,
and 1250 rpm), equilibrium time (1, 2, 4, 6, and 16 h), matrix pH (HCl/NaOH; 1.0, 2.0, 4.0, 6.0, and
8.0), organic modifier (MeOH; 0, 5, 10, and 15%, v/v), and ionic strength (NaCl; 0, 5, 10, 15, 20, and
30%, w/v) were systematically studied in triplicate. The back-extraction stage was performed using a
single LD step, in which the devices were removed from the sampling flasks using clean tweezes and
placed directly into inserts containing 100 μL of the stripping solvent (HPLC mobile phase) inside
glass vials (2 mL), ensuring their total immersion. Then the vials were sealed using a handy crimper
prior to ultrasonic treatment at room temperature. To evaluate the best LD conditions, different
desorption times (10, 15, 30, 45, and 60 min) using ultrasonic treatment were systematically studied
in triplicate. After the back-extraction assays, the vials became ready for analysis and were placed
into the autosampler trays of the HPLC–DAD system. Blank assays were also performed in triplicate,
using the procedure described above without spiking.

2.2.2. Validation Assays

For the method validation experiments, ultra-pure water samples were spiked with the working
standard solutions of the UV filters at the desired concentrations (0.16–16.0 μg L−1 for PBS and
0.8–80.0 μg L−1 for BZ4), and the extraction and back-extraction assays were performed in triplicate, as
described above, under experimental optimized conditions.
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2.2.3. Real Samples Assays

The proposed methodology was applied for monitoring the two UV filters in real matrices using
the standard addition method (SAM). For tap, surface, estuarine, sea water, and wastewater assays,
25 mL of sample, previously filtered with paper filters (125 mm of diameter, Cat. No. 1001 125,
Whatman, UK), were spiked with the working standards solutions (0.4–8.0 μg L−1 for PBS and 2.0–40.0
μg L−1 for BZ4) and performed in triplicate using the optimized procedure, as described before. Blank
assays were also analyzed without spiking.

2.3. Instrumental Set-Up

The analyses were performed using a HPLC–DAD Agilent 1100 Series system (Agilent
Technologies, Waldbronn, Germany), constituted by vacuum degasser (G1322A), quaternary pump
(G1311A), autosampler (G1313A), thermostated column compartment (G1316A), and a diode array
detector (G1315B). The data acquisition and instrumental control were performed by the software
LC3D Chemistation (versions Ver. A. 10.02, Agilent Technologies, Germany). The separation of the
analytes was performed on a Kinetex C18 column (150 × 4.6 mm, 2.6 μm; Phenomenex, Torrance,
CA, USA). The mobile phase consisted of an isocratic mixture of MeOH and 20 mM acetate buffer
(pH 4.75 at a mixing ratio of 30:70 (v/v)) with a flow rate of 0.5 mL min−1. The column temperature
was maintained constant at 50 ◦C. The injection volume was 20 μL, with a draw speed of 200 μL
min−1. The detector was set at 300 nm. For identification purposed, the retention time and peak purity
were compared with the UV/vis spectral reference data of each compound. For extraction efficiency
calculation, peak areas obtained from each assay were compared with the peak areas of standard
controls used for spiking. For quantification purposes on real matrices, calibration plots from the SAM
were used.

3. Results and Discussion

3.1. HPLC–DAD Optimization

In the present contribution, two UV filters (PBS and BZ4, Table 1) were studied as target analytes.
From the very beginning, the HPLC–DAD instrumental conditions were evaluated, such as UV/vis
absorbance spectra, retention times, and resolution. A wavelength at 300 nm (λmax) was selected as it
maximized the DAD signal for both target compounds. Since the ionization equilibrium is temperature
dependent and the two UV filters are very polar and ionizable compounds, temperature control can
improve the HPLC selectivity [14]. Therefore, the column temperature was maintained constant
at 50 ◦C, once better symmetrical peak shapes were achieved. Therefore, optimized HPLC–DAD
conditions resulted in good resolution in a suitable analytical time (11.0 min). Instrumental sensitivity
was evaluated through the limits of detection (LODs) and quantification (LOQs), obtained after the
injection of diluted standard mixtures and calculated with a signal-to-noise ratio (S/N) of 3 and 10,
respectively. From the data obtained, instrumental LODs and LOQs of 20 and 100 μg L−1, as well as
60.0 and 300.0 μg L−1 were achieved, respectively. The instrumental calibration was assessed with
standard mixtures ranging from 60.0 to 10,000 μg L−1 for PBS and 300.0 to 25,000 μg L−1 for BZ4, using
six levels. The regression plots achieved showed good linearity responses (r2 = 0.9982 for PBS and
0.9996 for BZ4).

3.2. Selection of the BAμE Coating Phase

One of the great advantages of the BAμE technique is that we can easily choose the most convenient
sorbent phase, according to the best selectivity for the analytes under study. Therefore, two polymers
(HLB and PS-DVB) and two activated carbons (AC1 and AC2) were evaluated, and the results are
depicted in Figure 1. From the data obtained, PS-DVB presented the best extraction efficiency among
all sorbents tested. The polymers used are reversed-phase-type, retaining the analytes according
to the particle size, surface area, and mechanisms involved. Thus, the presence of aromatic rings
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both in their network and in the molecules involved seems to favour π-π and dipole–dipole-type
interactions between them. Furthermore, the PS-DVB coating phase presented a better extraction
efficiency, probably due to its higher surface area (1200 m2 g−1) when compared with the HLB polymer
(810 m2 g−1). On the other hand, the activated carbons are porous solid materials that retain the solutes
through electrostatic and/or dispersive interactions, according to the textural adsorption properties, as
well as surface area and pore dimensions involved. Moreover, the interactions between the analytes
and the sorbent are strongly influenced by the pH of the bulk solution. When the matrix pH is equal to
the pHPZC, the activated carbon surface becomes neutral, with equal number of positive and negative
charges. If the value is lower than the pHPZC, the activated carbon surface becomes positive and,
if higher than the pHPZC, turns into negative. At pH 2.0, the sulfonated groups of the analytes are
deprotonated (pKa < 1), wherein AC1 and AC2 are neutral and positively charged, respectively, in
which electrostatic interactions may occur between both analytes and AC2. However, the attractive
forces are probably, in some cases, so strong that both analytes are still retained in the activated
carbon network, even after the back-extraction stage under ultrasonic treatment, resulting in lower
extraction efficiency.

Figure 1. Average extraction efficiency obtained by BAμE-μLD/HPLC–DAD using different activated
carbons and polymers sorbent phases for the microextraction of PBS and BZ4 in ultra-pure water, using
standard experimental conditions. The error bars represent the standard deviation of 3 replicates.

3.3. Back-Extraction Stage

The back-extraction stage was always limitative in BAμE, since substantial manipulation, many
times up to six steps (i.e., removing the device from the sampling flask, placing the device into
a convenient organic solvent inside a vial, sonication treatment, removing the device from the
vial, evaporating the organic microextract until dryness, solvent switch) were required. However,
the implementation of an innovative analytical cycle allowed negligible manipulation during the
back-extraction stage, which is now performed in “only single LD step”, making BAμE a much more
simple approach. In this technique, after the microextraction stage, the devices were placed into
glass vial inserts, having 100 μL of mobile phase to desorb the target analytes, in which, after sealing
and ultrasonic treatment, became ready for instrumental analysis. Therefore, desorption times of
10, 15, 30, and 60 min were assayed, in which the results (data not shown) proved that 10 min of
ultrasonic treatment was enough to desorb both UV filters from the PS-DVB sorbent phase. Besides
the results obtained, the back-extraction stage showed to be very user-friendly, once the several
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steps of cumbersome manipulation were avoided. Since the analytical device has small dimensions
(7.5 × 1.0 mm), the desorption stage can be performed inside common glass vial inserts, having enough
space for the needle of the conventional HPLC injection systems, with the possibility of automation for
routine work. Moreover, due to the very easy preparation and low cost of the analytical devices, they
are used only once, being discarded at the end of the sample analysis.

3.4. Microextraction Stage

Since BAμE is a static microextraction technique, the equilibrium between the matrix and the
sorbent phase depends on the affinity of each analyte to the PS-DVB polymer. Therefore, the main
experimental conditions that may affect the microextraction stage, including the kinetic (extraction time
and agitation speed) and thermodynamic (pH, ionic strength, and polarity of the matrix) parameters,
were evaluated to achieve the best extraction efficiency for the two target analytes.

Since the beginning, it was noticed that pH is a very important parameter, as the UV filters under
study are extremely hydrophilic compounds. Thus, the effect of the matrix pH was assessed, ranging
from 1.0 to 8.0. As the extraction efficiency decreased with the increase of the pH (Figure 2a), pH 2.0
was chosen for further studies. Due to the very low and even negative pKa values involved (Table 1),
the analytes were deprotonated even in low values of pH. However, maximum adsorption at more
acidic pH values indicated that the low pH contributed to the increase of H+ ions on the adsorbent
surface, resulting in strong electrostatic attraction between the positively charged anionic PS-DVB
surface and the deprotonated analyte ions. Subsequently, the equilibrium time and agitation speed
were evaluated, where the former has a great effect on the microextraction kinetics, as it may limit
the distribution of the target compounds between the matrix and the sorbent phase. On the other
hand, the later influences the mass transfer (diffusion) of both UV filters towards the analytical device
through the floating sampling technology approach. Therefore, equilibrium times between 1 and 16 h
were studied, in which the results obtained revealed that 16 h was needed (Figure 2b), ensuring the
best equilibrium conditions. Besides the slow kinetics demanding a substantial period of equilibrium
time, this analytical approach can be performed overnight without any special requirements. Agitation
speed was then assessed through assays performed at 750, 1000, and 1250 rpm, and, according to the
data obtained (data not shown), an agitation speed of 750 rpm provided much higher stability on the
analytical devices during the microextraction process and was chosen for the subsequent studies.

Finally, the matrix characteristics such as ionic strength and polarity were also evaluated, as they
can significantly affect the performance of the sample enrichment. To check the effect of the ionic
strength, assays were performed, with the addition of NaCl having concentrations ranging from 0
to 30%. From the data achieved (Figure 2c), the increment of the ionic strength up to 20% helped
the microextraction process, decreasing the solubility of both organic compounds in aqueous media
(“salting-out effect”), favoring their migration towards the sorbent phase. On the other hand, the
matrix polarity was studied through the addition of MeOH up to 15%. The data obtained in Figure 2d
showed that the average recoveries for both UV filters decreased significantly with the increment of
the MeOH content, once it favored their solubility in the bulk solution.
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Figure 2. Effect of pH (a), equilibrium time (b), ionic strength (c), and matrix polarity (d) on the
microextraction efficiency for both UV filters in ultra-pure water. The error bars represent the standard
deviation of three replicates.

3.5. Method Validation

The optimized experimental conditions achieved for monitoring the UV filters in aqueous media
were as follows; microextraction stage: PS-DVB phase, 16 h (750 rpm), pH 2.0, and 20% of NaCl;
back-extraction stage: mobile phase (100 μL), 10 min under sonication. In order to validate the proposed
methodology, assays were performed on 25 mL of ultra-pure water samples spiked with the target
compounds at concentrations ranging from 0.16 to 16.0 μg L−1 for PBS and 0.80 to 80.0 μg L−1 for BZ4.
The analytical limits were also evaluated and calculated, with S/N of 3 and 10, respectively. Table 2
summarizes the average extraction efficiency (61.8 ± 9.1% for PBS and 69.5 ± 4.8% for BZ4), LODs
(0.04 μg L−1 for PBS and 0.20 μg L−1 for BZ4), LOQs (0.16 μg L−1 for PBS and 0.80 μg L−1 for BZ4), and
determination coefficients (0.9985 for PBS and 0.9993 for BZ4) obtained for the proposed methodology
to monitor the two UV filters, under optimized experimental conditions. Repeatability studies were
then evaluated in terms of interday (three replicates a day in three consecutive days) and intraday (five
replicates performed in the same day) assays, in which the data obtained showed RSD below 12%.
From the validation data, the proposed methodology performed by BAμE(PS-DVB)-μLD/HPLC–DAD
showed remarkable analytical performance for trace analysis of the two UV filters under study.

Table 2. Average recoveries, LODs (limits of detection), LOQs (limits of quantification), linear
dynamic ranges, determination coefficients (r2), and slopes obtained for the two UV filters by
BAμE(PS-DVB)-μLD/HPLC–DAD, under optimized experimental conditions.

UV Filter
Extraction
Efficiency

(%)

LOD
(μg L−1)

LOQ
(μg L−1)

Dynamic
Range

r2 Slope

PBS 61.8 ± 9.1 0.04 0.16 0.16–16.0 0.9985 9.25

BZ4 69.5 ± 4.8 0.20 0.80 0.80–80.0 0.9993 2.47
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By comparing the proposed methodology with other passive sampling approaches, such as stir
bar sorptive-dispersive microextraction (SBSDME; recoveries yields of 58 ± 2 and 55 ± 5% and LODs of
2.8 μg L−1 and 1.6 μg L−1 for PBS and BZ4, respectively) [14], BAμE presented much higher extraction
efficiency and lower LODs, being an effective analytical alternative for monitoring both UV filters in
aqueous media.

The presence of the sulfonic groups in the chemical structure of both target analytes makes
them highly soluble, hindering the corresponding microextraction. Consequently, few studies are
reported in the literature regarding the analysis of very hydrophilic UV filters, and most of them
use SPE as sample enrichment, which is more expensive, requires larger sample volumes, and is not
eco-friendly. In short, the methodology proposed herein is a remarkable contribution as an alternative
analytical methodology for monitoring trace levels of polar UV filters in aqueous media, besides being
eco-friendly, user-friendly, very cost-effective and in compliance with the routine work.

3.6. Application to Real Matrices

In order to demonstrate the reliability of the proposed methodology for real matrices,
BAμE(PS-DVB)-μLD/HPLC–DAD was applied to monitor both hydrophilic UV filters in tap, estuarine,
and sea water, as well as wastewater samples. For such purpose and in order to suppress possible matrix
interferences, SAM was used for quantitative purposes, by spiking the samples with four working
standards, ranging from 0.4 to 8.0 μg L−1 for PBS and 2.0 to 40.0 μg L−1 for BZ4. Blank assays were also
performed without spiking to ensure maximum control of the analytical methodology. As expected, in
the water matrices studied, any of the analytes were detected (< LODs). As already reported in the
literature [14], significant matrix effects were observed during the study of the real matrices, although
good selectivity and linearity were achieved, with determination coefficients higher than 0.9940 (BZ4,
wastewater sample), obtained from the regression plots (Table 3). Even so, the methodology proposed
showed to be influenced by the substantial matrix effects observed, in particular, for the more complex
samples, i.e., sea and estuarine water, as well as wastewater. As the UV filters involved are extremely
hydrophilic, the higher is the complexity of the matrix, the lower is the average extraction efficiency.
For instance, the sea and the estuarine samples studied presented efficiencies which were three-quarters
of that obtained for ultra-pure water, and the wastewater presented about one-third. Figure 3 depicts
chromatogram profiles obtained from assays performed on spiked (4.0 μg L−1 for PBS and 20.0 L−1

for BZ4) ultra-pure (a), tap (b), sea (c), and estuarine (d) waters, as well as wastewater (e) samples, in
which very good selectivity is noticed.

Table 3. Determination coefficients (r2), slopes, and contents obtained for the two UV filters by
BAμE(PS-DVB)-μLD/HPLC–DAD in several real matrices, under optimized experimental conditions.

UV Filter Tap Water Sea Water Estuarine Water Wastewater

r2

PBS 0.9999 0.9998 0.9975 0.9942

BZ4 0.9998 0.9998 0.9994 0.9940

Slope

PBS 15.06 10.21 9.25 5.25

BZ4 4.28 2.69 2.47 1.10

Content (mg g−1)

PBS <LOD <LOD <LOD <LOD

BZ4 <LOD <LOD <LOD <LOD
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Figure 3. Chromatogram profiles obtained from assays performed in spiked ultra-pure (a), tap (b), sea
(c) and estuarine water (d), as well as wastewater (e) samples by BAμE(PS-DVB)-μLD/HPLC–DAD,
under optimized experimental conditions.

4. Conclusions

The proposed methodology uses the new-generation BAμE devices for trace analysis of
two polar UV filters (2-phenyl-5-benzemidazolesulfonic acid and 5-benzoyl-4-hydroxy-2-methoxy-
benzenesulfonic acid) in aqueous media. It was fully optimized, validated, and applied to real
samples. An innovative analytical cycle that includes the use of disposable devices for an effective
microextraction stage together with a back-extraction stage performed in “only single LD step”, makes
BAμE still more user-friendly, eco-friendly, as well as dedicated for routine analysis. Under optimized
experimental conditions, good extraction efficiency, suitable detection limits and precision, as well
as convenient linear dynamic ranges were obtained. From the data achieved, BAμE presents several
advantages, such as the simple preparation of the analytical devices, the possibility to choose the best
sorbent phase according to the characteristics of the target analytes, the low cost involved, the easy
manipulation, as well as the ability to use negligible amounts of organic solvents, in compliance with
GAC principles. In short, this approach is a remarkable analytical alternative for trace analysis of UV
filters in aqueous media over other well-established microextraction techniques.
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Abbreviations

BAμE bar adsorptive microextraction
BZ4 5-benzoyl-4-hydroxy-2-methoxy-benzenesulfonic acid
DAD diode array detector
GAC green analytical chemistry
LD liquid desorption
MeOH methanol
PBS 2-phenyl-5-benzemidazolesulfonic acid
PS-DVB polystyrene-divinylbenzene
SAM standard addition method
SBSE stir bar sorptive extraction
SPME solid phase microextraction
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Abstract: The seeds of the Gac fruit, Momordica cochinchinensis Spreng, are rich in trypsin inhibitors
(TIs) but their optimal extraction and the effects of freeze drying are not established. This study
aims to (1) compare aqueous solvents (DI water, 0.1 M NaCl, 0.02 M NaOH and ACN)/water/FA,
25:24:1) for extracting TIs from defatted Gac seed kernel powder, (2) to optimise the extraction in
terms of solvent, time and material to solvent ratio and (3) to produce a TI-enriched freeze-dried
powder (FD-TIP) with good characteristics. Based on the specific TI activity (TIA), the optimal
extraction was 1 h using a ratio of 2.0 g of defatted powder in 30 mL of 0.05 M NaCl. The optimisation
improved the TIA and specific TIA by 8% and 13%, respectively. The FD-TIP had a high specific
TIA (1.57 ± 0.17 mg trypsin/mg protein), although it also contained saponins (43.6 ± 2.3 mg AE/g)
and phenolics (10.5 ± 0.3 mg GAE/g). The FD-TIP was likely stable during storage due to its very
low moisture content (0.43 ± 0.08%) and water activity (0.18 ± 0.07) and its ability to be easily
reconstituted in water due to its high solubility index (92.4 ± 1.5%). Therefore, the optimal conditions
for the extraction of TIs from defatted Gac seed kernel powder followed by freeze drying gave a high
quality powder in terms of its highly specific TIA and physical properties.

Keywords: Gac; seeds; Momordica cochinchinensis; extraction; trypsin inhibitors; optimisation; freeze
drying; response surface methodology

1. Introduction

Trypsin inhibitors (TIs) are low molecular weight peptides which can inhibit the hydrolase activity
of many kinds of serine proteases. They are commonly found in the storage organs of plants, such as
seeds, roots and tubers. Three major sub-types of TIs have been reported and identified in plants [1]:
the Bowman–Birk-type inhibitors, Kunitz-type inhibitors and squash family inhibitors. Their molecular
weights are about 7500, 20,000 and 3500 kDa, respectively. The first two types were isolated from
leguminous plants while the third was obtained from Cucurbitaceous species [1].

This study focuses on the seeds from Gac (Momordica cochinchinensis Spreng), a plant that belongs
to the Cucurbitaceae family. The aril around the seeds of the Gac fruit is widely used as a food
ingredient but the seeds are mainly discarded. However, the seeds have long been used as a
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traditional Chinese medicine (Mu bie zi) to treat many common diseases such as boils, pyodermatitis,
mastitis, tuberculous cervical lymphadenitis, ringworm infections, freckles, sebaceous hemorrhoids
and hemangiomas [2,3].

Several TIs from Momordica cochinchinensis (MCoTIs) have been characterised [1,3–5] and proposed
to be among the most important bioactives in Gac seeds. They serve as storage proteins and may
also be involved in the regulation of endogenous proteases during seed dormancy [6]. Nine MCoTIs
have been isolated and sequenced from the seeds of Gac fruit [1,2,4]. Structurally, MCoTIs consist
of 28–34 amino acid residues, six of which are cysteine residues that form three disulfide bonds.
The Gac seed TIs have a very small molecular weight of 3–5 kDa [1,2,4] and in comparison to other TI
families, they are more compact in structure and exceptionally stable [7–9]. Among these, MCoTI-I
and MCoTI-II are cyclic peptides and as such, they have a very compact and stable structure [4,10].
This enables them to penetrate into cells and, therefore, they are attractive candidates for use as
scaffolds for the development of novel intracellularly-targeted drugs [11,12]. Moreover, the activity of
Gac seed TIs is very high, at least 50-fold more potent than those from different Cucurbitaceous seeds [2].
Due to their clinical potential, Gac seed TIs could be used in a variety of applications in medicine,
agriculture and food technology.

As for all plant-derived natural products, extraction is the first critical step in the isolation of TIs
from their sources. However, up to date, there are only a few papers dealing with the suitability of
different solvents and the extraction conditions for the extraction of these valuable compounds from
Gac seeds. In one study [13], a mixture of acetonitrile, water and formic acid (ACN/Water/FA) was
found to be optimal for extracting cysteine knot peptides from Gac seeds, some of which are trypsin
inhibitors. In our previous study [14], we showed that trypsin inhibitors were able to be effectively
extracted from defatted Gac seed kernel powder using conventional solvent extraction with deionised
(DI) water only. For other plant sources of TIs, water was also the optimal solvent for their extraction
from Thai mung beans [15] but 0.1M NaCl was the best for their extraction from Chenopodium quinoa
seeds [16] and 0.02 M NaOH was the best for their extraction from grass peas [17]. Clearly, aqueous
media are the best solvents for the extraction of TIs.

Apart from the type of solvent used, the efficiency of extractions can be affected by other
factors, such as extraction time and the ratio of sample to solvent. For the extraction of trypsin
inhibitors, the extraction conditions have so far been studied by conducting one-factor-at-a-time
experiments [15–17]. However, one-factor-at-a-time experiments cannot fully determine the interactions
between different factors [18] and to overcome this deficiency, the response surface methodology (RSM)
is used to determine the simultaneous effects of several factors on extractions.

Therefore, the present study aimed to determine the suitability of different aqueous media
(DI water, 0.1 M NaCl, 0.02 M NaOH and ACN)/water/FA) as extraction solvents and to further
determine the optimal conditions for the extraction of TIs from defatted Gac seed kernel powder by
using RSM. The optimised extraction conditions were then used to produce a TI-enriched freeze-dried
powder and the physicochemical properties of the freeze-dried powder were determined.

2. Materials and Methods

2.1. Materials

2.1.1. Reagents and Chemicals

Trypsin (type I) from bovine pancreas, benzyl-DL-arginine-para-nitroanilide (BAPNA), dimethyl
sulfoxide (DMSO), tris(hydroxymethyl)aminomethane, bovine serum albumin, Folin-Ciocalteu’s
phenol reagent, cupric sulphate, sodium carbonate, sodium tartrate and formic acid were products
of Sigma-Aldrich (Castle Hills, NSW, Australia). Sodium hydroxide and calcium chloride were from
Merck (Bayswater, VIC, Australia) and sodium chloride and acetic acid were from Chem-Supply (Port
Adelaide, SA, Australia).
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2.1.2. Gac Seeds

Gac seeds were collected from 450 kg of fresh Gac fruit from Momordica cochinchinensis accession
VS7 as classified by Wimalasiri et al. [19]. These fruits were obtained at Gac fruit fields in Dong Nai
province, Ho Chi Minh City, Vietnam (Latitude: 10.757410; Longitude: 106.673439). The seeds were
separated from the seed pulp and then vacuum dried at 40 ◦C for 24 h to reduce their moisture and to
increase the crispness of the shells to facilitate their removal. The dried seeds were de-shelled to get
the kernels, which were then packaged in vacuum-sealed aluminium bags and stored at −18 ◦C for
use within 4 years.

2.1.3. Preparation of Defatted Gac Seed Kernel Powder

The Gac seed kernels were ground using an electric grinder (100 g ST-02A Mulry Disintegrator)
to a powder that could pass through a 1.4-mm sieve. The powder was then frozen with liquid nitrogen
and freeze-dried using a Dynavac FD3 Freeze Dryer (Sydney, NSW, Australia) for 48 h at −45 ◦C under
vacuum at a pressure loading of 10−2 mbar (1 Pa), to reduce the moisture content to 1.21 ± 0.02%.
The powder was then defatted using hexane (1:5 w/v, 30 min, ×3) on a magnetic stirrer at ambient
temperature. The resulting slurry was suction filtered using a Buchner funnel and Whatman No. 1
filter paper (Sigma-Aldrich, Castle Hills, NSW, Australia). The residue was placed in a fume hood
at ambient temperature until dry and free of hexane odour (~12 h) and stored in an air-tight jar at
ambient temperature for use within a year. This defatted Gac seed kernel powder was referred to
as “defatted powder” and its moisture content was measured, using a Shimazdu MOC63u moisture
analyser (Gallay Medical & Scientific, Mulgrave, VIC, Australia), prior to weighing for extractions so
that the results could be expressed in terms of the defatted powder’s dry weight (DW).

2.2. Methods

2.2.1. Experiment Design

A summary of the experimental design for the study is shown in Scheme 1.

2.2.2. Extraction with Four Aqueous Media

Due to the known hydrophilic nature of the Gac seed TIs, aqueous solutions were investigated as
solvents for their extraction. Four different aqueous media were compared for their efficiency to extract
TIA from the defatted powder: (1) DI water, (2) 0.1 M NaCl, (3) 0.02 M NaOH and (4) ACN)/Water/FA,
(25:24:1, v/v/v).

Defatted powder (1.5 g) was suspended in 30 mL of each medium in a 100-mL conical flask
and shaken for 1 h at 110 rpm at ambient temperature (17 ◦C) using a Citenco KQ-606 shaking
water bath (Citenco Ltd., London, UK). The suspensions were filtered through a 0.45 μm syringe
filter (Phenomenex, Lane Cove, NSW, Australia). The clear filtrates were collected and their TIA
(mg trypsin/g defatted powder DW), protein content (mg/g defatted powder DW) as well as their
specific TIA (TIA/protein content) were analysed. Each extraction was done in triplicate.

2.2.3. Optimisation of the Extraction Conditions Using RSM

The results from the extractions in Section 2.2.2 showed that the 0.1 M NaCl solution was the
best media for extracting TIA from the defatted powder. Therefore, the NaCl solution was selected
for further optimisation of the extraction using the response surface methodology (RSM) with three
independent factors: the NaCl concentration of the extraction media, the extraction time and the ratio
of defatted powder to the volume of NaCl solution. Based on the results from preliminary experiments
(data not shown), three levels (Table 1) were selected for a Box–Behnken RSM design [20] to test the
NaCl concentration (X1, mol/L), the extraction time (X2, hour) and the amount of defatted powder
(X3, g) extracted with 30 mL of the extraction NaCl solution. Therefore, 15 experimental combinations
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representing 12 factorial points and three central points were performed randomly in duplicate and
the experimental values for TIA (mg trypsin/g powder DW), protein content (mg/g defatted powder
DW) and specific TIA (mg trypsin/mg protein) were determined for each of the 15 combinations.

Defatted Gac seed kernel powder 

Extraction with four media 
(Water, 0.1M NaCl, 0.02M NaOH, ACN/Water/FA) 

RSM optimisation of the NaCl extraction 
(Concentration, Time & Ratio) 

Heat treatment 
(60, 70, 80, 90 & 100oC) 

Concentration & Freeze Drying 

Freeze Dried Trypsin Inhibitor Powder (FD-TIP) 

Physicochemical Analysis 
(TIA, protein, specific TIA, dry mass yield, colour, 
moisture, water activity, solubility, pH, TSC, TPC) 

Scheme 1. Experimental design for the study. ACN: acetonitrile; FA: formic acid; TIA: trypsin inhibitor
activity, TSC: total saponin content, TPC: total phenolic content.

Table 1. Independent factors and their levels for the RSM Box–Behnken design.

Levels

Independent Factors

X1

NaCl Concentration (mol/L)
X2

Extraction Time (h)
X3

Ratio (g/30 mL)

−1 0.050 1.0 1.0
0 0.175 2.5 3.0

+1 0.300 4.0 5.0

The data obtained for the selected combinations was used to generate the second-order polynomial
equation/quadratic model shown in Equation (1), which was then used to predict the optimal
parameters for the extraction process [21]. To test the predicted optimal parameters, these parameters
were used for a TI extraction from defatted powder done in triplicate.

Y = β0 + β1X1 + β2X2 + β3X3 + β12X1X2 + β13X1X3 + β23X2X3 + β11X2
1 + β22X2

2 + β33X2
3 (1)

where Y is the response variable; X1, X2, X3 are the coded independent variables for the NaCl
concentration, the extraction time and the ratio of sample to solvent (Table 1), respectively. β0, β1, β2,
β3 and β11, β22, β33, β12, β13, β23 are the regression coefficients for the constant (β0), the linear effects
(β1, β2, β3), the quadratic effects (β11, β22, β33) and the interactions (β12, β13, β23), respectively.
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2.2.4. Heat Treatment of the Optimal TI Extract

The extract obtained with the optimal NaCl extraction conditions determined in Section 2.2.3.
(2.0 g of defatted powder in 30 mL of 0.05 M NaCl for 1 h) was then heated at different temperatures
to determine whether any unstable proteins could be removed as described by Klomklao et al. [15].
Triplicate samples (5 mL) of the extract were heated at different temperatures (60, 70, 80, 90 and
100 ◦C) for 10 min and then cooled with ice water. As controls, triplicate samples were kept at ambient
temperature. To remove any heat coagulated debris, the extracts were filtered through a 0.45 μm
syringe filter (Phenomenex, Lane Cove, NSW, Australia). The TIA (mg trypsin/g powder DW), protein
content (mg/g defatted powder DW) and specific TIA (mg trypsin/mg protein) were then determined
for the clear filtrates.

2.2.5. Concentrating and Freeze Drying the Extract Prepared with the Optimal Parameters

Based on the results in Section 2.2.4, which showed that heat treatment between 60 and 100 ◦C had
no effect on the specific TIA of the extract, heat treatment was not included as a step in the production
of a freeze-dried powder with high specific TIA. The optimal extraction parameters determined in
Section 2.2.3. were applied to extract the defatted powder but the relative amounts were increased
by 60 in order to obtain an amount of freeze-dried material sufficient for the many physicochemical
analyses to be undertaken.

The defatted powder (120 g) was stirred with 1800 mL of 0.05 M NaCl for 1 h at ambient
temperature and then the suspension was filtered through 3 layers of cheese cloth and finally through
a No. 1 Whatman filter paper. The collected filtrate was equally transferred into three evaporating
flasks (1 L) and concentrated using a rotary evaporator (Buchi Rotavapor B480, Buchi Australia, Noble
Park, VIC, Australia) at 45 ◦C under vacuum, until around 70 mL of the concentrated extract was left
in each flask (~4 h). The three concentrates were transferred into three 250 mL beakers, frozen using
liquid nitrogen and freeze-dried using a Scitek BenchTop Pro freeze dryer (Lane Cove, NSW, Australia)
at −60 ◦C and 30 mbar for 48 h.

The three beakers with the freeze dried trypsin inhibitor powder (FD-TIP) were placed in a
desiccator, quickly weighed and kept at ambient temperature until analysed. The difference in weight
between each beaker with powder and the empty beakers was taken to be the mass recovered in each
beaker for the extract.

2.2.6. Determination of Trypsin-Inhibiting Activity (TIA)

The TIA assay was performed as described by Makkar et al. [22] except that the absorbance was
measured at 385 nm, as suggested by Stauffer [23], instead of at 410 nm.

• Reagent preparation:

Substrate solution: A substrate solution of 92 mM BAPNA was made in 0.05 M Tris-buffer (pH 8.2)
containing 0.02 M CaCl2. The BAPNA was first dissolved in DMSO (40 mg/mL) and then diluted with
the buffer solution pre-warmed to 37 ◦C (1:100 v/v). This BAPNA solution was prepared daily and
kept at 37 ◦C while in use.

Trypsin solution: 20 mg of trypsin (type I) from bovine pancreas was dissolved in 1 mM HCl to
make 1 L, stored at 4 ◦C for use within 2 weeks.

• Determination of TIA

The liquid extracts from Sections 2.2.2–2.2.4 or the freeze-dried trypsin-inhibitor powder (FD-TIP)
from Section 2.2.5 was dissolved and diluted in water at a concentration to give an inhibition of Trypsin
between 40 and 60%. The assay was setup as shown in Table 2 with four test tubes (a, b, c and d)
prepared for each sample. All the prepared test tubes were kept in a water bath at 37 ◦C for 10 min to
promote the formation of an enzyme-inhibitor complex; 2.5 mL of BAPNA solution pre-warmed to
37 ◦C was then added into each tube. The contents of the tubes were well mixed after each addition.
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The tubes were then incubated in the water bath at 37 ◦C for another 10 min before 0.5 mL of 30%
acetic acid solution was added to each tube to stop the reaction. Then, 1.0 mL of trypsin solution was
added into each blank tube (Table 2). After thorough mixing, the absorbance of the reaction mixture
(due to the release of p–nitroanilide) was measured at 385 nm.

• Calculations

The TIA was calculated in terms of milligrams of pure trypsin inhibited per gram on a dry-weight
basis (mg/g DW) of the defatted Gac seed kernel powder or the FD-TIP (Equation (2)) [14].

TIA =
AI × V × D

19 × S × (1 − m%/100)
(2)

where, AI: Change in absorbance due to inhibition per 1 mL of diluted extract

AI = (Ab − Aa)− (Ad − Ac), subscripts as per Table 2.
V: Volume of undiluted extract (mL)
D: Dilution factor of the extract
S: Weight of defatted Gac seed kernel powder or FD-TIP in V mL (g)
19: Constant figure based on the absorbance given by 1 mg of pure trypsin
m%: moisture content of defatted Gac seed kernel powder or freeze-dried extract powder

Table 2. Reagent composition in extracted filtrate.

Component (mL) Reagent Blank (a) Standard (b) Sample Blank (c) Sample (d)

DI water 1 1 0.5 0.5
Trypsin solution - 1 - 1

Trypsin-inhibitor sample - - 0.5 0.5
Trypsin solution after
reaction inactivation 1 - 1 -

2.2.7. Determination of Total Protein Yield (TPY)

Total protein yield (TPY) was defined as the amount (mg) of water-soluble protein obtained per
100 g of ground defatted seed kernel powder on dry weight (DW) basis. TPY was measured by the
method of Lowry et al. [24] as described by Klomklao et al. [15], with some modifications. Briefly,
0.5 mL of diluted sample or standard was mixed with 2.5 mL of reagent A containing 2 mL of 0.5%
CuSO4 in 1% sodium citrate and 100 mL of 2% sodium carbonate in 0.1 N NaOH for 10 min at ambient
temperature. Then, 0.25 mL of 0.5 N Folin-Ciocalteu phenol reagent was added while vortexing. After
incubating for 30 min, the absorbance of the reaction mixture was measured at 750 nm using a Cary
50 Bio UV–VIS spectrophotometer (Agilent Technologies, Mulgrave, VIC, Australia). Bovine serum
albumin (BSA) was used as a standard and the result was expressed as mg BSA per gram of the
defatted Gac seed kernel powder or the FD-TIP (mg BSA/g DW).

2.2.8. Physicochemial Analyses on the FD-TIP

Along with the determination of TIA (Section 2.2.6) and protein content (Section 2.2.7),
the following physicochemical analyses were done on each of the FD-TIP in the three beakers described
in Section 2.2.5.

• Dry Mass Yield, Moisture Content, Water Activity, Water Solubility Index, pH and Colour

The dry mass yield was defined as the amount (g) of FD-TIP produced per 100 g of dried defatted
Gac seed kernel powder. Equation (3) was used to calculate the dry mass yield (DM), in which FD (g)
is the weight of the FD-TIP obtained after the extraction and DS (g) is the mass of the dried defatted
Gac seed kernel powder used for the extraction.
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DM (g/100 g) =
FD
DS

× 100 (3)

The moisture content of the FD-TIP was determined by weight difference after drying at 80 ◦C for
24 h in a vacuum oven drier (Thermoline Scientific, Wetherill Park, NSW, Australia). The water activity
of the freeze dried powder was measured using a Pawkit water activity meter (Graintec, Toowoomba,
QLD, Australia).

The water solubility index of the FD-TIP was determined according to Anderson [25] with some
modifications. The FD powder (2.5 g) was dispersed in 25 mL of DI water and stirred constantly for
10 min at ambient temperature. The solution was centrifuged at 3000 rpm for 10 min in a Clements
2000 centrifuge (Clements Medical Equipment Pty Ltd., Somersby, NSW, Australia). The supernatant
was vacuum oven dried at 80 ◦C and −70 kPas for 44 h. The water solubility index is expressed as a
percentage of the dry solids obtained after drying of the extracted material compared to the original
2.5 g FD powder sample.

To determine the pH of the powders, 2.5 g of powder was dissolved in 25 mL of deionized water
and the pH was measured using a labCHEM pH meter (TPS Pty Ltd., Brendale, QLD, Australia)
calibrated with standard pH 4 and 7 buffers.

The colour of the powder was measured using a CR-400 chroma meter (Thermo Fisher Scientific,
North Ryde, NSW, Australia) calibrated with a white standard tile. Each of the three FD-TIPs were
packed into a polyethylene pouch for colour measurements, and the results for each sample were the
average of five measurements expressed as the Hunter colour values for the L*, a* and b* co-ordinates
as defined by the CIE (Commission Internationale de l’Eclairage). The L* value represents the
lightness–darkness dimension, the a* value represents the red–green dimension and the b* value
represents the yellow–blue dimension.

• Total Saponin Content (TSC)

The FD-TIP crude extract was dissolved in water at a concentration of 2 mg/mL and vortexed
before the TSC was determined according to Le et al. [26]. Briefly, 0.25 mL of each extract was mixed
with 0.25 mL of 8% (w/v) vanillin solution and 2.5 mL of 72% (v/v) sulphuric acid. The mixture
was vortexed and incubated in a water bath at 60 ◦C for 15 min and then cooled on ice for 10 min.
The absorption of the mixture was measured at 560 nm using a Cary 50 Bio UV–VIS spectrophotometer
(Agilent Technologies, Mulgrave, VIC, Australia). Aecsin was used as a standard and the results are
expressed as milligram aecsin equivalents (AE) per gram of the FD-TIP (mg AE/g DW).

• Total Phenolic Content (TPC)

The FD-TIP was dissolved in water at a concentration of 2 mg/mL and vortexed before the TPC
was determined according to the method of Le et al. [26]. Briefly, 0.5 mL of each extract was mixed with
2.5 mL of 10% (v/v) Folin-Ciocalteu’s phenol reagent in water and incubated at ambient temperature
for 2 min to equilibrate. Then, 2 mL of 7.5% (w/v) sodium carbonate solution in water was added and
the mixture was incubated at ambient temperature for 1 h. The absorption of the reaction mixture was
measured at 765 nm using a Cary 50 UV–Vis spectrophotometer. Gallic acid was used as a standard
and the results are expressed as milligram gallic acid equivalents (GAE) per gram of the FD-TIP
(mg GAE/g DW).

2.2.9. Statistical Analyses

For designing and analysing the RSM experiment, including generating the three-dimensional
(3D) surface and two-dimensional (2D) contour plots, the JMP software version 13.0 (SAS, Cary, NC,
USA) was used. The adequacy of the RSM second-order polynomial model was determined based on
the lack of fit and the coefficient of determination (R2).

For extractions performed in triplicate, the means ± SD were assessed with the IBM SPSS Statistics
24 program (IBM Corp., Armonk, NY, USA) using the Student’s t-test, when only two means were
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compared, or the one-way analysis of variance (ANOVA) and Tukey’s Post Hoc multiple comparisons
test, when more than two means were compared. Differences in means were considered statistically
significant at p < 0.05.

3. Results and Discussion

3.1. Extraction with four Aqueous Media

The highest TIA was obtained with the ACN/water/FA extraction media (Table 3). This result
was in accordance with the findings of Mahatmanto [13], who reported that the extraction mixture of
ACN/water/FA yielded the highest concentration in cyclotides from Gac seeds, some of which are
trypsin inhibitors. However, in the present study, a high TPY was also found for this solvent mixture,
which reduced the specific TIA to the second lowest value (Table 3).

Table 3. Effect of extraction media on the extraction of Gac seed trypsin inhibitors †.

Extraction Media

Mean ± SD

TIA
(mg trypsin/g Defatted

Powder)

TPY
(mg BSA/g Defatted

Powder)

Specific TIA
(mg trypsin/mg Protein)

DI Water 85.22 ± 0.47 c 42.55 ± 3.15 d 2.01 ± 0.14 a

0.1 M NaCl 140.39 ± 8.33 b 80.58 ± 0.65 c 1.74 ± 0.11 a

ACN/Water/FA 168.11 ± 0.50 a 152.44 ± 2.08 b 1.10 ± 0.01 b

0.02 M NaOH 81.43 ± 2.02 c 245.19 ± 1.06 a 0.33 ± 0.01 c

† The defatted powder was extracted in different media at ambient temperature (17 ± 1 ◦C) for 1 h. Trypsin-inhibitor
activity (TIA) was analysed using BAPNA as a substrate [23,24] and total protein yield (TPY) was determined using
the Lowry assay [25]. Different letter superscripts for the values in the same column denote statistically significant
differences (p < 0.05).

The solution of 0.1 M NaCl achieved the second highest TIA. However, this solvent extracted
a low protein content, which therefore resulted in the highest specific TIA value. The effectiveness
of 0.1 M NaCl is consistent with the extraction of TIs from Chenopodium quinoa seeds [16]. DI water
also achieved the highest specific TIA; however, it yielded a 35% lower TIA in comparison to 0.1 M
NaCl (Table 3) and, therefore, water was less effective than 0.1 M NaCl in the recovery of Gac seed
trypsin inhibitors.

The 0.02 M NaOH showed the lowest capacity for extracting trypsin inhibitors from Gac seeds, as
evidenced by the lowest specific activity, particularly with the highest protein concentration (Table 3).
This is consistent with a study on the extractability of protein from flamboyant seeds [27], which found
that their protein was most soluble in NaOH followed by NaCl and then water. The result was also
in agreement with Benjakul et al. [28], who reported that the extraction of proteins from cowpea and
pigeon pea was markedly increased when alkaline solution was used, compared to NaCl. The increase
of protein content was observed when grass pea was solubilised with NaOH solution [17]. There are
many factors involved in protein solubility and recovery including protein meal and solvent ratio,
particle size of flour, temperature, length of extraction time, pH, ionic strength, type and concentration
of extraction as well as the hydration properties of proteins [29]. From the results, 0.1 M NaCl was
selected as the extractant for Gac seeds.

3.2. Optimisation of the Extraction Conditions Using RSM

3.2.1. Fitting the Response Surface Model

Table 4 shows the experimental values (Exp.) measured for TIA and TPY and the Exp. values
calculated for specific TIA in the extracts prepared as described by the RSM Box–Behnken design in
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Table 2. From the Exp. TIA values, the response surface model described in Equation (4) was generated
and the values predicted (Pred.) for the specific TIA values by this model are also shown in Table 4.

Y = 1.557 − 0.154X1 + 0.041X2 − 0.043X3 + 0.014X2
1 + 0.234X2

2 − 0.153X2
3+

0.020X1X2 + 0.063X1X3 + 0.038X2X3;
(

R2 = 0.98
) (4)

Table 4. The experimental values for trypsin-inhibiting activity (TIA), total protein yield (TPY) and
specific TIA and the predicted values for specific TIA for the extracts produced using a 15 run RSM
Box–Behnken design.

Run Pattern
X1

NaCl (mol/L)
X2

Time (h)

X3 Ratio
(g/30 mL)

TIA TPY Specific TIA

Exp. Exp. Exp. Pred.

1 − − 0 0.05 1 3 155.04 79.85 1.94 1.94
2 − + 0 0.05 4 3 156.19 79.18 1.97 1.98
3 + − 0 0.3 1 3 164.01 102.43 1.60 1.59
4 + + 0 0.3 4 3 189.26 110.69 1.71 1.71
5 0 − − 0.175 1 1 152.39 93.85 1.62 1.68
6 0 − + 0.175 1 5 143.55 91.79 1.56 1.52
7 0 + − 0.175 4 1 178.60 108.97 1.64 1.68
8 0 + + 0.175 4 5 177.72 102.65 1.73 1.67
9 − 0 − 0.05 2.5 1 142.63 82.31 1.73 1.68

10 + 0 − 0.3 2.5 1 168.29 130.12 1.29 1.24
11 − 0 + 0.05 2.5 5 115.65 81.72 1.42 1.47
12 + 0 + 0.3 2.5 5 145.57 118.48 1.23 1.28
13 000 0.175 2.5 3 167.90 105.47 1.59 1.56
14 000 0.175 2.5 3 147.02 99.21 1.48 1.56
15 000 0.175 2.5 3 163.60 102.10 1.60 1.56

The determination coefficient (R2 = 0.98) and the p value for the lack of fit (0.42), shown in Table 5,
indicated that the model for the specific TIA of the 15 extracts (Equation (4)) had a very high and
statistically significant fit; there was a 98% fit of the predicted values with the experimental values
(Table 4). Therefore, the response surface model for the specific TIA (Equation (4)) was adequate
and suitable for describing the effects of and the interactions between the three independent factors,
the NaCl concentration of the extraction media, the extraction time and the ratio of defatted powder to
extraction media and could be used to determine the optimum values for these extraction parameters.

Table 5. The regression coefficients and their significance values generated from the fitted 2nd order
equation for the Box–Behnken design.

Regression Coefficient
Specific Trypsin-Inhibitor Activity (mg trypsin/mg protein)

Regression Coefficient Values t Ratio p Value

β0 1.56 35.23 <0.0001
Linear
β1 −0.15 −5.68 0.002
β2 0.04 1.52 0.188
β3 −0.04 −1.57 0.177
Quadratic
β11 0.01 0.36 0.74
β22 0.23 5.88 0.002
β33 −0.15 −3.85 0.012
Interaction
β12 0.02 0.52 0.623
β13 0.06 1.63 0.163
β23 0.04 0.98 0.372
R2 0.98
p value of lack of fit 0.42
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3.2.2. Effects of the Extraction Parameters on the Specific TIA

It can be seen in Table 5 that all three of the extraction parameters had a significant effect on the
specific TIA. The NaCl concentration of the extraction media (X1) had a significant inverse linear effect,
the extraction time (X2) had a significant positive quadratic effect and the ratio of defatted powder
to extraction media (X3) had a significant inverse quandratic effect on the specific TIA of the extracts.
However, there were no significant interactive effects between the three parameters. The predicted
effects of the three independent extraction parameters are presented visually in the 3D surface and 2D
contour plots of Figure 1A–C.

A B 

C 

Figure 1. The 3D response surface and 2D contour plots for the specific trypsin-inhibitor activity
(TIA) of the extracts. The effects of the NaCl concentration and the extraction time (A), the NaCl
concentration and the ratio of defatted powder to solvent (B) and the extraction time and ratio of
defatted powder to solvent (C) on the predicted specific TIA of the extracts are plotted according to the
2nd-order polynomial equation generated by the RSM (Equation (4)).

3.2.3. Optimal Extraction Parameters and Validation of the Model

The extraction conditions for obtaining the highest TIA, protein and specific TIA from the defatted
Gac kernel powder were generated using the prediction profiler as seen in the plots presented in
Figure 2. There were two sets of theoretical maximum values predicted for the extraction parameters
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to achieve the highest specific TIA. The first optimum set of extraction conditions was 0.05 M NaCl, an
extraction time of 1 h and ratio of 2.0 g of defatted powder in 30 mL of the extraction media (Figure 2,
left panels). The second optimum set of conditions was 0.05 M NaCl, an extraction time of 4 h and
a ratio of 2.5 g/30 mL (Figure 2, right panels). However, for the first set, a much shorter extraction
time (1 h) was predicted in comparison to the second set (4 h). Therefore, the first set was chosen as
the optimal conditions for the extraction of trypsin inhibitors from the defatted Gac kernel powder
(0.05 M NaCl, 1 h extraction with a ratio of 2.0 g/30 mL). Under these optimal condititions, the TIA
and specific TIA improved by 8% and 13%, respectively, in comparison to the un-optimal conditions.

  

A D G 

B E H 

C F I 

a d g 

b e h 

c f i 

Figure 2. Prediction profiler plots for TIA, protein and specific TIA relative to NaCl concentration,
time, and ratio of defatted powder to solvent. Two sets of optimal conditions were predicted as per the
panels on the left (capital letters) and the panels on the right (small letters).

To validate the response model (Equation (3)), three independent extractions were conducted
for 1 h using a ratio of 2.0 g of defatted powder in 30 mL of 0.05 M NaCl. There was no difference
(p = 0.45) between the measured (1.86 ± 0.12 mg trypsin/mg protein) and predicted (1.97 ± 0.19 mg
trypsin/mg protein) values for the specific TIA of the extracts. This indicated that the response model
(Equation (3)) was valid and reliable, and thus, the conditions (1 h at a ratio of 2.0 g/30 mL 0.05 M
NaCl) were used in subsequent studies for the extraction of trypsin inhibitors from the defatted Gac
seed kernel powder.

3.3. Heat Treatment of the Optimal TI Extract

The optimal TI extract was subjected to heat treatment (Table 6) to determine whether this
preparation was resistant to heat as previously observed for Gac seed TIs [13] and to determine
whether its specific TIA could be increased because heat treatment has been used previously to remove
protein without loss of TIA [30]. Table 6 shows that the TI extract was mostly resistant to heat treatment
with only 13% of the TIA lost. However, there was also only an 11% loss of protein and, therefore,
the heat treatment between 60 and 100 ◦C did not improve the specific TIA of the optimal TI extract
(Table 6). This meant that the trypsin inhibitors as well as the other proteins in the extract were stable
at these elevated temperatures and suggests that the trypsin inhibitors may be the dominant proteins
in the preparation.

The heat stability of the TIs in the present study is consistent with the findings of Mahatmanto [13],
who showed that boiling water could be used to successfully extract trypsin inhibitors from Gac seeds.
This attribute of the Gac seed trypsin inhibitors is most likely due to their small size and their compact
cyclical conformation [4]. Other TIs are also heat stable; for example, the trypsin inhibitor from barley
has also been found to be heat stable when exposed to 100 ◦C for 15 min [31].
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Table 6. Trypsin-inhibitory activity (TIA), total protein yield (TPY) and specific TIA of Gac seed extracts
after heating for 10 min at diferent temperatures.

Temperature (◦C)

Mean ± SD

TIA
(mg trypsin/g DW
Defatted Powder)

TPY
(mg BSA/g DW
Defatted Powder)

Specific TIA
(mg trypsin/mg Protein)

Control 169.46 ± 4.73 a 91.17 ± 2.05 a 1.86 ± 0.09 a

60 155.28 ± 2.29 a 84.96 ± 2.64 ab 1.83 ± 0.07 a

70 149.24 ± 2.58 b 83.00 ± 3.09 b 1.80 ± 0.06 a

80 157.34 ± 6.84 ab 84.29 ± 2.15 ab 1.87 ± 0.13 a

90 147.76 ± 7.98 b 81.19 ± 3.34 b 1.82 ± 0.05 a

100 149.13 ± 7.31 b 83.25 ± 2.76 b 1.79 ± 0.08 a

The values are means ± SD of triplicate determinations for each temperature. Values in a column not sharing the
same superscript letter are significantly different at p < 0.05.

3.4. The Physicochemical Properties of the Freeze Dried Trypsin-Inhibitor Powder (FD-TIP)

The physicochemical properties of the powder obtained by freeze-drying the optimal TI extract
are shown in Table 7. The dry mass yield for the FD-TIP (16.3 ± 0.1) was higher than that
obtained for extracts in previous studies using water (13.1 ± 0.1 g/100 g) [26] and ACN/water/FA
(14.3 g/100 g) [13] as the extraction solvents. However, the high value in the present study is likely
due to the retention, through the freeze-drying process, of the NaCl in the 0.05 M NaCl extraction
media used, which could have added approximately 4.6 g/100 g to the dry mass yield.

Table 7. Physicochemical properties the trypsin-inhibitor freeze-dried powder.

Properties Mean ± SD

Dry mass yield (g FD-TIP/100g DW defatted powder) 16.3 ± 0.1
Moisture content (%, w/w) 0.43 ± 0.08
Water activity 0.18 ± 0.07
Water solubility (%) 92.4 ± 1.5
pH 5.33 ± 0.01
Colour

L* 96.73 ± 0.18
a* −0.50 ± 0.03
b* 8.22 ± 0.15

Trypsin-ininbitor activity (mg trypsin/g DW FD-TIP) 695.6 ± 77.2
Protein content (mg protein/g DW FD-TIP) 444.0 ± 21.5
Specific trypsin-inhibitor activity (mg trypsin/mg protein) 1.57 ± 0.17
Total saponin content (mg AE/g DW FD-TIP) 43.6 ± 2.3
Total phenolic content (mg GAE/g DW FD-TIP) 10.5 ± 0.3

FD-TIP: freeze dried trypsin-inhibitor powder; AE: Aescin equivalents; GAE: gallic acid equivalents.

As is often seen with freeze-drying [21,32], the moisture content of the FD-TIP was very low
(Table 7), which ensure the stability of the powder. Nonetheless, moisture content alone is insufficient
to predict the stability and quality of dried products. For example, according to Mai et al. [33], dried
Gac fruit powder with a moisture content between 15% and 18% had better physicochemical properties
than powder with a moisture content of 6%. Therefore, it is important to understand whether the
water in a dried product is available for microbial growth or for enzyme or chemical activity, which
can all lead to degradation of the product. Water activity (aw) of a product reflects the free water
available for the growing of microbials and chemical reactions. The aw level of 0.18 for the powder
in this study can be considered as a low-moisture product with the aw level lower than 0.70, hence
having a long shelf life [34]. It is well known that reduced aw protects against microbiological growth
and degradation-causing chemical reactions [35]. Generally, the rate of deterioration can be reduced
if the water activity is below 0.6 because the growth of moulds and bacteria is inhibited at those

198



Separations 2019, 6, 8

levels [36]. The powder prepared in the present study had water activity less than 0.18 (Table 7), and
thus, was likely to be microbiologically stable during storage.

The FD-TIP had a high water solubility index (Table 7), which means the powder could be used
as a water-based preparation or in water-based products. Its high water solubility is likely due to the
aqueous nature of the 0.05M NaCl extraction media; the ionic strength of the proteins thus extracted
and the presence of NaCl in the powder most likely both contributed to the powder’s high water
solubility [37]. It also suggests that the FD-TIP may have had a small particle size, which also helps
solubility [32]. The water solubility index of the FD-TIP was higher than for bitter melon freeze-dried
powder (69–79%) [21] and Gac aril spray-dried powder (37%) [38], which suggests it contained more
hydrophilic components than these other powders. However, the powder was white in colour and
had an acidic pH of 5.3 (Table 7), which is similar to those of the freeze-dried powders from bitter
melon [21].

The results on the TIA of the FD-TIP (Table 7) showed that the recovery of trypsin inhibitors
and protein were ~67% and 79% compared to the values shown in Table 6 for the control samples,
respectively. The 33% and 21% losses may have been due to degradation of the trypsin inhibitors
and other proteins occurring during the lengthy concentration (~4 h) and freeze-drying processes or
to incomplete resolubilisation of the trypsin inhibitors and other proteins in the FD-TIP powder in
water prior to the TIA and protein assays. Compared to the starting material, the defatted powder,
the FD-TIP was 4.1-fold and 4.9-fold more concentrated in trypsin inhibitors and protein, respectively
(Table 7 vs. Table 6). This means that the specific TIA of the FD-TIP was 16% lower (1.57 ± 0.17 vs.
1.86 ± 0.09) than for the starting material (Table 7 vs. Table 6). This specific TIA was very similar
to the activity of the trypsin inhibitor from bovine pancreas (1.5 mg trypsin/mg protein), which is
commercially available from Sigma-Aldrich (CAS number 9035-81-8).

The total saponin content of the FD-TIP (Table 7) was comparable to a comercial bitter melon
powder (43.6 ± 2.3 vs. 40.2 ± 1.6) [21] but it was higher than for a Gac seed powder previously
extracted using deionised water (43.6 ± 2.3 vs. 34.0 ± 1.4) [26]. In contrast, the total phenolic
content of the FD-TIP (Table 7) was lower than for the Gac seed powder extracted with the deionised
water (10.5 ± 0.3 vs. 17.8 ± 0.5) [26]. This suggests that the saline water used in the present study
promoted the extraction of saponins but hindered the extraction of phenolics from the defatted Gac
seed kernel powder.

4. Conclusions

Using the RSM and the Box–Behnken system, the optimal conditions for the extraction of trypsin
inhibitors from defatted Gac seed kernel powder were determined to be 1 h using a ratio of 2.0 g of
defatted powder in 30 mL of 0.05 M NaCl. The powder obtained by freeze-drying the extract prepared
using these optimal conditions had a highly specific TIA, although it also contained some saponins
and phenolics. The powder was likely to be stable during storage due to its very low moisture content
and water activity and to be easily reconstituted in water due to its high water solubility. Therefore,
the optimal conditions for the extraction of trypsin inhibitors from defatted Gac seed kernel powder
followed by freeze drying gave a high quality trypsin inhibitor-enriched powder.
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Abbreviations

ACN Acetonitrile
aw water activity
BAPNA Benzyl-DL-arginine-para-nitroanilide
DI Deionised
DMSO Dimethyl sulfoxide
DW Dry weight
FA Formic acid
FD-TIP Freeze dried trypsin-inhibitor powder
MCoTI Momordica cochinchinensis trypsin inhibitor
RSM Response surface methodology
TI Trypsin inhibitor
TIA Trypsin-inhibitor activity
TPC Total phenolic content
TPY Total protein yield
TSC Total saponin content
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Abstract: Existing autosamplers are frequently applied only for subjecting the samples to the
instruments for injection. In our study, we have set up a TriPlusRSH autosampler mounted on a
GC-FID-MS/MS system using the new Method Composer and Script Editor software to automatize
all necessary sample preparation steps and subsequent injection of samples in the field of chemical
disarmament. Those include but are not limited to: liquid-liquid extraction, drying steps, solvent
exchange, and μ-SPE. Tedious and error prone off-line steps are eliminated. In particular, when
investigating highly toxic substances like chemical warfare agents or anticancer drugs, automation
can help to minimize health risks for lab personnel. The setup engaged features brand new prototype
equipment, e.g., a centrifuge to assist in phase separation for liquid-liquid extraction. Efficiency and
accuracy of the automated methods were carefully evaluated and proven to outperform the respective
manual steps after optimization, e.g., the processing time is up to 60% faster and recovery rates are
doubled. The developed workflows can easily be adapted to other sample preparation protocols, e.g.,
determination of octanol/water partition coefficients, and be used amongst different instruments and
chromatography data handling systems.

Keywords: automation; sample handling; sample preparation; chemical warfare agent; SPE; LLE

1. Introduction

Preparing and processing of samples prior to analysis is one of the most crucial steps in analytical
chemistry and at the same time is the most time consuming task [1]. Most often it is also one of the most
cost-effective parts if it has to be done manually. Thus, many people are of the opinion that automation
means replacing people by machines [2]. Depending on the analytes being processed automation is a
desired feature to have, especially to not expose humans to the risks inhering contagious samples [3]
or deadly poisonous compounds such as chemical warfare agents. The latter ones are in our main
focus. Lots of methods have been developed for the general work-up of chemical warfare agent
samples, their precursors, and degradation products, and are summarized in the book by Vanninen [4].
However, automation has not yet entered the field of chemical warfare agent analysis besides the
use of autosamplers for the injection of samples [4]. This may be related to the fact that the number
of samples in routine analysis is very low, because luckily chemical warfare agents are very rarely
used. Additionally, the implementation of automation is thought to be costly and time-consuming
by customers.

In our study we want to show that automation has more advantages than just saving time in
laboratory processes. Furthermore, available x-y-z autosamplers [5] can be used instead of separate
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stand-alone instruments, like those available for solid phase extraction (SPE) from, e.g., Gilson or
Agilent, or liquid-liquid extraction (LLE) from, e.g., Aurora, which are not capable of sample analysis.
However, only a few studies in this research area are both publicly available and report on efficiency of
the methods [6]. Häkkinen was the first to publish research on the SPE method development for different
chemical warfare agents [7]. Bae et al. report on SPE of VX ([2-(Diisopropylamino)ethyl]-O-ethyl
methylphosphonothioate) from various food matrices by HPLC-MS (High Performance Liquid
Chromatography – Mass Spectrometry) [8]. A most recent study of the extraction from non-polar
solvents was prepared by Sinha et al. [9] and Liu et al. [10] studied the recovery of sulfur mustard
metabolites from urine. However, none of these studies report on the extraction of different chemical
warfare agents from natural waters or compare different extraction methods with each other. This may
be because of the fact that a binary yes-or-no answer is in most cases sufficient regardless of whether a
chemical warfare agent was deployed or not, as the amount used is not crucial for its deadly task; c.f.
reports of the OPCW (Organization for the Prohibition of Chemical Weapons) to the UNO (United
Nations Organization) on the latest investigations in Syria [11].

2. Materials and Methods

2.1. Materials and Analytes

Reagents used were of purum grade and solvents of analytical grade. They were used
without further purification and were purchased from Sigma Aldrich, Schnelldorf, Germany and
VWR, Darmstadt, Germany. Chemical warfare agents VX ([2-(Diisopropylamino)ethyl]-O-ethyl
methylphosphonothioate), VX-Disulfide (Bis(diisopropylaminoethyl)disulfide), HD (sulfur mustard or
Bis(2-chloroethyl) sulfide), and VG (Amiton or O,O-diethyl S-[2-(diethylamino)ethyl] phosphorothioate)
were either available from stock from Chemical Defense, Safety and Environmental Protection School
Sonthofen, Germany or freshly synthesized by standard in-house methods [12]. Diesel fuel was
obtained from a local gas station, soil and ‘natural water’ were collected from an area outside the
laboratory building and from a puddle, respectively. All experiments were run from the same batch of
‘natural water’. The specifications of the tap water were provided by the local waterworks [13].

μ-SPE cartridges (C18-EC and Silica) from ITSP Solutions were provided by CTC, Zwingen,
Switzerland. A detailed description of the μ-SPE-features can be found on the webpage of ITSP
Solutions Inc., Hartwell, GA, USA [14].

2.2. Hardware Equipment

Experiments were performed either manually with standard laboratory glassware or on a
Thermo Fisher Scientific® GC-MS/MS instrument equipped with a TriPlusRSH autosampler partly
bearing prototype equipment, e.g., a centrifuge. The respective setups for the LLE- and μ-SPE
experiments are shown in Figure 1. Additional equipment used were billimex® LD/HD vials from
LABC, Hennef, Germany in course of the LLE-experiments. These vials have a special design to be
precisely compatible with the autosampler and were originally invented for performing dispersive
liquid-liquid-microextraction on the CTC autosamplers. LD and HD stand for low density and high
density of the extraction solvent, respectively.
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(a) 

(b) 

Figure 1. (a) Autosampler setup for LLE procedures: ATC with Dilutor, Agitator, Sample Rack,
Centrifuge, Vortexer, Standard Wash Station and Fast Wash Station (left to right); (b) Autosampler
setup for μ-SPE procedures: ATC with Dilutor, Agitator, μ-SPE Rack, Tray-Cooler, Vortexer, Standard
Wash Station and Fast Wash Station (left to right).

To set-up the autosampler prototype software, applications from CTC were used. First,
the experimental workflows were tested step by step by the PAL Method Composer, version
1.1.17284.927 [15]. This program allows us to drag and drop individual incremental steps of the
autosampler processes to a complete workflow without the need to involve a chromatographic data
software (CDS). It was recently put on the market as “TriPlus RSH Sampling Workflow Editor Software”.
A demo-video of this software can be found on the homepage of Thermo Fisher Scientifc [16]. Second,
the PAL Script Editor Alpha, version 2.4 Alpha, was used to transfer the PAL Method Composer
workflow into a compiled script of optimized processing time and compatibility with the CDS:
Chromeleon, version 7.2, SR 4, from Thermo Fisher Scientific. The PAL Method Compser software
uses a programming syntax comparable to the well-known C programming language. Scripts were
tested offline with the PAL Script Executer, version 2.5 Beta, beforehand. All Scripts are available from
the corresponding author upon request.
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Instrument parameters for the analysis of the samples are given in Table 1.

Table 1. Instrument parameters for processing of the samples on GC-FID-MS/MS.

Instrument Parameter Value

GC Thermo Fisher Scientific Trace 1310 with PTV Injector
Data System Chromeleon 7.2 SR 4

Analytical column Agilent J&W GC-column (CP-Sil 8 CB Low Bleed/MS, 30 m 0.25 μm)
Oven conditions:

Temperature program 70(1) −290 ◦C at 30 ◦C min−1, post temperature 290 ◦C (1)
Carrier gas Helium BIP® [17]

Injection conditions:
Injector temperature 250 ◦C

Injection type
Purge flow
Liner type

liquid injection: splitless, injection volume 1 μL
1.20 mL/min

130 mm × 2.0 mm ID glass liner

MS Thermo Fisher Scientific TSQ Duo, Triple Quadrupole
scan time: 0.2 s

Transfer line temperature 280 ◦C
Ion source temperature 280 ◦C

Ionization mode EI

FID

Thermo Fisher Scientific FID-Module
temperature: 250 ◦C

H2-flow: 35 mL
N2-flow: 40 mL

synthetic air-flow: 350 mL

2.3. Experimental Workflows

Experimental workflows follow recommended operating procedures according to the respective
chapters of the ‘blue book’ [4], which are given in brief in the Appendix in a graphical depiction.
Necessary adjustments of these procedures, e.g., in volume, are given in the results section, as those
had to be adjusted to the equipment used. All experiments were run at least in triplicate to yield a
reliable RSD.

• Liquid-liquid Extraction:

Tests of the extraction efficiency in the automated liquid-liquid extraction were performed in the
range of 600–2000 rpm of the autosampler vortexer. A mixture of caffeine and theophylline in the ratio
of 4:1 was used as the evaluation test mixture to find the optimum vortex speed. The mean of three
replicates per speed value were determined.

Preparation of samples: stock solutions of tap water and ‘natural water’ were spiked with the
respective analytes stock solution to reach a 10 ppm level and adjusted to pH 7 and pH 11, respectively
by the addition of ammonium hydroxide solution, each as a requirement of the recommended
procedures (c.f. Figures A1–A3). For preparing the soil samples the respective amount of analytes
were directly spiked to the stock sample of soil. The wipe sample was a cotton bud tip onto which a 10
ppm solution of the analytes was directly loaded with a gas-tight Hamilton syringe. The analytes stock
solution was prepared in dichloromethane.

• μ-SPE:

Generally the workup procedures of the ‘blue book’ [4] could be used to extract the analytes
with the respective μ-SPE cartridges. However, adjustments and optimizations of flow rates and
volumes had to be found. The flow rates for loading, elution and washing steps were optimized in the
range of two to 20 μL/s. Therefor the recovery rates in terms of the peak area of the given analytes
was determined. Samples prepared in tap water were processed with C18-EC μ-SPE cartridges and
those dissolved in n-hexane were spiked with a strong hydrocarbon background of 10 mg/mL (1%�)
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of diesel fuel and were processed with silica μ-SPE cartridges. Samples were spiked with 10 ppm
of the respective analytes. To remove the hydrocarbon background by means of the silica μ-SPE
cartridge, the following procedure was used: (i) the silica cartridge was preconditioned with 1 mL of
n-hexane, (ii) 500 μL of sample were loaded on the cartridge, (iii) the cartridge was washed with 2 mL
of n-hexane and (iv) the cartridge was eluted with 500 μL of methanol. Additional parameters, which
were developed and optimized in course of this study, are given in the results section.

3. Results and Discussion

Generally, it can be said that the transfer and automation of the described methods on the first
glance seems to be very easy. However, the transfer of a basic laboratory procedure, e.g., liquid-liquid
extraction, has to be broken down to the very incremental steps. Therefore, a very careful examination
of the incremental work steps is necessary.

3.1. Automated Liquid-Liquid Extraction

The given protocol for manual liquid-liquid extraction according to reference [4] was adapted to
the autosampler setup with respect to the volume of the vial size suitable for the autosampler (2–20 mL).
For complexity reasons the respective liquid-liquid extraction workflow for the PAL Method Composer
software is only given in its very basic structure, c.f. Figure 2. For each item in the list parameters like
penetration depth of the vial, penetration speed of the needle or vortex speed and duration had to
be defined and optimized once. In case multiple extractions have to be prepared, the routine can be
altered by adding a repeat command for entries “Dilutor Add Solvent” to the second “Clean Syringe”
command. The easy to use PAL Method Composer software was very convenient in the testing of the
identified incremental work steps. A brief description of the workflow is as follows: The autosampler
picks up the dilutor tool to prime it (rinsing), before it adds a given amount of extraction solvent to
the sample vial. Afterwards the vial is vortexed and optionally centrifuged, meaning one can decide
whether centrifugation is necessary or not. In the next step the tool is changed to a regular syringe to
transfer the extraction solvent layer to a second vial containing a proper amount of sodium sulfate
(drying agent). After a final vortexing step, the sample is injected into the GC. Finally, the autosampler
is returning to home position. The entry liquid injection contains another tool change to get the correct
syringe tool with the injection syringe and not the extraction solvent transfer syringe.

For comparison with the manually performed liquid-liquid extractions the workflow was
transferred into a regular script for the autosampler by PAL Script Editor software, which is fully
operational with the Chromeleon CDS. First, the general extraction performance of the vortexer tool
was evaluated by variation of the vortex speed and vortexing time. As can be seen from Figure 3
the mechanical limits of the vortexer are 600 to 2000 rpm. The extraction efficiency for five seconds
extraction time is lower compared to ten seconds extraction time. However, at about 1200 rpm the
differences can be neglected and the optimum extraction conditions are reached. Thus, for all further
experiments these conditions were used. The manual procedure recommends a two-fold extraction of
five minutes, meaning the automated workflow is up to 60 times faster, having the same extraction
efficiency. The described workflow can easily be extended by other sample preparation tasks, e.g.,
derivatization steps, as we have described previously [18].
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Figure 2. Scheme of the basic steps for the liquid-liquid extraction experiment represented in the PAL
Method Composer software style. Each menu item consists of a set of parameters which have to be
adjusted and optimized.

Consequently, we applied the developed automated workflow for the simultaneous extraction of
different type of chemical warfare agents VX, VG and HD from four different matrices. To the best of
our knowledge, this has not been done before. The results found (c.f. Table 2) clearly show that very
high recovery rates of the analytes in the given matrix are achieved. Recovery rates vary depending
on the pH-value of the matrix. The more acidic the matrix the faster the degradation process of the
V-series nerve agents is and, thus, only less amount of analyte can be recovered. These findings are in
very good agreement with our previous study on solid-phase microextraction of the same analytes [18].
In contrast, HD hydrolyses faster at higher pH-values. For soil and wipe samples strong matrix effects
have to be taken into account and, thus, a fair amount of analytes is lost to the matrix and cannot
be recovered. Overall the obtained recovery rates are excellent with respect to processing time and
automation of the overall process.
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Figure 3. Results of the automated liquid-liquid extraction methodology. Noteworthy are the short
extraction times of 5 to 10 s and completeness of extraction at 1200 rpm.

Table 2. Results of the automated extraction of chemical warfare agents VX, VG and HD at 5 s extraction
time and 1200 rpm vortex speed.

Matrix 1 Recovery Rate ± RSD [%]

VX VG HD

tap water (pH 7) 64.1 ± 9.6 79.8 ± 8.3 47.3 ± 3.8
tap water (pH 11) 88.0 ± 3.4 85.9 ± 5.1 22.1 ± 2.7

surface water (pH 7) 96.0 ± 3.4 99.9 ± 3.6 51.5 ± 4.0
surface water (pH 11) 98.7 ± 1.4 99.9 ± 1.8 50.7 ± 1.4

soil 66.2 ± 2.7 88.2 ± 4.0 46.8 ± 4.4
wipe 65.6 ± 3.1 58.4 ± 2.3 51.2 ± 1.4

1 Aqueous samples were adjusted to the given pH-value prior to the extraction.

Another advantage of the automation is that comparably small amounts of sample can be handled.
With our setup, we were able to easily process quantities down to 1 mL. Thus we meet all of the
three key tasks of today’s laboratory issues: automation, miniaturization and processing time as
were described by Costa and Pawliszyn [19,20]. Best results could be achieved by using billimex®

LD/HD vials, which allow an almost complete “decantation” of lower or upper phase of the extraction
solvent by means of the autosampler syringe. They are fully compatible with standard autosampler
equipment. A picture of the different vial types used during this study and their appearance during the
extraction process is shown in Figure 4. Generally, to “decant by syringe” the exact penetration depth
needed to be determined to exactly hit the interface layer of the two liquids. We are of the opinion
that the miniaturization and optimization of well-established sample preparation protocols is superior
to the development of new extraction methods like Liquid-Phase Microextraction or Single-Drop
Microextraction, since even more and yet not existing hardware modules would be needed to be
invented. Furthermore, those tools would have to be very complex, e.g., to hit a single drop on the
surface of a liquid with a syringe is very hard to do manually; therefore a camera and a vial which
is movable and tilt-able with respect to the syringe position would include at least a second robot
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arm which is more flexible than existing ones. This would make the instrumental setup more cost
intensive and would also cost a lot of time in processing a sample. To compensate this shortcoming
of the employed x-y-z-autosampler, freely movable industry-robot-arms, like in automobile industry
could be used, but are even more complex and are not yet commercially available of the shelf for
chemical analysis.

Figure 4. Autosampler vials after (i) extraction (left, billimex®), (ii) centrifugation (middle) and (iii)
drying (vortexed) with Na2SO4 (right).

Another challenging part was to obtain a good phase separation after vortexing, especially in
case of processing the soil samples. However, the prototype centrifuge we had access to during our
studies proved to be the right tool to help phase separation and to force all floating particles to the
bottom of the extraction vial, c.f. Figure 4 (middle). Additionally, also other common non-desirable
effects, which can occur during liquid-liquid extraction, e.g., foaming, can be dealt with by using the
centrifuge. Due to being prototype equipment the centrifuge commands were not available in the PAL
Method Composer software. Thus, it had to be programmed using the PAL Script editor. Centrifuge
parameters were not optimized during this study since they would have not affected the recovery rates.
The centrifuge was not used after the extraction solvent was added to the drying agent since sodium
sulfate very nicely precipitated during transportation of the vial from the vortexer to the original vial
position. One possible limitation of the autosampler centrifuge could be its G-force limit of 2000 G
with respect to the use of larger sampling vials (10 and 20 mL). According to the blue book [4] up to
5000 G should be applied for the phase separation process. This is only possible to achieve by using
2 mL autosampler vials.

3.2. Automated μ-SPE

The basic workflow of the μ-SPE experiment for removing the hydrocarbon background is
described in the experimental part, whereas the procedure for the C18 method is given in Figure A3 of
Appendix A. The main difference between standard SPE and μ-SPE is the cartridge size and sorbent
volume. The μ-SPE cartridge contains only 10–45 mg of sorbent material. Flow rates are precisely
controlled by the autosampler plunger motor; as low as 1 μL/s. This high precision helps to achieve
high accuracy of the overall process. The four incremental steps of the experiment are: conditioning of
the cartridge, loading of the sample onto the cartridge, washing off undesired compounds and elution
of the analytes. The C18-method had to be adjusted regarding the applied volumes: (i) conditioning:
1 mL of methanol and 2 mL of water, (ii) loading: 500 μL of sample, (iii) elution: 1 mL of ethyl
acetate. Drying of the cartridge was performed by pushing 5 mL of air through the cartridge with the
autosampler syringe.

In the beginning the flow rates had to be optimized. An exemplary plot of the results for the
elution flow rates is shown in Figure 5. As can be seen the elution flow rate is optimum at 12 μL/s for
all analytes. The different heights of the curves for VX and VG are a matter of the response factor of the
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detector for the individual analyte, whereas VX-disulfide, as a degradation product of VX, was present
at 1/10 of the concentration of VX. Moreover, we also found that for loading of the cartridge, a flow
rate of 12 μL/s was best.
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Figure 5. Representation of the elution flow rates and obtained peak areas in GC-MS for the different
analytes on the silica μ-SPE cartridge.

In Figure 6 three different scans from the hydrocarbon contaminated sample show that the chosen
sample preparation technique (spiking) is successful, meaning that a direct injection of the organic
sample in full-scan mode (top) or SIM mode (middle) is not successful in the detection of any analyte
from the sample. The last chromatogram (bottom) was obtained in SIM mode after sample processing
with the developed μ-SPE methodology and very nicely shows the “hidden” analytes of the original
sample in a very good response.

In Table 3 the results of the two different sample processing procedures are summarized. First, all
for analytes were extracted from an aqueous sample buffered to neutral conditions as recommended by
extraction with C18-EC cartridge. On average, the recovery rates range from 56 to 65% of the spiked
amount. Compared to available literature resources, this is roughly twice the amount of analyte as can
be obtained with the manual procedure. For VX-Disulfide and VG, no literature values have been
reported yet. For sample purification in case of a strong hydrocarbon background as impurity even
higher recovery rates could be obtained ranging from 76 to 98% of the originally spiked amount of
analyte. Due to the non-polar properties of sulfur mustard (HD), this analyte is not efficiently retained
on the silica cartridge. Moreover, it is washed off the silica cartridge together with the hydrocarbon
background by the washing solvent (n-hexane). The eluted fraction containing the hydrocarbon
background as well as the sulfur mustard has to be treated in another preparation step which can also
be found in the blue book. However, here we report recovery rates for the cleaning of a hydrocarbon
background from chemical warfare agents by silica cartridges for the first time.
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Figure 6. Chromatograms of the sample containing a strong hydrocarbon background from diesel fuel:
TIC-scan of the raw sample (top), SIM-scan of the raw sample (middle) and SIM-scan after sample
preparation with silica cartridge (bottom).

Table 3. Recovery rates of chemical warfare agents from aqueous samples and strong hydrocarbon
background containing organic solvent.

Matrix (Cartridge) Recovery ± RSD [%]

VX VX-Disulfide VG HD

water (C18-EC) 56.5 ± 0.5 57.9 ± 2.2 65.8 ± 0.1 64.8 ± 1.9
water samples [7] 24 ± 10 –1 –1 32 ± 7
diesel fuel (silica) 76.3 ± 1.3 77.4 ± 0.2 98.2 ± 1.5 –2

1 no values available, 2 analyte not retained by the cartridge.

The main technical differences between the well-established recommended operating procedures
of the blue book and our experimental setup are given in Table 4. In sense of going green with sample
preparation processes, our methodology is advantageous over existing methods: less sorbent material
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and less solvent volume are needed. Comparable autosamplers, e.g., from Gerstel, are (yet) not capable
of processing μ-SPE cartridges. Instead they are capable of processing standard-sized SPE-cartridges.
This means that in total comparably fewer samples can be processed due to the fact that more room is
needed for keeping available fresh cartridges. Moreover, a high enrichment factor of up to 200 can be
achieved on a 10 mg cartridge as well as the flow rate can be precisely controlled and has a highly
sufficient repeatability. Additionally, the time for the overall experiment is cut down from 15 to 10 min.
Furthermore, it seems to be a very convincing fact that most manually handling steps of highly toxic
substances can be cut down to a minimum and thus the risk for contamination of laboratory personal
is minimized.

Table 4. Comparison of μ-SPE and standard SPE.

Parameter
μ-SPE

(This Work)
SPE

(Gerstel MPS [21])
SPE (Laboratory)

sorbent volume 10–45 mg 0.1–2 g 0.1 g – bulk
solvent volume 125 μL ≤10 mL 3 mL
processing time 10 min unknown 15 min

flow rate 1–100 μL/s 10–250 μL/s ca. 1 drop/s
enrichment factor ≤200 5–10 Indefinite

4. Conclusions and Future Perspective

Although many steps of the described procedures could be automated and are working very
well, some experimental limitations do remain unresolved – so far. To the best of our knowledge,
there is no device available to be mounted on the kind of autosampler we used to measure and adjust
the pH value meaning that one initial step of all the blue book procedures remains manual work.
As miniaturization of equipment proceeds, less solvent and auxiliary materials are needed and very
reliable methods can be branded as green technologies afterwards.

Another auxiliary step, not explicitly mentioned in the procedures itself but sometimes crucial in
sample processing, is filtration. Real-life samples can possibly contain floating components or sediment
material, which would disturb the described method by blocking syringes or μ-SPE cartridges. This
would be easily noticed during manual processing of the sample but not by automatic procedures.
Eventually CTC informed us, that the autosampler can be also adapted with tools from Brechbühler
company for processing Thomson filter vials [22], which would easily allow filtering sample fractions
of 1 mL in an automated fashion. For the described method of LLE of μ-SPE, this would mean our
script would have to be extended by a few basic operations of the autosampler and this issue could be
addressed. However, we were not able to get access to such a setup and could not extend our study in
this direction.

The PAL Method Composer software proved to be easily suitable to put complex workflows by
means of drag-and-drop together and be tested without the need of blocking the analytical instrument.
The PAL Script Editor allowed a complex programming of the instrument based on the preliminary
results obtained from the PAL Method Composer software and full integration of the analytical
instrument and its CDS. Moreover, the workflows can be transferred with slight alternations to other
CDS form different instrument manufacturers, as was done with some other routines, e.g., those
described in our previous work [18], in cooperation with one of our partner laboratories of the German
Federal Police.

The herein developed workflows are running very stable and have found their way into daily
laboratory routines (SOP’s) in the processing of chemical warfare agents and other analytes. They are
faster, have a higher precision, use less material and chemicals, and pose less risk to the laboratory
personnel as manual handling time of chemical warfare agents is absolutely minimized. Moreover, we
can imagine that the liquid-liquid extraction procedure in particular can be easily adapted for other
experimental tasks, e.g., determination of octanol/water partition coefficients or be employed in the
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analysis of pesticide residues or in the field of anticancer drug research where similar procedures are
daily routine.

Finally, we are of the opinion that by our efforts in automation (c.f. [18]) and miniaturization
reported in this work have entered a new area in the processing of chemical warfare agents.
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Appendix A

Figure A1. Recommended operating procedure according to the blue book for the processing of
liquid-liquid extraction at neutral conditions.
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Figure A2. Recommended operating procedure according to the blue book for the processing of
liquid-liquid extraction at alkaline conditions.
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Figure A3. Recommended operating procedure according to the blue book for the processing of
solid-phase extraction by C18-sorbent at neutral conditions.
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