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Abstract: The recently explored synergistic combination of graphene-based materials and deep eutectic
solvents (DESs) is opening novel and effective avenues for developing sensing devices with optimized features.
In more detail, remarkable potential in terms of simplicity, sustainability, and cost-effectiveness have been
demonstrated for sensors, resulting in the creation of hybrid devices with enhanced signal-to-noise ratio,
linearity, and selectivity. Therefore, this review aims to provide a comprehensive overview of the currently
available scientific literature discussing investigations and applications of sensors that integrate graphene-
based materials and deep eutectic solvents, with an outlook for the most promising developments of this
approach.
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1. Introduction

Sensing strategies are evolving towards technologies more and more focused on ultra-low
detection threshold and highly selective devices. These performances can be enabled by
nanotechnologies, operated thanks to either lithographically defined, top-down structures [1-3] or
chemically/biochemically obtained, bottom-up constructs [4-6]. A kind of bridge between the top-
down and the bottom-up approaches can be represented by graphene-based nanostructures.
Graphene is a two-dimensional material composed of a single layer of carbon atoms arranged in a
hexagonal lattice structure [7]. Andre Geim and Konstantin Novoselov isolated and characterized
graphene in 2004, an achievement for which they were awarded the Nobel Prize in Physics in 2010
[8]. A scientific database research carried out in November 2023 using the keyword “graphene”
yielded over 203.000 papers, including approximately 10.000 review papers. Leaving aside the
peculiar physical properties of the material, on which the reader can find a wealth of information in
uncountable excellent reviews (see for example [9-11]), the applications are almost infinite: among
some of the most successful and/or investigated ones, it is possible to mention general electronics and
optoelectronics [12-15], energy-related applications [16,17], catalysis [18,19], medicine [20-23],
mechanical reinforcement of composites [24-27], as well as sensing [28-30].

In this latter field graphene, and even more its derivatives, have shown the ability to detect
analytes in both liquid [31,32] and gas phase [33-35], down to extremely low detection limits. In some
cases graphene-based species were able to provide limits of detection for liquid phase sensors as low
as 52 pg/L for selected molecules [36], while in the gas phase limits of detection down to a few
molecules have been repeatedly reported [37]. Regarding gas sensing, high sensitivity to various
gases, including ammonia, nitrogen dioxide, and methane have been demonstrated [38—40].
Moreover, graphene evidenced a huge potential for biosensing, demonstrating the ability to detect
biomolecules such as DNA, proteins or enzymes with high sensitivity [41]. Indeed, a graphene-based
device has been able to detect a single bacteria in 1 pL of liquid [42]. In all the most performing
devices, graphene or graphene derivatives have been functionalized with various chemical moieties,
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in order to enhance both selectivity and sensitivity, and a variety of surface modifiers have been used:
acids, bases, alcohols, DNA, proteins, oligomers, enzymes and many others[43-45].

A very recent addition to the toolbox of available functional changes to graphene surfaces are
Deep Eutectic Solvents (DES), i.e., solvents presenting characteristics similar to those of ionic liquids
(ILs). In turn, ILs are organic salts with a low melting point (usually below 100°C), obtained by the
combination of an organic cation, commonly imidazolium-based cations, with a diverse array of
anions such as Cl, BF«, PFe, NTf2[46]. This feature allow them to be used in a variety of applications
requiring high electrical ionic conductivity and liquid state, like for example Lithium-based batteries
[47]. However, ILs are expensive and may pose problems of environmental pollution, due to their
high stability and affinity for lipidic membranes, and viable alternatives for these compounds are
actively sought for [48]. In recent years, DESs have emerged as a more economical and
environmentally friendly potential substitute of ILs [49,50].

DESs join the major advantages of ILs (good electrical conductivity, low volatility) with a high
biodegradability, due to their intrinsic chemical structure, and are hence very interesting compounds
to be coupled with graphene-based materials for designing novel devices with high performance and
environmental sustainability (Figure 1).

Good conductivity

Low volatiliy

High biodegradability

High strength and flexibility

High electrical and thermal conductivity

Large surface area

Figure 1. Overview of the ideal coupling of the general characteristics of DESs and graphene-based
materials for sensing applications.

DESs are obtained by simply mixing, in appropriate stoichiometric ratios, two components, i.e.,
a hydrogen bond acceptor (HBA) and a hydrogen bond donor (HBD) [51]. HBA is usually a high
melting point salt such as a halide of tetra-alkylammonium, phosphonium and quaternary
ammonium, while HBD is generally chosen in the classes of alcohols, carbohydrates, amines, amides
[52]. The mixing in specific stoichiometric ratios of the pure starting compounds, followed by heating,
under stirring at temperatures between 50 and 100 ° C for 2-4 h at atmospheric pressure, allows
obtaining an homogeneous eutectic liquid mixture, as shown in Figure 2 [53]. This simple procedure
guarantees the fast and inexpensive production of eutectic solvents with a high degree of purity that
do not require further purification.
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Figure 2. Eutectic phase diagram.

DESs are highly viscous and dense liquids, with low volatility, high thermal and electrochemical
stability, low flammability, good conductivity, and high ability to solvate both organic and inorganic
compounds [50,54]. Their significant biodegradability and remarkably low toxicity levels, together
with their aforementioned properties, allow to fully qualify them as “green solvents” [55,56].
Moreover, the starting reagents for their production are easily available, which makes them even
more attractive compared to classic organic solvents and to ILs.

The density of DESs, due to their molecular organization, is usually greater than that of the
starting components. This is due to the fact that when the HBDs and HBAs are mixed, the spaces
between the molecules decrease, leading to an increase in the density value (the so-called “hole
theory”) [57]. Their viscosity is usually high, due to both intermolecular forces, regulated by
hydrogen bonds (the starting constituents of the DESs include a high number of hydroxylic groups),
Van Der Waals and electrostatic interactions, and the large size of the ions, as well as to the reduced
free volume that characterizes the medium [53]. The polarity varies according to the considered type
of DES, with the HBAs/HBDs molar ratio having a major influence on this parameter. For example,
in the specific case of DES composed of choline chloride (ChCl) and glycerol, an increase in the
concentration of ChCl (HBA) corresponds to a linear increase in polarity. Taken all together and
coupled to their high conductivity, the aforementioned properties make DESs very interesting
systems for electrochemical applications, since they can perform the role of both solvent and
electrolyte at the same time [58].

Finally, they can be obtained from fully natural compounds like amino acids, sugars, choline
and organic acids, creating a subset of even more environmentally friendly DESs called “Natural
Deep Eutectic Solvents” (NADESs) [59], with intermediate properties between those of an aqueous
and a lipid medium [60]. Indeed, NADESs are able to solubilize poorly soluble metabolites in water
and to contribute to the synthesis of intracellular macromolecules [61]. The presence of these
compounds in plants and animals, for example, favors the survival of the considered species, even in
conditions of low temperatures or small quantities of water [62].

DESs have found application in many different fields [63], like chemical analysis, as extracting
solvents [64], in chromatographic and electrophoretic separations [65], and in the fabrication of
electrochemical sensors [66—69]. Their use leads to more effective and selective extractions, thanks to
the possibility of modulating their hydrophobic / hydrophilic characteristics. DESs have been used
also to extract metals [70], bioactive compounds such as flavonoids [71,72], phenols and polyphenols
[73], saponins, anthraquinones and other molecules from natural matrices [74,75], biopolymers such
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as lignin [76], starch [77] and proteins such as gluten from food matrices[78]. In separative techniques,
DESs have been used as mobile phase modifiers in liquid chromatography[79]. Finally, in the
electroanalytical field they have been used simultaneously as electrolytes and preconcentrating
solvents in the development of gas sensors [80,81] and biosensors aimed at determining gluten
[82,83].

In this review an overview on the use of DESs in sensing devices based on graphene or graphene
derivatives is made;this overview is complemented by a few selected cases of use of ILs instead of
DESs, in order to highlight the ongoing transition between ILs and DESs in their use coupled to
graphene-based materials. In most cases DESs have been used as solvents for the extraction/pre-
concentration of the analyte; only in a few works DESs have been reported as functionalizing groups
of the graphene derivative to enhance the sensing performance of the resulting device. An outlook of
the possible developments in the field completes the review.

2. Enhancing Sensor Performance through DESs-Graphene Integration

In the following, we have tried to underline the different and multiple aspects in which the
combination of DESs and graphene can lead to advantages in the development of sensors and related
materials, considering a series of articles in which the distinctive characteristics of DESs have been
synergistically combined with those of graphene to yield notable advantages with respect to existing
Sensors.

In order to have a clear view of the progress enabled by using DESs in this context it is necessary
to mention some previous works in which graphene-based materials have been coupled with ILs. For
example, Li et al. paired graphene oxide with ionic liquids to create a versatile hydrogel employing
an environmentally friendly physical-crosslinking method [84]. In this work, polyvinyl alcohol was
chosen to establish a dual network with starch molecules, leveraging its biocompatibility,
biodegradability, and mechanical robustness, while the ionic liquid enhanced the chemical network
compatibility and further increased its mechanical properties. The incorporated graphene oxide
(GO), possessing abundant oxygen-containing groups (hydroxyl group, carboxyl group, and epoxy
group), contributed to stabilize the network (Figure 3). The authors hypothesized that the
simultaneous incorporation of ionic liquid and GO would synergistically enhance the mechanical
performance, conductivity, and anti-freezing properties of the starch-based hydrogel, with the aim
of developing soft, multimodal wearable sensors. This novel material was used to create wearable
sensors, capable of detecting tensile stress, compression, and temperature (with a sensitivity of
0.71%/°C). Furthermore, this material has proven to have excellent stretchability (657.5 %), strength
(0.64 MPa), high conductivity (1.98 S‘m-') and good anti-freezing property (<- 20 °C). These sensors
were then employed to monitor human motion, pressure, and body temperature.
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Figure 3. [llustration of the design strategy and formation mechanism of the starch-based hydrogel
described in [84]. Reproduced with permission from Elsevier.

Yonghong et al. utilized graphene quantum dots and an IL to create an electrode for the detection
of rutin [85]. With this set-up they noticed an enhancement of the differential pulse voltammetry
signal, as well as of both the effective surface area and the conductivity of the sensor, resulted from
the synergy between the graphene quantum dots and the ionic liquid. These features allowed them
to develop a sensor capable of detecting rutin with a linear response within the concentration range
of 5x 102 to 1 x 105 mol L* and a limit of detection (LOD) of 2 x 10~ mol L.

Shabani-Nooshabadi et al. utilized CuO/reduced graphene nanoribbons nanocomposites and an
ionic liquid (1-ethyl 3-methyl imidazolinium chloride) to simultaneously detect the biologically
active molecules tramadol, olanzapine, and acetaminophen [86]. The incorporation of the IL-
incorporating nanocomposite in this novel sensor resulted in an increased surface area, outstanding
conductivity, and superior electro-catalytic performance. The sensor demonstrated a linear detection
range of 0.08-900 uM and a low detection limit of 0.05 uM specifically for tramadol.

Baizhao and colleagues exploited graphene combined with ILs in a sensor for the determination
in liquid phase of sunset yellow, a synthetic dye used in the food industry [87]. The authors used a
glassy carbon electrode coated with an ionic liquid-functionalized graphene and a molecularly
imprinted polymer (MIP) suspension. They took advantage of the fact that some ILs components can
interact with hydrophilic template molecules, preparing IL-based water-compatible MIPs and
increasing in this way the ability of the MIPs to recognize hydrophilic analytes. However, MIPs do
not always result to be conductive, hence the researchers introduced graphene to improve this aspect.
Furthermore, the combination of ILs and graphene led to a more stable composite, with a better
electrochemical performance reaching a limit of detection (LOD) of 4 nM.

Now shifting our focus back to the category of environmentally friendly deep eutectic solvents,
in 2015 Hayyan et al. prepared several ammonium- and phosphonium- based DESs, and employed
them for the subsequent modification of oxidized graphene [88]. Thanks to the DESs, they obtained
different levels of reduction and, in some cases, both functionalization and reduction was achieved.
The FTIR analyses showed that their DES 5 (Choline Chloride / Urea, 1:2) was the most affecting
agent among the DESs, and five new peaks were detected after treatment, all of which corresponded
to peaks in the DES spectrum. The bands between 3326-3186 cm! represented -NH: and -NH
stretching vibrations, whereas the in-plane stretching of -NH was evident at ~1605 cm. These
observations indicate that the treatment of graphene with KMnOs (pH = 0.14) and DES 5 led to
changes in the functional groups obtained from DES on the carbon surface. New peaks were observed
also in the XRD patterns, suggesting alterations in the crystalline structure of the graphene. This
indicates that the treatment with DES led to changes in the arrangement of atoms in the graphene
lattice, possibly due to the introduction of functional groups or other chemical modifications.
However not all DESs produced new functional groups. The main result obtained after characterizing
the material with IR spectra, TGA/DTG, XRD, SEM and TEM was to highlight a change occurred in
the surface chemistry of the material, which resulted in a few DES-functionalized graphene oxides
(namely, those functionalized with Cholin chloride/urea, N,N-Diethylethanolammonium
chloride/ethylene glycol, N,N-Diethylethanolammonium chloride/triethylene glycol) in an improved
dispersion and stability in water with respect to the simple oxidized graphene.

Another approach, based on the fabrication of a novel reduced graphene oxide-supported nickel
cobaltate nanorods composite (RGO-NiC0204), was proposed by Shao et al., who realized a
nonenzymatic electrochemical sensor for glucose [89]. DESs were used to produce the RGO-NiCo0204
nanorods composite, which demonstrated good electrocatalytic activity toward glucose oxidation in
alkaline solution. DESs allowed also to obtain a large electrocatalytic active area created by small
nanoparticles on the surface of the NiC0204 nanorods, in coordination with reduced graphene oxide,
which provided in addition an excellent electrical conductivity. The sensor showed a wide linear
range between 1 uM and 25 mM, and a detection limit towards glucose of 0.35 uM, all obtained with
an eco-friendly method to fabricate the sensing nanocomposite layer.
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In another study, Hu and co-workers synthesized an electrochemically reduced graphene oxide
(ERG) on a glassy carbon electrode (ERG/GCE) [90]. Subsequently, a polythionine-methylene blue
(PTH-MB) polymer was electropolymerized on the electrode surface in phosphate-buffered saline
solution (PBS) with pH 6. The electropolymerization was carried out incorporating a 50% (v/v %) of
DES solution containing thionine and methylene blue. These modified electrodes were then
evaluated for their performance in the direct electrocatalytic oxidation of NADH, a crucial coenzyme
associated with various physiological processes such as cell proliferation, tumor formation,
development, ischemia, and certain brain diseases. The sensor exhibited a good linear range spanning
from 1.52 uM to 3333.33 pM, accompanied by a notably low detection limit of 0.51 nM.

Again Hu and collaborators proposed a modification of a glassy carbon electrode for the
electrocatalytic oxidation of NADH with an approach similar to the previously mentioned one,
except for the fact that they used a ternary NADES (choline chloride, malic acid, and H20 in a molar
ratio of 1:1:2, and choline chloride, glucose, H20 in a molar ratio of 1:1:11) as deep eutectic solvent,
see Figure 4 [91]. Excellent electrocatalytic activity was displayed by the sensor functionalized with
this combination of materials, with a high degree of reproducibility (the maximum relative standard
deviations RSD%, range from 3.65 to 4.32%), a large linear range (0.51-3333.33 uM), a low detection
limit (0.159 nM) and good stability (4 weeks). Moreover, the sensing composite material is simple to
prepare and responds quickly to NADH (response time 3 s), and the resulting sensor was used to test
urine samples, revealing good baseline recovery rates (between 89 and 102% of the original baseline).
Using the same electrochemical reduction of GO and electro-polymerization of thionine-methylene
blue in NADES electrolyte solution described in the previously commented ref. [90], the authors have
effectively proven a straightforward, quick, environmentally friendly technique for the synthesis of
nanocomposites. A particular point of interest in this work is that without the use of additional
specific reagents and enzymes, the oxidation of NADH occurs at a low potential, preventing
poisoning of the electrode surface.
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Figure 4. (a) Schematic procedure for preparation of NADESs and electropolymerization solutions.
(b) Fabrication of the PTH-MB~abes and PTH-MBnapes-ERG electrodes. (¢) The proposed NADH
measurement mechanism on the proposed electrode [91]. Reproduced with permission from Elsevier.

In another interesting study, Gollas et al. explored the electrochemical behavior of graphene in
the deep eutectic solvent choline chloride/ethylene glycol (12CE), and the potential of this couple for
electrochemical applications [92]. In more detail, the study measured the graphene potential window
in 12CE and estimated the apparent electron transfer kinetics of an outer-sphere redox couple. 12CE
electrolyte was also employed to fabricate nanostructured metal (Zn) and metalloid (Ge) hybrids with
graphene by electrodeposition. The results show that the two-dimensional nature of graphene
critically impacts DES electrochemistry, leading to spatially graded amounts of deposited zinc and
graphene degradation during potentiodynamic Zn deposition. The observed lower stability in the
cathodic regime was linked to electrochemical formation of radicals during choline reduction, which
attacked and degraded the monolayer graphene. However, the degradation and spatial
inhomogeneity of deposits could be avoided by potentiostatic deposition at less cathodic potentials,
as demonstrated by uniform electrodeposition of germanium. These findings are important for the
processing of graphene and related carbon materials in choline chloride-based DESs and for their
application in such electrolytes.

Kumar et al. evaluated the behaviour of rhodamine B (RB) in the DES called “Reline” (choline
chloride—urea) with or without graphene oxide (GO) [93]. Researchers explored the synergistic effects
of GO and DES on photophysical processes by changing solvent nature and GO amounts, finding
that the fluorescence of RB can be notably altered (either enhanced or quenched) by the presence of
a surfactant or of the GO. The intensity of fluorescence is influenced by RB concentration at the
surfaces of the GO or of the Reline layer. The results of this investigation suggest that the basic nature
of Reline may produce an RB zwitterion, which can form an ion pair with DES— monomer, leading to
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sizeable fluorescence intensity. The aforementioned behavior hold promises for potential
applications in chemical sensors or biotechnology exploiting optical detection means.

In a recent work, Mahyari et al. proposed an aptasensor (i.e., a sensor able to detect aptamers)
based on a nanocomposite constituted by gold nanoparticles modified with poly deep eutectic
solvent-functionalized graphene oxide, for the detection of C-reactive protein biomarkers [94] (Figure
5). The resulting nano-composite was highly dispersabe and stable in the chosen medium, granting
superior functionality and surface charge density for the device. In particular, the sensor
demonstrated high sensitivity (LOD = 0.0003ng mL-"), selectivity (tested against interfering agents
such alpha-fetoprotein, lysine, and uric acid for which the sensor showed a negligible response),
reproducibility (RSD was found to be 4.6%) and stability (the sensor proved to be stable for 10 days),
and with a linear range of 0.001-50 ng mL-". In this strategy the nanocomposite was used as carrier as
well as signal enhancer; moreover, this approach provided the clear possibility to be used also for
other analytes, upon changing the selected aptamer.
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Figure 5. Schematic fabrication process of the C-reactive protein aptasensor based on Graphene Oxide
/PolyDES/Au NPs. Reproduced with permission from Elsevier [94].

Recently, Yao et al. proposed the construction of a sensor based on cellulose nano-fiber (CNF)-
dispersed graphene (Gr) as a humidity sensing layer [95]. The extraction of CNFs from waste pulp
involved a synergistic approach, combining DES treatment with ultrasonication. Graphene powders
(10, 20, and 40 mg) were introduced into a solution of CNF with a concentration of 0.1 wt%, followed
by ultrasonic treatment for 3 hours. This process resulted in the formation of a well-dispersed
suspension of CNF/Gr; the suspension was then easily filtered onto a CNF film to form the sensing
element of the humidity sensor (Figure 6). Due to their extended surface, CNFs provided abundant
adsorption sites to capture water molecules, and promoted electron transfer from adsorbed water
molecules to graphene, further amplifying electrical signals upon a hygroscopic mechanical
expansion of the sensing layer under humidity conditions. The sensor provides satisfactory response
(45 s) and recovery time (33 s), low hysteresis (4%), wide RH detection range (15-99%), and long-
term stability (15 days). Furthermore, it could monitor the humidity of human skin and human
breath, indicating a versatile noncontact humidity sensing function by altering its component
proportion of CNF-to-Gr on demand.
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Figure 6. (a) Scheme of the extraction process of CNFs from waste pulp. (b) Schematic diagram of the
preparation of a humidity sensor by employing CNF-dispersed graphene (1) as the humidity
sensing layer. The latter was filtered onto the coessential CNF film surface to form the sensor ((2)).
Reprinted (adapted) with permission from American Chemical Society [95].

A recent study by Wan et al. explored the conversion of lignocellulosic biomass into porous
graphene using direct laser writing (DLW) and DESs (including choline chloride:oxalic acid, choline
chloride:formic acid, and choline chloride:ethylene glycol) [96] (Figure 7). This process has been
termed laser-induced graphene (LIG). The study found that the cellulose pulp resulting from
pretreatment with choline chloride oxalic acid DES was a suitable substrate for LIG formation, and
the obtained LIG exhibited a 3D porous structure and high crystallinity. It was suggested that
pseudo-lignin from the DES-treated cellulose pulp helped to produce LIG. The LIG-embedded films
showed good electrochemical characteristics when utilized to create on-chip supercapacitors and
dopamine sensor, with a linear range between 1 x 10 to 40 x 10° M and a LOD of 0.659 x 10 M.
Thus, it was demonstrated that DESs can act as enabling auxiliary compounds for the production of
lignocellulose-derived porous graphene materials in large quantities, and that these materials could
have a wide range of uses for effective, inexpensive and even disposable electronics.
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Figure 7. Schematic diagram of fabrication of biomass-based sensors involving the use of DESs. Corn
stover is pretreated with a DES followed by addition of an antisolvent (acetone-water mixture or
water). The pretreatment slurry is then ultrasonicated and vacuum-filtrated to form wet films. The
hot-pressed films are used for direct laser writing to form LIG and further fabricated into on-chip
supercapacitors and dopamine sensors. Reprinted with permission from American Chemical Society
[96].

Here, Fotouhi et al. proposed the development of an electrochemical sensor designed for the
precise analysis of paracetamol and 4-aminophenol with enhanced sensitivity [97]. The sensor was
fabricated by electro-polymerizing L-arginine onto the surface of a glassy carbon electrode modified
with a nanocomposite consisting of graphene quantum dots, a deep eutectic solvent (choline chloride
— urea, 1:2), and carboxyl functionalized multiwall carbon nanotubes, as shown in Figure 8. The
sensor exhibited excellent performance for the analytical monitoring of paracetamol and 4-
aminophenol, with wide linear dynamic ranges (from 0.030 to 110 mmol L and 0.050 to 100 mmol L-
1) and a LoD of 0.010 mmol L and 0.017 mmol L respectively. The practical applicability of the
sensor was explored by the determination of both compounds in human fluid samples, with
recoveries between 97 and 102 % of the baseline. The article also discusses the advantages of
electrochemical methods and polymer-modified electrodes, as well as the properties and applications
of graphene quantum dots, sensing element of the multiwall carbon nanotubes, and deep eutectic
solvents.
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H
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HO
NH;
I 2H+/2eﬂ
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MWCNT-COOH <
=
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Figure 8. Schematic illustration of the preparation of electrodes for the detection in liquid phase of
paracetamol and 4-aminophenol. Adapted with permission from RSC [97].
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More recently, a new method to immobilize MIPs on the surface of reduced graphene oxide
(rGO) through covalent bonding has been proposed by Cao and colleagues [98]. The surface of rGO
was modified with maleic anhydride via a Diels—Alder reaction, via a DES-based solution prepared
using ZnClz and choline chloride. Next, 3-propyl-1-vinylimidazolium molecular units were anchored
and polymerized in the presence of ethylene glycol dimethacrylate (EGDMA) using chloramphenicol
(CAP) as the template. The effect of the molar ratio of individual precursors on the adsorption
capacity of synthesized materials was investigated, and an electrochemical sensor for CAP detection
was fabricated. The covalent bonding of MIP units enhanced the sensitivity of the sensor with a LOD
of 0.204 pM and a linear range 0.2-4.0 pM. The authors selected p-nitrophenol and thiamphenicol as
interferent molecules to assess the selectivity of MIP-rGO towards CAP. They demonstrated the high
sensitivity and selectivity of MIP-rGO through a relatively low current intensities in the presence of
interference molecules. This synthesis strategy involves the covalent binding of MIP on rGO materials
via click chemistry facilitated by DESs, under sonication power, excluding harmful solvents and
energy-intensive processes, underlining the potential of this approach for fabricating highly
sustainable and environmentally friendly devices.

With regard to NADES, an electrochemical sensor for the detection of oleuropein based on the
use of this class of solvents and graphene was proposed by Silva et al. [99]. The methodology involved
the use of Graphene Oxide Pencil Graphite Electrode (GOPGE) in combination with a buffer modified
with a NADES, containing 10% (v/v) of Lactic acid, Glucose and H2O (LGH). This combination
resulted in a signal enhancement of 5.3 times higher than the bare electrode with unmodified buffer.
The electrochemical behavior of oleuropein was then evaluated using differential pulse voltammetry.
The proposed electrochemical sensor was successfully applied to the determination of oleuropein in
an olive leaf extract prepared by ultrasound-assisted extraction, with satisfactory linear range
between 0.10 and 37 uM and a LOD of 30 nM.

3. Conclusions and Outlook

The combined use of graphene-based materials and DESs as a “composite” to realize sensing
layers is still in its infancy, as the first examples of this approach date back to the mid-2010s.
Nonetheless, since then, some examples of effective sensing devices pairing this two classes of
materials have been reported, leading to interesting results in terms of remarkable linearity ranges
(spanning over more than three orders of magnitude), very low LODs (down to tens of nM) and
satisfactory selectivities (at least in the few reports that dealt with this parameter).

The most interesting aspects of pairing a  well-known high-performing
semiconductor/conductor, such as graphene-related moieties, with DESs pertain, for sure, to the
unlimited possibilities of tailoring the sensing layers. This opens up numerous opportunities for the
development of selective and performing sensors. A second point worth noting is that the synthesis
of DESs is straightforward and inexpensive, which can play an important role in the practical
utilization of these materials.

Additionally, the remarkable chemical versatility of DESs broadens their applicability in sensing
by enabling the preconcentration of analytes from a mixture through straightforward extraction
operations. This aspect, frequently overlooked, facilitates the analysis of low quantities of analyte
with minimal efforts in terms of device complexity. Moreover, the overall environmental
sustainability of DESs, especially when derived from naturally occurring substances (NADESs),
enhances their appeal for envisioned mass applications such as disposable or wearable sensors.

To fulfill this vision, however, a few problems must still be addressed. First, a significant
challenge is related to the high viscosity of DESs, which limits mass diffusion (hence the speed of
response and in some cases the cyclability of the devices, also creating hurdles to reach low Limits of
Detection). This issue can be partially solved by limiting the concentration of DESs in the graphene-
derived material/DESs mixture. However, it is also chemically feasible to design specific mixtures
with lower viscosity than those currently employed.

Another presently unresolved issue is the limited solubility of graphene and its derivatives in
these solvents. This limitation might restrict the presence of the electronic/ionic conductor in the
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heterogeneous sensing layer, potentially diminishing the overall sensor performance. However, this
challenge can be addressed or mitigated again through a thoughtful chemical design of the used
compounds.

Finally, the shelf life of mixed DESs/graphene-derived materials could be limited, due to issues
related to phase separation or degradation of the DESs. In this case the possible solutions involve
again a clever chemical design, or a focus on disposable/prepared on the fly devices.

In perspective, the majority of the current practical challenges associated with DESs/graphene-
based materials can be solved in a relatively easy way by means of rational design of the chemical
compounds, allowing a more extensive applicative research in this very young field (that, we must
remember, is less than ten years old). Smart design of the sensing devices, including highly
nanostructured sensing surfaces, porous layers, and flow devices, has the potential to proficiently
address challenges and achieve superior performance in liquid phase-based and gas analysis.
Integrating these strategies with lab-on-a-chip and microfluidics could ideally bridge existing gaps.

A growing community of scientists is gathering around this new field, and the results of their
work will be likely visible and impacting sensing strategies already in a few years from now,
especially in the fields of food and biomedical industry, in which this technology has already been
tested and found extremely useful.
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