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Green and environmentally friendly approaches are increasingly necessary when developing new
analytical methodologies. Electromembrane extraction (EME) has contributed to this by offering new
alternatives to the traditional and widely used plastic materials. Specially, those derived from bio-
polymers (such as agarose or chitosan) have recently gained a great importance in EME as they are
biodegradable and sustainable, which constitutes a major advantage in the environmental impact of

these processes. This review is intended to cover the recent advances made on EME procedures based on
the use of sustainable biopolymer-based materials by addressing the properties and synthesis of these
materials as well as their analytical application. Extraction devices and EME methods will be extensively
discussed, highlighting their strengths and weaknesses, aiming at improving analytical methodologies
for sample processing, while contributing to their sustainability.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The development of green and environmentally friendly
analytical approaches is almost mandatory when implementing a
new methodology. In this respect, the pre-treatment stage required
in the analysis of complex samples (such as biological or environ-
mental) is frequently a great challenge. Thus, in addition to making
the sample suitable for subsequent determination by means of
analytical instrumentation (clean-up and preconcentration
mainly), it also aims to comply with the principles of so-called
Green Chemistry. Therefore, sample preparation techniques have
focused on miniaturization and automation in order to reduce the
amount of sample and potentially hazardous reagents, as well as to
accelerate the measurement process and increase sensitivity and
selectivity, respectively.

In 2006, Pedersen-Bjergaard and Rasmussen introduced
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electromembrane extraction (EME) as a LPME modality to reduce
extraction times by applying a potential difference across the liquid
membrane generated by two electrodes immersed in both donor
and acceptor solutions [1]. Briefly, under the action of the electric
field, the ionized analytes migrate firstly towards an organic phase
impregnating a porous support (supported liquid membrane, SLM)
and then towards the oppositely charged electrode located in the
acceptor phase (AP), where they finally remain. Due to the presence
of the electric field, mass transfer is faster in EME compared to
LPME. In addition, high selectivity can be achieved and controlled
by the direction and magnitude of the applied voltage. Thus,
negatively charged acidic analytes are extracted from the sample
solution by immersing the positive electrode in the AP, while the
polarity of the electrodes is reversed for the extraction of basic
compounds [2].

Due to its numerous advantages, EME is one of the most widely
used sample preparation techniques, with diverse applications in
the analysis of biological, environmental and food samples, as
demonstrated by more than 600 published papers in this research
field. Various groups of analytes (acidic and basic compounds, polar
and non-polar, ions or drugs, among others) have been determined
in a multitude of formats and extraction devices (such as hollow
fibers, flat membranes, microfluidic devices, or free liquid
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membranes) by using different types of supporting materials. In
this respect, polypropylene (PP) has been the material of choice in
most EME procedures, both as a hollow fiber and as a flat sheet
membrane. Polyvinylidene difluoride (PVDF) or polyacrylonitrile
(PAN) have also been used, although to a lesser extent [3].

However, these materials have some limitations, such as low
conductivity, which limits the number of possible organic solvents
as a liquid membrane. Furthermore, they usually act exclusively
from a physical point of view, i.e., only as a porous support for the
organic solvent, therefore, their participation in the extraction
process is purely passive. Moreover, all of them are plastic and
single-use, having a potential environmental impact after disposal.
Consequently, numerous efforts have been made to develop alter-
native materials to overcome these drawbacks. In this regard, latest
trends and advances have been mainly focused on the modification
of the liquid membrane or commercial supports. In the first case,
the chemical composition of the SLM has been modified by incor-
porating some additives, such as carrier agents, nanoparticles
(NPs), and molecularly imprinted polymers (MIPs). Moreover, the
use of ionic liquids (ILs) as solvents in EME instead of the classical
organic solvents have been also reported [4—6]. Similarly, some
approaches have focused on modifying, both physically and
chemically, the nature of commercial supports with the addition of
functional materials [7]. On the other hand, EME procedures based
on the use of fabricated membranes have been also reported, such
as polymer inclusion membranes (PIMs) [8] or nanostructured
tissues (Tiss®-OH) [9].

Currently, the development of more eco-friendly EME proced-
ures based on the use of alternative materials is increasing.
Specially, those derived from biopolymers (such as agarose or
chitosan) have recently experienced a great importance in EME as
they are biodegradable and sustainable materials. This fact consti-
tutes a major advantage in the environmental impact of these
processes, both in terms of the type and quantity of waste gener-
ated. Moreover, as the materials are obtained from natural sources,
the costs are reduced, which is always desirable from an economic
point of view. In addition, most of these materials can be synthe-
sized according to analytical requirements, which results in a high
selectivity of the proposed procedures. Although new materials in
sample preparation techniques have been widely reported, most
reviews are focused mainly on SPE, SPME or LPME procedures
[10—12], with only a few references to the use of biopolymers in
EME [7,13—15]. This review is intended to cover the recent advances
made on EME procedures involving the use of biopolymers, mainly
agarose-based materials (both films and gels formats) and
chitosan-based membranes, although additional types will be
introduced, by addressing aspects such as biopolymer properties,
membrane preparation strategies, EME device formats and pro-
cedures, target analytes, and matrix of application.

2. Natural materials: biopolymers

Biopolymers can be defined as polymers obtained from living
matter with carbon, nitrogen, and oxygen atoms in their structure,
thus most of them can be considered as biologically degradable
[16]. Natural biopolymers have gained a great importance in recent
years due to their abundance and availability from natural sources
with minimal environmental impact and low cost. According to the
monomer unit of their structure, natural biopolymers can be
mainly classified into polysaccharides, polynucleotides and poly-
peptides or proteins. Their natural sources are wide and diverse and
include plants, animals, and microorganisms, such as bacteria and
fungi [17].

Besides their biodegradability, non-toxicity, and renewability,
they present a number of highly advantageous and versatile
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properties, such as high thermal, chemical and structural stability,
controllable porosity, high chemical diversity, ability to produce
molecular recognition and biocompatibility. Furthermore, due to
their chemical diversity with numerous available reactive sites,
they offer the possibility of being structurally modified by func-
tionalization, which makes them eligible for a multitude of envi-
ronmental, biomedical, pharmaceutical, food, textile, agricultural,
or cosmetics applications [18,19]. The following sections present
the biopolymer-based materials used to date in EME analytical
procedures in decreasing order of importance or reported appli-
cations. They comprise mostly polysaccharide-derived bio-
polymers, whose main characteristics are summarised in Table 1. As
can be seen, these biopolymers are characterised by the presence of
hydroxyl and amino groups in their structure, which makes them
potentially functionalizable and, consequently, highly reactive and
versatile.

3. Agar or agarose-based materials in EME

Agar is a neutral polysaccharide of marine origin obtained from
the cell wall of several species of red algae. Chemically, it is a het-
erogeneous mixture of two polysaccharides: agarose (gelling frac-
tion) and agaropectin (non-gelling fraction). Due to its gelling
capacity, agarose is more interesting than agaropectin in many
applications, thus agaropectin is usually removed at the processing
stage of agar [20]. Most of its applications are related to its
behaviour in aqueous solution, as it is soluble in water (above 85-
90 °C), but forms gels (cooled to 30-40 °C) in variable shapes
(membranes, fibres, or beads), allowing the preparation of films of
different thickness. It is also stable in a wide range of pH and
organic solvents. Furthermore, the presence of polar groups in its
chemical structure provides it with a certain functionality, which
can be chemically modified to enhance both reactivity and appli-
cability. All these characteristics make agar a polysaccharide with
numerous advantages widely used in diverse fields, such as in
microbiology, food industry, gel electrophoresis, or drug delivery, as
well as serving as a membrane in EME. EME procedures based on
the application of agar and agarose as biomaterial are summarised
in Table 2.

The first use of agar as material in EME was reported in 2015
[21]. In this work, agar films containing silver nanoparticles were
developed dissolving a certain amount of agar powder in ultrapure
water under boiling and continuous stirring, followed by in-situ
generation of AgNPs by reduction of AgNOs with PVP. The
composition of the membrane was controlled by the addition of
different amounts of the silver salt, while membrane with variable
thicknesses were obtained by modifying the volume of solution
poured into a Petri dish. Both the presence and nature of AgNPs
were found to be decisive in the extraction process since films
without AgNPs conducted to much lower efficiency. This was
attributed to a stabilization of the electric field by the AgNPs,
decreasing the electrical current generated and, consequently,
increasing the extraction efficiency. Moreover, films containing
smaller and spherical NPs (Fig. 1a) provided the best results in
terms of enrichment factor (EF). Compared to PP membranes, this
material demonstrated up to 10- and 70-times higher extraction
efficiency, as well as reusability, thus it could be considered as a
good alternative support.

Later, Hanapi et al. introduced agarose films similarly prepared
by replacing NPs with the addition of IL to enhance their me-
chanical properties and thermal stability [22]. The incorporation of
IL improved the diffusion of analytes through the membrane due to
the formation of pores in its chemical structure (Fig. 1b). This
structure was stabilized by hydrogen bonds between the negative
charges of the hydroxyl groups of the agarose and the positive
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Table 1
Characteristics of the main polysaccharide-derived biopolymers.
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charges of the IL, which are much stronger than the agarose-water
interactions. For this IL-AF-u-EME procedure, a two-phase config-
uration provided with 3 platinum electrodes was employed, two of
them were used for applying the potential difference and a third
one for electric current monitoring (Fig. 2a). Therefore, the green-
ness of the proposed method is also achieved by replacing the usual
organic solvents with ILs.

In addition to the films, the use of agarose in EME is mainly
represented by gel membranes (G-EME), which were introduced
for the first time in 2017 by Tabani et al. [23]. These agarose gels are
prepared, essentially, by dissolving the agarose in deionized water,
heating in a microwave oven and then, allowing the solution to
solidify by cooling in an Eppendorf tube (Fig. 2b). With this
approach, agarose gel membranes allowed the extraction to be
carried out in the absence of organic solvent, which is a great
advantage for the development of green processes. However, pa-
rameters such as gel composition and thickness must be carefully
controlled as they have a considerable influence on the EME pro-
cedure. In fact, low agarose concentrations lead to higher pore size,
which translates into so-called electroosmotic flow (EOF), causing
gel destruction. In contrast, high concentrations make the gel
difficult to handle. Similarly, EOF raises by decreasing the gel
thickness, whereas thicker membranes lead to lower EME yields
and longer extraction times are required.

Since their introduction, agarose gel membranes with different
composition and thickness have been widely used in EME proced-
ures. Thus, by changing the chemical and physical properties of the
gel, numerous applications can be achieved, which is an advantage
of these tailor-made materials over those supplied commercially.
Thereby, by acidifying the solution of the gel, the EME of two

zwitterionic compounds was enhanced, preventing them from being
trapped in the membrane due to the presence of both positive and
negative charges occurring at higher pH values [24].

More recently, agarose gel membranes were used in the G-EME
of polar and non-polar drugs from human urine samples [25]. In
comparison to the use of deep eutectic solvents supported on PVDF
filters, when using agarose, half of the applied potential and lower
stirring speed were required to obtain similar recoveries. Polar
compounds, which are often a challenge in EME, were successfully
extracted in the absence of ion-pairing reagents due to the hydroxyl
groups present in the gel structure, which gives it a certain hy-
drophilicity, thus demonstrating the active participation of
biopolymer in the extraction process. Similarly, the EME of
hypothalamic-related peptides was also achieved, providing better
results than those obtained with PP membrane, with the additional
advantage that no organic solvent or ionic carrier is required, since
ionization of target analytes is assumed to be controlled by the
aqueous gel [26].

In another approach, a RE-G-EME consisting of two platinum
electrodes with ring-shape termination was proposed to overcome
the remaining double layer at the membrane-AP interface and,
therefore, to enhance the mass transfer of the analytes across the
gel [27]. The electrode located inside the AP was additionally con-
nected to the shaft of an electric motor to promote its rotation
(Fig. 2c). Therefore, under continuous stirring of the donor and
acceptor solutions, extraction efficiency increased by 19.5—23.5%
compared to conventional G-EME, where only the donor phase
(DP) is agitated.

Moreover, two agarose gel membranes containing different
colorimetric reagents were proposed for their use in the EME of



Table 2
EME procedures based on agar and agarose as a biomaterial.
Format Preparation method Characteristics (thickness, EME conditions Target analytes Matrix Determination  Extraction efficiency LOD (ug L™') Ref.
composition, pH) EF ER (%)
Agar film Dissolving in water — 20 pm, 107.9 mg Ag/g agar, SLM: DHE 50V, 40min  NSAIDs: SAC, KTP, NAX, — HPLC-UV 2.5-153 - - [21]
heating — in situ AgNPs AgNPs 20—30 nm diameter DIC, IBU
generation — reflux —
dryness in darkness
Agarose film Dissolving in water —  Not provided IL-AF-p-EME Antidepressant drugs: ~ River and tap water HPLC-UV 110-150 - 0.1-04 [22]
heating — IL addition — SLM: [C6MIM] [PF6] IMI, AMT, CHLO
dryness — heating in 10V, 8min
oven
Gel membrane Dissolving in water — 5 mm, 3%(w/v) G-EME Basic drugs: RIV, VER, = Wastewater HPLC-UV — 382-73.6 15-1.8 [23]
heating — cooling SLM-free AML, MOR
25V, 25min
(0.9 mA)
Gel membrane Dissolving in water — 7 mm, 3% (w/v), pH 1.5 G-EME Amino acids: TYR, PHE Watermelon and HPLC-UV 33.9-51.0 56.6—85.0 7.5 [24]
heating — cooling SLM-free grapefruit juices
40V, 15min Human plasma
Gel membrane Dissolving in water —  2.5% (w/v), pH 5 G-EME SLM-free Polar drugs: ATN, EPHD, Human urine HPLC-UV 110.3—148.7 5188 5-10 [25]
heating — cooling MTP
30V, 15min Non-polar drugs: RIV,
FXT, AMT
Gel membrane Dissolving in water — 8 mm, 3% (w/v), pH 4 G-EME Peptides: OCT, GOS, Human plasma HPLC-UV 31.1-38.8 623-77.6 4.5-6.0 [26]
heating — cooling SLM-free TRP, CTX, SST
30V, 15min
Gel membrane Dissolving in water — 5 mm, 3% (w/v), pH 5 RE-G-EME Basic drugs: NLX, NTX, Human urine HPLC-UV 26.0—-30.4 743-87.0 03-1.5 [27]
heating — cooling SLM-free NLB
25V, 25 min
(0.6 mA)
AP speed: 125 rpm
Gel membrane Dissolving in water — 11 mm 4% (w/v) agarose, 5% (v/ EC-GSA lodide (I7) Cr(VI) Iodide food supplement Colorimetry 38-69 76—80 5-18 [28]
heating — cooling v) H20,, 1% (w/v) starch in SLM-free Drinking water
2 mM HCI for I"; 2% (w/v) 50V, 15min
agarose, 1% (w/v) DPC in (100 pA)
0.5 mM HNOs for Cr (VI)
Gel membrane Dissolving in water — 5 mm, 3% (w/v) G-EME Cr(III), Cr(VI) Drinking, mineral and  Colorimetry 40—47 58.8-83.3 2.0-3.0 [29]
heating — cooling SLM-free tap water (1PADs)
65V, 23min
Gel membrane Dissolving in water — 15 mm, 1% (w/v), pH 3 IG-EME Basic drugs: MOR, COD Human plasma and HPLC-UV — 67.7-738 1.5 [30]
heating — cooling SLM-free urine
25V, 30min
(0.6 mA)
Gel membrane  Dissolving in water — 2 mm, 0.8% (w/v), 200 nm pore EMM Phenols: 4CP, 2NP, River and lake water uHPLC-UV - - 0.03-0.1 [31]
heating — cooling — size SLM: 1-octanol 2,4DCP
solvent impregnation 25V, 20min
Gel membrane Dissolving in water — 2.5 mm, 3% (w/v) agar IT-G-EME Cr(III), Cr(VI) Drinking and mineral Colorimetry 36—42 72—-84 7.0 [32]
heating — cooling SLM-free water (1PADs)

38V, 19min, 200 rpm
(0.15 mA)
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IL-impregnated agarose film

s

Pore size (left) and C-atoms distribution (right) in chitosan membrane
- e

4.4nm
Teasm

Fig. 1. Microscopic characterization of biopolymer-based materials. a) TEM image of synthesized AgNPs in the agar film with 107.9 mgAg g~ ! agar (Reprinted from Ref. [21] with
permission from Springer Nature); b) FESEM image of IL-impregnated agarose film (Reprinted from Ref. [22], Copyright (2017), with permission from Elsevier); c) SEM images of
chitosan membrane and homogeneous distribution of C atoms (Reprinted from Ref. [35], Copyright (2019), with permission from Elsevier); d) SEM images of cellulose cone tips
(Reprinted from Ref. [42], Copyright (2020), with permission from Elsevier); e) FESEM images of the porosity of the AgNPs-tragacanth gel and AgNPs embedded in tragacanth
(Reprinted with permission from Ref. [44]); f) SEM image of wheat stem (Reprinted from Ref. [45], Copyright (2015), with permission from Elsevier).

ions [28], serving as both the extracting AP and the in situ colori-
metric detector, resulting in an electro colorimetric-gel sensing
approach (EC-GSA). In this way, target analytes present in the
sample migrate into the gel (which is also acting as AP), where they
react with the colorimetric reagents and form the corresponding-
coloured complex, visible to the naked eye by a change of the
agarose gel colour. This is an interesting approach where, in addi-
tion to the use of biodegradable material as membrane, analysis
time is reduced by combining extraction, preconcentration and
determination in a single step.

Additionally, two agarose gel membranes were simultaneously
used using both cathodic and anodic gels that differed only in their
acidity (Fig. 2d) [29]. Despite no organic solvent is required, in this
dual-EME system the volumes of cathode and anode solutions
increased and decreased respectively due to the existence of EOF.
This phenomenon constitutes one of the main drawbacks of
agarose gels, which is caused by the presence of anionic groups
(sulphates) in the gel structure. Agarose gels have a low electrical
resistance and therefore a high conductivity, which favours the EOF.
This fact makes the system unstable producing changes on the
volumes of the donor and acceptor phases, which reduces the
extraction yield. Thus, gels with low EOF but sufficient electrical
conductivity are desirable. In addition, this effect is raised when
decreasing the thickness of the gel. However, thicker gels mem-
branes increase the electrical resistance since analytes must pass
through a larger pathway. As a result, most of them are trapped in
the membrane, requiring excessively long times for their complete
removal. For this reason, these gel membranes are single use, as
their reusability in not possible due to memory effects. On the other
hand, the composition of the gel also plays a key role in the exis-
tence of EOF. Thus, gels with a higher agarose concentration have a
smaller pore size, reducing the EOF.

In order to overcome the EOF, an aqueous AP was placed inside
the agarose gel by decreasing the agarose gel composition to 1% (w/
v) (Fig. 2e) [30]. However, it also required a larger thickness of the
membrane, being even more decisive in this case because it limits

the volume of AP. With this new concept, the agarose gel acts as an
extraction/separation membrane and, at the same time, as a sup-
port for the aqueous AP, eliminating the problems of changes in the
volume of the AP associated with EOF. For this purpose, one of the
platinum electrodes was placed inside the gel, where the aqueous
AP is retained. After the extraction, the agarose gel containing the
AP enriched with the target analytes was centrifuged to separate
the two phases, releasing the aqueous extract for subsequent
determination. With this IG-EME procedure, the volume of the AP
increased by only 2%, whereas the increment was around 25—50%
with conventional G-EME, thus decreasing the effect of EOF.

Additionally, agarose gel membranes have also been used in a
different format (Fig. 2f). Chong et al. proposed the use of agarose
gel membrane discs in EME by inserting one of the electrodes inside
the gel, so that the disc would be held in place [31]. Once the
extraction is completed, the disc was removed from the sample and
the organic solvent (which also acts as an AP) was released by
centrifugation. An unusual observation from this system was that
the extraction efficiency increased in the absence of agitation.
Additionally, the simplicity of the extraction format makes it suit-
able for use as a portable device.

More recently, Tabani et al. introduced the so-called in-tube gel
electro-membrane microextraction (IT-G-EME), where a few pL of
agarose solution is placed at the end of a narrow, transparent tube
and cooled to serve simultaneously as an extraction device and AP
compartment [32]. The sample solution is placed in a homemade
circular vial equipped with holes at the ends to insert two micro-
extraction devices, each containing the cathodic and anodic
acceptor solutions, as well as the negatively and positively charged
electrodes, respectively (Fig. 2g). Finally, both APs were collected
for subsequent analysis by colorimetric reaction using pPADs. With
this approach, monitoring the extraction process is achieved
through the colorimetric reaction, enhancing the preconcentration
step by increasing the volume of the DP, which is not possible in
previous similar devices (e.g., free-liquid-membranes) due to the
dimensions required for the liquid solutions. In addition, the size of
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Fig. 2. Selection of different devices and EME formats used with agarose-based materials. a) IL-AF-u-EME device (Reprinted from Ref. [22], Copyright (2017), with permission from
Elsevier); b) Synthesis of agarose gel membrane and EME device (Reprinted from Ref. [23], Copyright (2017), with permission from Elsevier); c) Extraction setup for RE-G-EME
procedure device (Reprinted from Ref. [27], Copyright (2020), with permission from Elsevier); d) Dual G-EME setup (Reprinted from Ref. [29] with permission from Springer
Nature); e) IG-EME device (Reprinted from Ref. [30], Copyright (2020), with permission from Elsevier); f) EME setup (Reprinted from Ref. [31], Copyright (2018), with permission
from Elsevier); g) IT-G-EME device (Reprinted from Ref. [32], Copyright (2022), with permission from Elsevier).

the fabricated circular compartment allows the sample solution to
be stirred during extraction, facilitating a faster analyte migration.
Despite its advantages, one of the main drawbacks of this IT-G-EME
procedure is still the EOF, which results in changes in AP/DP volume
of approximately 15%.

4. Chitosan-based materials in EME

Chitosan is the most widely used biopolymer in EME systems
after agarose, being the second most abundant in nature. It is a
cationic polysaccharide derived from chitin which can be obtained
from aquatic organisms with hard skeletons such as crabs, shrimps,
or lobsters [33], from bone plates of cuttlefish and squid, as well as
from fungi and insects [20]. Moreover, it can be easily obtained by a
deacetylation process from chitin, as the chemical difference be-
tween both structures lies in their glucose units. The deacetylation
process can be carried out enzymatically or chemically by means of
alkyne reactions, so that different types of chitosan with varying
molecular weight (10—1000 kDa) and degree of deacetylation
(70—95%) are obtained commercially. The latter determines the
physical and chemical properties of chitosan, as well as its biolog-
ical activity. It is soluble in acidic aqueous solutions, being posi-
tively charged by protonation of the amino group (pKa =6.5), but
insoluble in water and alkaline media. Due to the amino and hy-
droxyl groups, it has a high reactivity and can easily form hydrogen
bonds. As a result, it can be chemically modified by alkylation,
acetylation, sulphonation, phosphorylation, or copolymerisation
reactions, among others, yielding a large number of structural de-
rivatives for targeted applications. In addition to the general

characteristics of natural biopolymers, chitosan has many other
advantages, such as mechanical properties, antimicrobial activity,
chelation, and the ability to form gels, allowing different shape
formats, such as powder, gels, films, membranes, beads, pills, mi-
crospheres, or foams [34]. All these properties make it an excellent
and versatile candidate to participate as a natural substrate in the
development of composite biomaterials. The main characteristics of
EME procedures with chitosan membranes are shown in Table 3.

Chitosan-based flat membrane was introduced for the first time
to be used in EME in 2019, which were prepared by dissolving
chitosan in slightly acidic media, followed by pH 5 adjustment and
the addition of Aliquat®336 [35]. To accelerate the evaporation of
the solvent, the Petri dish with the solution was placed into a
vacuum oven until it was completely dried. The use of high mo-
lecular weight chitosan (310—375 kDa) provided more homoge-
neous membranes and better reproducibility, while Aliquat®336
acted only as a plasticizer and not as a carrier, varying the flexibility
of the membrane but not the extraction efficiency (Fig. 1c). A home-
made EME device, similar to the one described in Ref. [21] was used
(Fig. 3a), where L-shaped DP-electrode was employed to favour the
electric field around the membrane, providing much higher pre-
concentration and performance compared to other previously
described EME materials (such as PP).

In a subsequent work, chitosan membranes were used in the
selective EME of FQs [36], demonstrating to play an active role in
the extraction of three FQs in the presence of other ones. The
interaction mechanisms between the biomembrane and the target
analytes was studied for the first time in EME by QTAIM in order to
assess the active participation of the chitosan membrane. The
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Table 3
EME procedures based on other natural biopolymeric materials.

Format Preparation method Characteristics EME conditions Target analytes Matrix Determination Extraction LOD (pg Ref.
(thickness, efficiency LY
composition, pH) EF ER (%)

Chitosan film Dissolving in water — 30—35 pm, 60% (w/w) SLM: 1-octanol Acidic drugs: AMX, Human urine HPLC-UV 20 10-59 1.0-7.0 [35]

vacuum drying — chitosan, 40% (w/w) 100V, 10min ANT, HIP, IBU, KTP, —-118
cleaning — vacuum Aliquat®336, pH 5 (0.095—-0.45 mA) NAX, NIC, SAC
drying
Chitosan film Dissolving in water — 30—35 pm, 60% (w/w) SLM: 1-octanol FQs: ENR, MRB, FLM Dog urine HPLC-UV 58—-83 — 1.3-1.7 [36]
vacuum drying — chitosan, 40% (w/w) 80V, 20min
cleaning — vacuum Aliquat®336, pH 5 (0.2—0.3 mA)
drying
Chitosan film Dissolving in water — 10—11 pm, 60% (w/w) SLM-free Polyphenolic Food HPLC-UV 63 315 15.9-37.1 [37]
vacuum drying — chitosan, 40% (w/w) 100V, 15min (0.15—-0.4 mA) compounds: BPZ, BZA, —-131 —-65.5
cleaning — vacuum Aliquat®336, pH 5 CAF, CIN, CLO, FER, GAL,
drying HBA
Chitosan film Dissolving in water — 30—35 pm, 60% (w/w) SLM-free Parabens (MeP, EtP, PrP, Water HPLC-UV 28 — 0.2-1.1 [38]
vacuum drying — chitosan, 40% (w/w) 80V, 15min iPrP, BuP, iBuP, BzP) and -195
cleaning — vacuum Aliquat®336, pH 5 (0.1-0.4 mA) FQs (ENR, MRB, FLM)
drying
Cellulose cone tip Commercialized — Manila paper, 28 mm  MPEF Antibiotic dyes: CV, LCV Fish muscle extracts DIA — ~80 137 [41]
soaked with Acetic Acid length, 0.8 mm vertex SLE: Acetic acid (obtained previously by
diameter containing Filter: 1-octanol SLE)
silicate and gum 300V, 3 min
tragacanth
Cellulose cone tip Commercialized — Composition: C, 0 and MPEF coc Human saliva UHPLC-MS/MS — 56-70 03 [42]
soaked with Acetic Acid traces of Ca, Si, S. 4 SLE: Acetic acid
—20 pm i.d., spherical Filter: 1-octanol
surface particles 2.5 300V, 35 min
—20 um diameter (5 pA)
AgNPs-tragacanth gel Dispersion in AgNPs 4 mm, 2.5% (W/v) SLM-free Basic drug: CAP Human plasma HPLC-UV 79 79 0.84 [43]
aqueous solution — 50V, 20min
heating — cooling (1.1 mA)
AgNPs-tragacanth gel Dispersion in AgNPs 4 mm, 2.5% (w/v) SLM-free Polar acidic antiviral Human plasma HPLC-UV 85 85 5.55 [44]
aqueous solution — 30V, 15min drug: TDF
heating — cooling
Hollow cylindrical wheat ~ Commercialized — 160 um, 1.5 mmid.,,  Culm-EME-UV—Vis Thorium (Th) Water UV-Vis 50 91.8 0.29 [45]
stem treatment in HCl:MeOH 234 nm pore size SLM: 5% (v/v) DEHP in 1- spectrophotometry —93.1
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Fig. 3. EME setups used with other biomaterials. a) EME device based on chitosan membrane (Reprinted from Ref. [35], Copyright (2019), with permission from Elsevier); b) Setup
for the multiphase-EME procedure (Reprinted (adapted) with permission from Ref. [41]. Copyright 2019 American Chemical Society); c) EME device for AgNPs-tragacanth gel
(Reproduced (or adapted) from Ref. [43] with permission from Wiley-VCH); d) EME device based on wheat stem as hollow fiber (Reprinted from Ref. [45], Copyright (2015), with

permission from Elsevier).

geometry involving direct approximation of the carboxyl and keto
groups of the FQs with both the amine and hydroxyl groups of the
glucosamine units was found to be the most favourable, which is
stabilized by H—N and H—O hydrogen bonds, respectively. Thus, the
selective extraction of three FQs over the others could be explained
by the coexistence of mixed occupational interactions on the chi-
tosan membrane, with the extracted analytes corresponding to
stronger and more favourable interactions. Therefore, by modifying
the media and polarity of the membrane, the extraction of other
compounds could be selectively enhanced.

Later, chitosan-based membranes were used in a greener EME
procedure for the determination of polyphenolic compounds [37].
In this case, the use of organic solvent was completely removed as
the active participation of chitosan in the extraction process was
previously demonstrated, which is an important and remarkable
advantage. Greenness of this EME approach was additionally
assessed by performing, for the first time, the analytical greenness
metric for sample preparation (AGREEprep). Accordingly, the pro-
posed method was settled as the most environmentally friendly in
comparison with other microextraction techniques for that group
of target analytes.

Furthermore, as mentioned above, this biopolymeric support
has been shown to present a high selectivity in the extraction of
target analytes. In this regard, very recently, it has been used in the
selective EME of pollutants belonging to different families of
compounds [38]. Thus, parabens and fluoroquinolones were
simultaneous extracted from environmental water samples
without the interference from other contaminants, such as NSAIDs.

The active role of the chitosan film allowed the extraction to be
carried out in the absence of organic SLM, demonstrating the
environmentally friendly nature of this procedure, further
confirmed by the application of analytical tools for ecological
assessment. This fact, together with its biodegradability, makes
chitosan membranes an efficient and green alternative to tradi-
tional plastic supports with unique selective properties. This
selectivity could be even improved by functionalization, thus
expanding the number of future applications.

5. Other biopolymers-based materials in EME

In addition to those described above, there are also some con-
tributions reporting the use of other types of natural biopolymers
in EME (Table 3). In this respect, cellulose is the most abundant
natural polymer in nature. It is a non-ionisable or neutral poly-
saccharide that acts as a structural component of plant, cells and
tissues, such as green plants and algae. Alternatively, it can also be
produced by bacteria, in this case providing pure cellulose, without
the presence of other components such as pectin, lignin or hemi-
cellulose, so the physical properties are different. A linear or fibrous
structure is achieved by formation of hydrogen bonding between
the hydroxyl groups of the chains, so it has high mechanical
strength and favourable thermal properties [39,40]. Cellulose de-
rivatives (carboxymethyl- and methyl-cellulose or cellulose triac-
etate) can be easily obtained due to the reactivity of the hydroxyl
groups, having a wide variety of applications in different fields such
as biomedical, pharmaceutical, food or textile. Additionally, it is a
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polymer insoluble in water and some organic solvents, with
piezoelectric properties and high deformation capacity, making it
suitable as a physical supporting material.

In this regard, commercial cellulose cone tips were used as
sorbent supporting an aqueous electrolyte acceptor solution in
multiphase extraction assisted by electric fields (MPEF) [41]. The
composition of the cellulose (manila paper) cone tips was reported
to contain sodium silicate and gum tragacanth, a polysaccharide.
For this purpose, a lab-made 66-well plate was used for simulta-
neous extractions. EME devices were developed from PP Eppendorf
tubes by inserting stainless steel screws into the bottom of the
tubes (sealing with glue), which act as DP electrodes. EME pro-
cedure was carried out by using a multiphase approach: i) a DP
containing the sample (aqueous solution); ii) a double AP consist-
ing of the cellulose cone tip (sorbent) supporting an electrolyte
solution and immersed in iii) an organic phase acting as a filter
between donor and acceptor solutions. Finally, cellulose cone tips
were attached to a stainless-steel plate that served as an electrode
for the AP (Fig. 3b). This technique proved to overcome the insta-
bility problems associated to single drop extraction and the mate-
rial showed an adequate porosity to act as a sorbent (Fig. 1d), as
well as enough hydrophilicity to be impregnated with the elec-
trolyte solution, thus allowing the passage of electric current [42].

Furthermore, natural polysaccharide gums, such as tragacanth,
have been also described in EME. Thus, AgNPs-tragacanth conju-
gated gel [43] was developed and prepared by dissolving traga-
canth in a solution of AgNPs, thus the AgNPs were immobilized on
the surface of the gel (Fig. 3c). Results revealed that the presence of
AgNPs increased the extraction efficiency by 15% compared to pure
tragacanth gel. These findings are related to the stabilization and
homogeneity of the electric field by the presence of AgNPs. In the
same way, a larger contact surface favours the mass transfer of the
analytes, improving the extraction yield. These results agree with
previously reported by Roman et al. [21] when using agar films
containing AgNPs. However, high electrical current was achieved
during the extraction process compared to those recorded with
other similar materials, such as agarose gels, although without a
significant effect on the extraction performance. Additionally, the
same EME device was then applied to the EME of polar acidic drug
[44]. Here, FESEM was also used to characterize the gel, revealing
the presence of spherical silver nanoparticles homogeneously ar-
ranged on the surface of the gel (Fig. 1e). In this case, the extraction
efficiency was increased by 20% when tragacanth gel with AgNPs
was used, compared to the use of the pure gel.

On the other hand, Khajeh et al. introduced the use of a wheat
stem as a hollow fiber (Figs. 1f and 3d) [45]. It was cut into 3 cm
pieces, previously treated with HCl and MeOH and closed at one
end by a knot. The results were compared to those obtained by
using PP-hollow fibers, providing comparable extraction recovery

Table 4

Evaluation of biopolymers versus plastics as supports/barriers in EME systems.
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(ER) and enrichment factor (EF).

Accordingly, the use of biopolymers in EME systems is a real and
sustainable alternative to plastic supports, the main advantages of
which are summarised in Table 4. Compared to plastic-based ma-
terials, they can be tailored-made according to requirements, thus
allowing their production in different compositions, thicknesses,
and formats. On the contrary, physicochemical properties of syn-
thetic materials are limited by commercial suppliers, i. e. fixed
thickness and composition. In addition, the EME performance using
biopolymeric materials provides numerous advantages. Thus, they
are mostly solvent-free whereas plastic supports usually requires
the use of organic SLM and could be functionalized to enhance the
extraction of target analytes due to their active participation trough
specific interactions. Therefore, the extraction efficiency can be
further improved by modifying the properties of the material in
addition to the EME parameters, thus allowing the extraction of a
large number of varied compounds. On the other hand, plastic
supports have a passive role in the extraction, since they act just as
a physical barrier to keep AP/DP separated. As a result, the
extraction can be only controlled by modifying the EME parame-
ters, which limits their applicability.

6. Conclusions and future perspectives

As described in this review, the use of biopolymers as suitable
extraction materials for greener and sustainable EME procedures
have been demonstrated through reported literature. However,
most of the published works are limited to the use of agarose-based
materials, mainly gel membranes and, therefore, the development
of new alternative biodegradable materials for those purposes is
still lacking. In this sense, natural polysaccharides constitute a
broad group of biopolymers with varied structures and very
attractive properties that make them excellent candidates to
replace the undesirable plastic materials in an increasingly envi-
ronmentally conscious society. They offer numerous advantages,
such as biodegradability, renewability, biocompatibility, availabil-
ity, non-toxicity, and versatility, as well as each of them can provide
additional benefits due to their own unique and individual char-
acteristics. Accordingly, some approaches still need to be
addressed: i) take advantage of the variety of biopolymers derived
from polysaccharides in terms of functional groups and charges for
the extraction of compounds of diverse nature, such as polar, acidic
or basic analytes; ii) extend the functionality and selectivity of
these biopolymers by chemical modification of their structures
through reactions with their main functional groups, such as hy-
droxyl, amino, or carboxyl, providing a wide diversity of derived
materials; iii) conduct theorical studies and calculations for a better
understanding of the interaction mechanisms between target
analytes and different biopolymers during their active participation

Plastic-based materials

Biopolymer-based materials

Common materials in EME PP
PVDF
PAN

General properties Synthetic

Agar or agarose
Chitosan
Tragacanth gum
Cellulose
Natural source

Non-biodegradable

Limited physical and chemical properties
SLM requirement

Non-functionalizable

Passive role

Limited selectivity

Limited applicability

Performance in EME

Biodegradability
Tailored-made
Solvent-free
Functionalizable
Active role

High selectivity
High versatility

9
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in the extraction procedure in order to design materials for specific
applications; iv) enhance the properties of individual components
through the development of biocomposite materials consisting on a
combination of two or more biopolymers. These biopolymeric
supports constitute, therefore, a great advance in EME systems,
having an impact on emerging applications towards addressing
societal challenges, such as reducing the environmental burdens.
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