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Abstract
Individual cells and cell populations are at the present time investigated with a myriad of analytical tools. While most of them are
commercially available, some of these analytical tools are just emerging from research laboratories and are in the developmental
phase. Electrochemical sensors which allow the monitoring of low molecular weight compounds released (and / or uptaken) by
cells are among these emerging tools. Such sensors are increasingly built using 2D materials (e.g. graphene-based materials,
transition metal dichalcogenides, etc.) with the aim of conferring better analytical performances to these devices. The present
work critically reviews studies published during the last 10 years describing electrochemical sensors made with 2Dmaterials and
exploited to monitor small compounds (e.g. H2O2, ·NO, glucose, etc.) in living biological systems. It also discusses the very few
2D material-based electrochemical sensors which are wearable or usable in vivo. Finally, the present work includes a specific
section about 2D material biocompatibility, a fundamental requirement for 2D material-based sensor applications in vitro and
in vivo. As such, the review provides a critical view on the state of the art of electrochemical sensors made with 2Dmaterials and
used at cellular level and it evaluates the possibility that such sensors will be used on / in the human body on a wider scale.
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Introduction

In vitro cell cultures are currently studied in order to reveal the
biochemical and molecular background of different disorders
or to predict the effect on humans, animals or plants of a drug
candidate, a new material, or an environmental pollutant.
Experiments, at both individual cell level and cell population
level, are facilitated by a myriad of analytical tools developed
to monitor different cellular parameters (e.g. light and electron
microscopy, spectrophotometry, electrophoresis, etc.).
Among these analytical tools one finds also electrochemical
sensors. Such sensors are currently mainly used to monitor
small molecular weight compounds which are either released

or uptaken by cells. For example, carbon fiber microelectrodes
have been used to monitor the release of catecholamine neu-
rotransmitters both in vivo and in vitro. These microelectrodes
facilitated the discovery of several important details of neuro-
transmission [1]. Although very few electrochemical sensors
for the investigation of living cells are commercially available,
they have at least four important advantages as compared to
most standard analytical tools. First, electrochemical sensors
detect the analyte of interest without the need of loading the
cells with reagents (while optical methods most often need the
cells to be loaded with fluorescent dyes). This is advantageous
as loading the cells with reagents can sometimes change the
properties of the investigated cells (e.g. the mechanical prop-
erties [2]). Second, electrochemical sensors are relatively eas-
ily fabricated in different sizes and thus facilitate analyzing
samples ranging from single cell to millions of cells and
explanted tissues. Moreover, electrochemical sensors have
been already miniaturized to the point where they can also
be used in the intracellular space of one single cell [3].
Third, electrochemical sensors are reversible in the sense that
they can monitor both the production and the subsequent con-
sumption of the analyte of interest. This is advantageous com-
pared to assays in which the optical properties of the used
fluorescent dyes change irreversibly in the presence of the
targeted analyte. Forth, electrochemical sensors usually have
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short response times (from ms to s) and this makes the obser-
vation of the production or consumption dynamics of the an-
alyte of interest easier (instead of reporting only endpoints).
The time evolution of a cellular parameter can reveal addition-
al details about the way cells interact with the test compound.

In order to improve the analytical performances of electro-
chemical sensors, a variety of electrode materials (e.g. Au, Pt,
glassy carbon, carbon fiber, etc.) were combined with an even
larger variety of nanomaterials during the years [4]. In this
context, the discovery of graphene in 2004 [5], as well as
the consequent research on non-graphene 2D materials, had
a powerful impact on the field of electrochemical sensing as
pointed out in several review articles [6–11]. It was rapidly
discovered that 2Dmaterials could improve the analytical per-
formances of electrochemical sensors by increasing their elec-
trochemically active surface area and electrical conductivity
and /or by providing new ways of interacting with the targeted
analyte (e.g. π-π interactions). Taking into account all these
aspects, the present review focuses on 2Dmaterial-based elec-
trochemical sensors used to investigate living cells and tries to
summarize the last 10 years of research in the field. The re-
view will firstly present electrochemical sensors made with
graphene-based materials (GBMs) (Section 2), secondly elec-
trochemical sensors made with non-graphene 2D materials
(Section 3) and then electrochemical sensors made with 2D
materials which are wearable or suitable for in vivo use
(Section 4). The biocompatibility of 2D materials will also
be discussed (Section 5) before drawing conclusions
(Section 6).

Electrochemical sensors built
with graphene-based materials

The 2D materials most often used to enhance the perfor-
mances of electrochemical sensors are those based on
graphene (i.e. graphene, graphene oxide, GO, reduced
graphene oxide, rGO, etc.). However, in spite of the initial
enthusiasm surrounding the use of GBMs as electrocatalysts,
these materials turned out to be rather poor electrocatalyst
[12]. Therefore, it is not a surprise that most electrochemical
sensors built with GBMs are also relying on either doping
(e.g. with N and S [13] or with N and B [14]) or additional
electrocatalysts (see Table 1). The GBMs still provide benefits
such as good electrical conductivity, increased electrochemi-
cally active surface area, and better dispersion of the catalysts
[20, 23–25, 44]. Figure 1 shows the main steps of making an
electrochemical sensor that is based on rGO, hemin and Au
nanoparticles, and that is used for the detection of H2O2 re-
leased from HeLa cancer cells (see inset). Similar sequences
of steps are used to build most of the electrochemical sensors
made with GBMs.

The analytical performances of the sensor schematically
presented in Fig. 1 are listed in Table 1 together with details
about other electrochemical sensors made with GBMs and
used to investigate living cells.

To gain a better grasp on the electrochemical sensors made
with GBMs and used to investigate living cells, let us analyze
the content of Table 1 column by column.

As one can observe in the first column of Table 1, about
71% of the electrochemical sensors made with GBMs and
used to investigate living cells were developed for the detec-
tion of H2O2. This molecule is an important signaling mole-
cule in eukaryotes but it can also cause oxidative stress if
overproduced [55]. Of note, oxidative stress is among the
major causes of several disorders, such as cardiovascular
[56] and neurodegenerative diseases (e.g. Parkinson’s disease
[57] and Alzheimer’s disease [58]), atherosclerosis [59] and
cancer [60]. About 19% of the electrochemical sensors made
with GBMs were developed for the detection of ·NO. This
molecule, just as H2O2, plays an important role both in phys-
iological conditions (e.g. in vascular muscle relaxation [61])
and in pathological circumstances (e.g. in cancer [62], arthritis
[63], autoimmune diseases [63], etc.). While H2O2 is most
often detected by setting the electrochemical sensor to nega-
tive potentials (up to −750 mV vs. Ag/AgCl), ·NO is most
often detected by setting the electrochemical sensor to positive
potentials (up to +840 mV vs. Ag/AgCl). In addition to H2O2

and ·NO, the evolution of the concentration of O2
˙- [44], NO2

−

[16], H+ ions (i.e. pH) [47], or glutamate [53] in the extracel-
lular space of living cells was also investigated using electro-
chemical sensors made with GBMs. Constant potential
amperometry was most often the electrochemical method of
choice when using the sensors at cellular level. This electro-
chemical method is characterized by simplicity, high temporal
resolution (down to ms), and advantageously low contribution
from capacitive currents.

Relatively large (e.g. 3 mm in diameter) glassy carbon
electrodes were used to develop 29 out of the 42 electrochem-
ical sensors listed in Table 1. The popularity of these elec-
trodes is not surprising because glassy carbon electrodes not
only have good electrochemical properties but are also signif-
icantly cheaper than other traditional electrodes (e.g. those
made of Au or Pt). On the contrary, what is somewhat surpris-
ing is that the reviewed literature reveals no tendency to min-
iaturize the graphene-based electrochemical sensors to inves-
tigate living cells. Although micrometer-sized devices can fa-
cilitate single cell observations, only 4 out of the 42 electro-
chemical sensors listed in Table 1 were built using electrodes
miniaturized to some degree (e.g. carbon fiber microelec-
trodes [47]). ITO was also used a couple of times as base
electrode. This electrode material is very interesting as its
transparency allows combining the electrochemical detection
with the optical observation of the investigated cells.
However, this possibility was not yet explored.
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As already mentioned, GBMs are most often combined
with other electrocatalysts when building electrochemical sen-
sors for living cells. About half of the reviewed sensors com-
bine GBMs with noble metals. This is not a surprise consid-
ering the excellent electrocatalytic properties of these metals.
While most sensors were built using one single noble metal,
there are also sensors which were built using two (e.g. Pd and
Pt [43]) or even three noble metals (e.g. Au, Pt, and Pd [46]).
Several approaches were used to obtain the graphene – noble
metal nanocomposites. Electrochemical deposition of the no-
ble metal nanoparticles (e.g. Pt nanoparticles [20, 28, 29, 32,
33] or Au nanoparticles [30–32]) onto graphene-modified
electrodes is one of them. Solution phase synthesis [25, 43]
and metal sputtering [27] were also used to obtain the
graphene – noble metal nanocomposites. Few oxides (e.g.
CeO2 [23] and Fe3O4 [21, 42]), Fe-containing macrocycles
(e.g. Fe(III) meso-tetra (4-carboxyphenyl) porphyrin [26],
and Fe(II) phthalocyanine [45]), and biomacromolecules
(e.g. HRP [31] and metabotropic glutamate receptor [53])
were also used in combination with GBMs to build electro-
chemical sensors for investigating living cells. Doping is an-
other way to improve the electrocatalytic properties of
graphene [64]. Therefore, graphene doped with P [38] or co-
doped with N and B [14] or N and S [13] was also explored to
build electrochemical sensors. These devices are remarkable
because of their relative simplicity as compared to sensors
made with additional electrocatalysts.

Analysis of column 3 of Table 1 reveals that electrochem-
ical sensors made with GBMs are characterized by a wide

range of analytical performances even when made for the
detection of the same analyte. One important question is
whether these analytical performances are good enough or
not. Unfortunately, there is no consensus regarding the phys-
iological concentration of H2O2 and ·NO, the two analytes
most often detected. A recent review puts the physiological
extracellular H2O2 concentration range in between 100 nM
and 1 μM and the supraphysiological extracellular H2O2 con-
centration above 10 μM [65]. Judged based on their lower
detection limit, the vast majority of the H2O2 sensors present-
ed in Table 1 are suitable for investigating these physiological
H2O2 concentrations, while two sensors are suitable to ob-
serve supraphysiological H2O2 concentrations only. Analysis
of several independent lines of evidence suggested the phys-
iological ·NO concentration range to be 100 pM (or below) up
to 5 nM [66]. This physiological ·NO concentration range can
be measured with only half of the ·NO sensors listed in
Table 1. The smallest detection limit for the detection of
H2O2 and ·NO was 20 pM [48] and 55 pM [26], respectively.
Furthermore, the sensors are very often characterized by ex-
tended linear ranges (e.g. 3–4 orders of magnitude). These
ranges facilitate the exploitation of the sensors to advanta-
geously observe both physiological and non-physiological an-
alyte concentrations. Moreover, they also open the way for
other applications, such as the detection of H2O2 in environ-
mental samples (in which higher H2O2 concentrations have to
be expected). The practical use of a couple of sensors is a little
bit complicated by signals which show two linear ranges. The
response time of the sensors is most often in the seconds

Fig. 1 Electrochemical sensor based on rGO for the detection of H2O2 in
the extracellular space of HeLa cancer cells; Important to note, rGO
(obtained by the chemical reduction of GO) was decorated with Au
nanoparticles carrying hemin (Hem@AuNPs) and mixed with chitosan
(CS) before being deposited onto a glassy carbon electrode (GCE). The
resulting electrochemical sensor (Hem@AuNPs/rGO/CS/GCE) was used

to measure H2O2 released by HeLa cancer cells following their stimula-
tion with ascorbic acid (AA). Reprinted from Wang W, Tang H, Wu Y,
Zhang Y, Li Z. Highly electrocatalytic biosensor based on
Hemin@AuNPs/reduced graphene oxide/chitosan nanohybrids for non-
enzymatic ultrasensitive detection of hydrogen peroxide in living cells.
Biosens Bioelectron. 2019;132:217–223, with permission from Elsevier
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range. This response time allows using the sensors for moni-
toring the dynamics of the analyte release by the cells (while
most other analytical methods are too slow to do the same).
The relative standard deviation characterizing the sensors
made with GBMs was in between 1.7% [38] and 8.2% [21]
indicating good reproducibility of the sensor fabrication pro-
cedures. Unfortunately, it is not yet clear if these sensors can
be reproducibly fabricated also in different laboratories, using
materials from different sources. Most of the sensors retained
at least 90% of their initial analytical signal after being stored
(in various conditions) for time periods ranging from 7 days to
90 days. Only few sensors [20, 29, 33, 34, 36, 46, 48] were
reported to retain less than 90% (72–87%) of their initial an-
alytical signal after being stored for time periods ranging from
7 days to 30 days.

Concerning the used cellular models, about 25 models
were studied using graphene-based electrochemical sensors.
The cells originate from both humans and animals. Most of
the investigated human cell lines are derived from different
cancers: cervical (HeLa), liver (HepG2, SMMC-7721, or
Hep3B), colon (HT-29), breast (HBL-100, MDA-MB-231,
MCF-7, T47D, or MD-435), brain (U87), blood (CCRF-
CEM, HL-60, or K562) or lung (A549). The preference of
the authors for cancer cells reflects the common and standard
procedure for in vitro cell biology investigations based on the
reliable growth and easy-to-handle protocols of tumor-derived
cell lines [67, 68]. Furthermore, cancer is among the leading
causes of death worldwide [69] and, in comparison to normal
cells, cancer cells are characterized by an increased H2O2 pro-
duction rate [70]. Next to these models, immortalized endo-
thelial (HUVEC), epithelial (HBL-100), kidney (HEK293),
and liver cells (LO2) were also investigated, as well as prima-
ry neutrophils. The investigated animal-derived cell lines were
less numerous, clearly indicating a preference for cellular
models which are relevant for human pathologies. The animal
cells explored were skin cells (JB6-C30), cardiac cells
(H9C2), macrophages (RAW 264.7), primary neurons (from
rat hippocampus), and cancer cells (PC12 or B16-F10).

Figure 2 shows typical results obtained at cellular level
with an electrochemical ·NO sensor built using graphene. A
glassy carbon electrode, modified with 3D reduced graphene
hydrogel and Au nanoparticles, was used to detect the ·NO
released by normal mouse skin cells (JB6-C30) and mouse
melanoma cells (B16-F10) following stimulation with acetyl-
choline (that activates nitric oxide synthase) [24]. The ob-
served current signals indicate that: i.) detectable ·NO release
occurs 20 s after stimulation of the cells with acetylcholine
(and after a current spike not related to ·NO release) and lasts
roughly 1 min (see Fig. 2b), ii.) the magnitude of the ·NO
release is dependent on the concentration of acetylcholine
used to stimulate the cells (see Fig. 2c and f), and iii.) mela-
noma cells release more ·NO than normal skin cells in the
same experimental conditions (see Fig. 2c vs. Figure 2f).

There are also some limitations which are difficult to de-
duce from Table 1 but worth mentioning in order to present a
correct picture of the electrochemical sensors made with
GBMs and used to investigate cells:

i Although the distance in between the cells and the elec-
trochemical sensor is very important (because com-
pounds are secreted locally in moderate concentrations
but are quickly diluted after release), this distance was
not controlled in a precise manner in many of the works
mentioned in Table 1. Two very different approaches
were used in the few studies in which this distance was
controlled. The first approach consists of growing the
cells directly on the surface of the sensor, thus reducing
the distance in between cells and sensor to a well-
controlled minimum [26, 49, 53]. The second approach
consists of using Scanning Electrochemical Microscopy
(SECM) to control the distance between cells and sensor
[47]. The first approach requires no additional equip-
ment and, thus, has the advantage of simplicity.
However, cells are usually kept in contact with the sen-
sor surface only for a very short period of time before the
actual experiments. These short periods of time are not
enough for the cells to properly adhere to the surface and
to build intercellular structures (such as tight junctions).
In other words, the first approach tends to use cells in a
state that is not really physiological. SECM allows the
reproducible positioning of microelectrodes to known
distances from the investigated sample (e.g. cell-
covered culture ware). It also allows moving / scanning
the microelectrode to investigate several points of inter-
ests (e.g. several individual cells, or groups of cells,
depending on the size of the microelectrode).
However, it requires a relatively bulky micropositioning
system which adds to the complexity and price of the
experimental setup.

j The electrochemical sensors which detect H2O2 by
electroreduction of H2O2 (i.e. the majority of the sensors
detailed in Table 1) perform well only in the absence of O2

(because the electroreduction of O2 can interfere with the
electroreduction of H2O2). In the same time, living cells
perform in a normal manner only in normoxic conditions.
Hypoxic conditions have an important impact on both can-
cer cells and normal cells. Therefore, working in hypoxic
conditions in order to preserve the selectivity of the elec-
trochemical sensor for the detection of H2O2 is clearly not
the best option. These facts are neglected in several studies
listed in Table 1 (and also in Table 2, see below).

k The exact impact of the GBM integrated into the electro-
chemical sensor on the analytical performances of the sen-
sor is not always clear (because measurements carried out
with sensors made without the GBM are sometimes miss-
ing). When this impact was evaluated, it was found that
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using GBMs can lead to an increase from 20% (when
deposited as a 2D layers) [20] to 600% (when deposited
as a 3D layer) [24] of the electrochemically active surface
area. However, there are several other materials than
graphene which can be used to increase the area of the
electrochemically active surface (e.g. carbon nanotubes,
conducting polymers, porous metal layers, etc.).

l The selectivity of the developed electrochemical sensors
was often rather superficially investigated. For example,
current signals generated by 0.1 mMH2O2 were compared
to those generated by 1.0 mM uric acid, 0.5 mM ascorbic
acid and 1.0 mM glucose. Since currents generated by
0.1 mM H2O2 were much higher than those generated by
the tested concentrations of possibly interfering com-
pounds, the developed sensor was declared selective
enough [13, 20]. However, cells usually produce H2O2

concentrations much smaller than 0.1 mM in their extracel-
lular space. The selectivity of many ·NO sensors was also
rather superficially investigated. For example, current sig-
nals generated by 1–2 μM ·NO were compared to those
generated by 1–2μMof uric acid, ascorbic acid, dopamine,

H2O2 or L-Arginine [24, 26] while some of these com-
pounds can be present in the extracellular space in much
higher concentrations. A rigorous test of selectivity must
compare current signals given by relevant concentrations
of the targeted analyte and relevant concentrations of the
possibly interfering compounds.

m The results obtained using the graphene-based electro-
chemical sensors were seldom confirmed with additional
analytical methods. While some of the data (such as those
obtained from individual or a low number of cells) might
be difficult to confirm with other analytical methods,
many results (such as those obtained from millions of
cells) can be confirmed with classic analytical methods
(such as spectrophotometry). In order to see electrochem-
ical sensors more widely accepted in cell biology labora-
tories, it is important to show that these tools can at least
deliver the same information asmore traditional analytical
tools while being better in some aspects (e.g. sensitivity,
response time, etc.)

n The number of experiments in which electrochemical sen-
sors made with GBMs are used to investigate living cells is

Fig. 2 Typical results obtained while investigating living cells with an
electrochemical sensor built using a 3D reduced graphene hydrogel; The
figure shows pictures of JB6-C30 normal skin cells (a) and B16-F10
melanoma cells (d), the time evolution of the ·NO concentration-
proportional current signal before and after stimulation of the cells with
acetylcholine (Ach) or acetylcholine and hemoglobin mixtures (Ach +
Hb) (b and e), and a comparison of the ·NO concentration-proportional

current signal observed in different experimental conditions (c and f).
Reprinted with permission from Li J, Xie J, Gao L, Li CM. Au
nanoparticles–3D graphene hydrogel nanocomposite to boost synergisti-
cally in situ detection sensitivity toward cell-released nitric oxide. ACS
Appl Mater Interfaces. 2015;7:2726–2734. Copyright (2015) American
Chemical Society
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usually very low. Several studies present 1–2 signals re-
corded at cellular level. Considering that such sensors (al-
though not necessarily made with GBMs) have been
around for a while, their utility in the investigation of bio-
logical questions must be more convincingly proved in
order for this field to progress.

Electrochemical sensors built
with non-graphene 2D materials

GBMs are not the only 2D materials used to develop electro-
chemical sensors for investigating living cells. Figure 3 shows
a scheme with the main steps of making an electrochemical
sensor that is based on MoS2 and trimetallic (Au-Pd-Pt)
nanoflowers, and that was used for the detection of H2O2

released from MCF-7 breast cancer cells [77]. The analytical
performances of the sensor are listed in Table 2 together with
details about other electrochemical sensors made with non-
graphene 2D materials.

As one can observe by comparing Tables 1 and 2, the
electrochemical sensors made with non-graphene 2D mate-
rials share many similarities with the electrochemical sensors
made with GBMs. For example, both sensor types were most
often built on glassy carbon electrodes and target H2O2 that is
detected by making use of constant potential amperometry
and about the same, rather negative, potentials. Moreover, just
as the electrochemical sensors built with GBMs, sensors built
with non-graphene 2D materials commonly rely on additional
electrocatalysts (e.g. noble metal nanorods and nanoflowers).
Obviously, there are also differences between the two sensor
types. For instance, there is no sensor made with non-
graphene 2D material for the detection of ·NO in the extracel-
lular space, while ·NO is quite often targeted by the sensors
made with GBMs (see Table 1). Thus, it is not yet clear wheth-
er non-graphene 2D materials are suitable for building elec-
trochemical ·NO sensors or not.

MoS2, a transition metal dichalcogenide (TMD), is the
non-graphene 2D material most frequently used to build elec-
trochemical sensors for the investigation of living cells.
Electrochemical sensors made with this material but not nec-
essarily used to investigate living cells were reviewed else-
where [85]. Three other TMDs (WS2 [72], CoS2 [80] and
Mo0.75W0.25S2 [83]) and an MXene (Ti3C2 [81]) were also
used to make electrochemical sensors to investigate living
cells. It is difficult to say if one of these novel 2D materials
is better for building electrochemical sensors than the other
because the number of electrochemical sensors made with
them is still too small and the devices are built in very different
manners (e.g. they are mixed with different electrocatalysts).

Electrochemical sensors made with non-graphene 2D ma-
terials have, in generally, analytical performances (i.e. limit of
detection and linear range) which make them suitable for

monitoring both physiological and supraphysiological con-
centrations of H2O2 in the extracellular space of living cells.
The smallest detection limit reported for a H2O2 sensor made
with a non-graphene 2Dmaterial was 0.3 nM [77]. This value
is an order of magnitude larger than the smallest detection
limit reported for H2O2 sensors made with GBMs (20 pM
[48]). However, sensors were not made in similar ways in
order to allow a meaningful direct comparison of their analyt-
ical performances. The relative standard deviation character-
izing the sensors made with non-graphene 2Dmaterials was in
between 3.4% [75] and 8.6% [78]. This reproducibility is
quite similar to that of the sensors made with GBMs (see
Section 2). Most of the sensors made with non-graphene 2D
materials retained at least 90% of their initial analytical signal
after being stored (in different conditions) for time periods
ranging from 7 days [82] to couple of weeks [74, 75, 78].
Only one sensor [76] was reported to retain less than 90%
(85%) of its initial analytical signal after being stored for a
time period of 30 days. Thus, sensors made with non-
graphene 2D materials seem as stable as those made with
GBMs.

Just as the electrochemical sensors made with GBMs, the
electrochemical sensors made with TMDs and MXenes were
used to investigate a variety of cellular models of both human
and animal origin. Human cell lines were mainly derived from
different cancers: breast (MCF-7 and MDA-MB-231), lung
(A549), cervical (HeLa), or liver (HepG2). The animal cell
lines tested were instead macrophages (RAW 264.7), fibro-
blasts (NIH-3 T3), cardiomyocytes (H9C2), mammary carci-
noma cells (4 T1), or myeloma cells (SP2/0).

Figure 4 shows typical results obtained at cellular level with
an electrochemical H2O2 sensor built using MoS2. A glassy
carbon electrode was modified first with a mixture of MoS2
nanosheets and Fe3O4 nanoparticles coated with ZIF-8 metal
organic framework nanoparticles and then with Au
nanoflowers in order to obtain the H2O2 sensor [82]. Before
using this H2O2 sensor at cellular level, fluorescence microsco-
py and dihydroethidium (a probe sensitive to reactive oxygen
species) were used to demonstrate that the selected cells (H9C2
rat cardiomyocytes) produce H2O2 following stimulation with
ascorbic acid (see Fig. 4a and b). Subsequently, the electro-
chemical H2O2 sensor was used to detect the H2O2 released
by the cells following stimulation with ascorbic acid (see Fig.
4c). The results, obtained with fluorescence microscopy and
electrochemistry, indicate that: i.) ascorbic acid induces the pro-
duction of reactive oxygen species (such as H2O2 and O2˙

−) in
the intracellular space of the selected cells (see Fig. 4a and b),
ii.) the H2O2 produced in the intracellular space shows up very
fast also in the extracellular space of the cells (see Fig. 4c), and
iii.) judged on their morphology (see Fig. 4d), the cells do not
suffer during the electrochemical experiment (which is not very
surprising taking into account the short duration of the electro-
chemical experiment, only about 200 s).
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Most limitations mentioned in relation to graphene-based
electrochemical sensors are also valid for the electrochemical

sensors in which graphene was replaced with other 2D mate-
rials. The distance in between the investigated cells and the

Table 2 Electrochemical sensors made with non-graphene 2D materials and used to investigate living cells (Observations: Sensors are listed in
chronological order. DL, LR, S, and RT stay for detection limit, linear range, sensitivity, and response time, respectively)

Analyte / Applied potential Sensor structure Analytical performances Investigated cells / Stimulus Ref.

H2O2 / -250 mV vs. SCE Glassy carbon modified
with MoS2 particles

DL = 2.5 nM; LR1 = 5.0–100 nM;
S1 = 2.58 × 103 mA cm−2 M−1;
LR2 = 100 nM - 100 μM;
S2 = 160 mA cm−2 M−1; RT = 5 s

(Mouse) RAW 264.7 / fMLP [71]

H2O2 / -250 mV
vs. Ag/AgCl

Carbon fibers modified
with 3D networks of
WS2 nanosheets

DL = 2 nM; LR = up to ~150 μM (Mouse) RAW 264.7 cells;
(rat) primary hippocampal
neurons / fMLP;
epidermal growth factor
(EGF)

[72]

H2O2 / -250 mV vs. SCE Glassy carbon modified
with MoS2 nanosheets
carrying PtW nanocrystals

DL = 5 nM; LR = 1 μM – 0.2 mM;
S = 1.71 μA μM−1 cm−2; RT = 5 s

(Mouse) 4 T1 / fMLP [73]

H2O2 / -550 mV vs. SCE Glassy carbon modified
with MoS2, Au
nanorods, and catalase

DL = 0.1 μM; LR = 0.5 μM – 0.2
mM; S = 187 mA M−1 cm−2;
RT = 2.5 s

(Mouse) SP2/0 / fMLP [74]

H2O2 / -600 mV vs. SCE Glassy carbon modified
with ultrathin MnO2

nanosheets

DL = 5 nM; LR = 25 nM – 2 μM;
S = 3261 mA M−1 cm−2; RT = 3 s

(Mouse) SP2/0 / Ascorbic acid [75]

H2O2 / -150 mV
vs. Ag/AgCl

Stainless steel coated with
Au and then modified
with MoS2 nanosheets
and Pt nanoparticles

DL = 0.69 μM; LR = 1–100 μM;
S = 0.004 μA μM−1; RT = 2 s

(Human) HeLa / PMA [76]

H2O2 / 0 mV vs. Ag/AgCl Screen printed carbon
modified with MoS2
nanosheets carrying
trimetallic nanoflowers

DL = 0.3 nM; LR = 1–100 nM;
S = 0.059 μA nM−1; RT = 2.5 s

(Human) MCF-7 / PMA [77]

H2O2 / -100 mV vs. SCE Glassy carbon modified
with N-doped carbon
nanowires carrying
MoS2 nanosheets

DL = 0.73 μM;
LR= 2–500 μM; RT= 15 s

(Human) A549 / fMLP [78]

H2O2 / -500 mV vs. SCE Carbon cloth modified
with MoS2 nanosheets

DL = 1 μM; LR1 = 5–235 μM;
LR2 = 435 μM – 3 mM; S1 = 5.3
mA mM−1 cm−2; S2 = 3.6 mA
mM−1 cm−2; RT = 3 s

(Human) A549 / PMA [79]

H2O2 / -620 mV vs.
Ag/AgCl, KCl (sat)

Carbon cloth modified
first with CoS2
nanosheets and then
with NiCo2S4

DL = 2 nM; LR = 13 nM – 2.1 mM;
S = 1.49 μA μM−1 cm−2; RT = 4 s

(Murine) RAW 264.7 /
Lipopolysacharide

[80]

O2˙
− / +750 mV vs.
Ag/AgCl, KCl (3 M)

Glassy carbon modified
with Ti3C2 (MXene)
nanosheets carrying
Mn3(PO4)2 nanoparticles

DL = 0.5 nM; LR = 2.5 nM –
14 μM; S = 7.86 mA mM−1

cm−2; RT = 20 s

(Human) HepG2 / Zymosan [81]

H2O2 / -550 mV vs.
Ag/AgCl, KCl (sat)

Glassy carbon modified
first with a mixture of
MoS2 nanosheets and
Fe3O4 nanoparticles
coated with ZIF-8 metal
organic framework
nanoparticles and then
with Au nanoflowers

DL = 0.9 μM; LR1 =
5 μM – 15 mM; LR2 = 15–120
mM; S1 = 0.0171 μA μM−1;
S2 = 0.00417 μA μM−1

(Rat) H9C2 / Ascorbic acid [82]

H2O2 / -600 mV vs.
Ag/AgCl, KCl (3 M)

Glassy carbon modified
with Mo0.75W0.25S2
nanoflowers

DL = 0.3 μM; LR =
0.4 μM – 10 mM; S = 1290
μA mM−1 cm−2; RT = 3 s

(Human) MDA-MB-231;
MCF-7; and HeLa;
(murine) NIH-3 T3 / PMA

[83]

H2O2 / -300 mV vs. Ag/AgCl Glassy carbon modified with
MoS2 nanosheets grown
onto Mo2C nanorods

DL = 0.2 μM; LR =
0.2 μM – 6.6 mM;
S = 1080 μA mM−1 cm−2

(Human) MDA-MB-231
and red blood cells / PMA

[84]
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sensor was very seldom controlled. Cells were often investi-
gated in suspension without regard if this was their physiolog-
ical state or not. In the best-case scenario, cells were grown
directly onto the sensor surface (e.g., in refs. [72, 77]), thus,
reducing the distance in between cells and sensor tominimum.
H2O2, the analyte most often targeted, was still detected
through its electrochemical reduction at potentials were the
reduction of O2 also occurs (e.g., −620 mV). Some of the
sensors were made using complex mixtures of several
nanomaterials but the exact role of each nanomaterial was
not always investigated. Therefore, one is left with the impres-
sion that not all nanomaterials adopted to fabricate the device
are really needed in the structure of the sensors. Some of the
electrochemical signals recorded in the presence of the
targeted analyte are confusing. For example, although O2˙

−

is known to rapidly disproportionate into H2O2 and O2, the
current response of some amperometric O2˙

− sensors did not
show signs of this process during calibration [81]. Results
obtained with the electrochemical sensors made with non-
graphene 2D materials were seldom compared with results
obtained with widely accepted analytical methods. However,
in the very few studies which contain such a comparison (e.g.
in [82]), a good match of the results was observed. Finally, the
number of experiments involving living cells is most often
low. However, there are few studies which take into work both
cancer cells and normal cells in order to show that the

electrochemical sensors made with 2D materials are able to
reveal differences in between these two cell types.

Electrochemical sensors based on 2D
materials which are wearable or suitable
for in vivo use

Results obtained using cell cultures are very valuable as they
provide important information on the mechanism of action of
a drug candidate, novel material or environmental pollutant.
However, these in vitro results must be confirmed using more
complex biological systems (e.g. 3D organoids, tissue slices,
etc.) and ultimately in vivo experiments. Therefore, it is im-
portant to evaluate the extent to which electrochemical sensors
made with 2D materials are suitable to investigate also bio-
logical systems which are more complex than cell cultures.
We carried out this evaluation in two steps which are present-
ed in this and the next section of the review. First, we searched
and analyzed the literature on electrochemical sensors which
were already used on the surface of different body parts (i.e. as
wearable sensor) or in vivo (i.e. as implanted sensor). Second,
we searched and analyzed the relatively vast literature on the
biocompatibility of the 2D materials most often used to build
electrochemical sensors (e.g. graphene, MoS2, etc.). The most
important findings related to the biocompatibility of the 2D

Fig. 3 Electrochemical sensor
based on MoS2 for the detection
of H2O2 in the extracellular space
of living cells; Important to note,
the MoS2 nanosheets were
decorated with Au-Pd-Pt
nanoflowers before being depos-
ited onto the screen printed car-
bon electrode (see panel a) and
the investigated cells (MCF-7)
were grown directly onto the sur-
face of the sensor before being
stimulated to generate H2O2 by
using PMA (see panel b).
Reprinted with permission from
Dou B, Yang J, Yuan R, XiangY.
Trimetallic hybrid nanoflower-
decorated MoS2 nanosheet sensor
for direct in situ monitoring of
H2O2 secreted from live cancer
cells. Anal Chem. 2018;90:5945–
5950. Copyright (2018)
American Chemical Society
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materials are detailed in the next section. Thus, this and the
next section together give us a peek into the future of electro-
chemical sensors made with 2D materials and used to inves-
tigate biological systems.

2D materials combine good electrical conductivity with
flexibility and mechanical robustness, properties which make
such materials especially suitable for developing electrochem-
ical sensors to be worn in intimate contact with the rugged
surfaces of different body parts. Table 3 lists details about the
electrochemical sensors made with 2D materials which were
already tested as wearable sensor.

Relatively few wearable electrochemical sensors have been
made using 2D materials up to now. Interestingly, while the
sensors listed in Tables 1 and 2 (i.e. the sensors used at cellular
level) target mainly H2O2 and ·NO, the wearable electrochemical
sensors made with 2D materials target glucose first of all.
Monitoring blood glucose concentration is a very important part
of managing diabetes mellitus (as discussed, for example, in
[95]). In other words, wearable electrochemical sensors tend to
target molecules important for disease management rather than
molecules important for understanding disease mechanism.

As one can observe in the second column of Table 3,
GBMs are the 2D materials used to make wearable electro-
chemical sensors. The role of GBMs in these sensors is very
variable. While in somewearable sensors they get a major role
[86, 87] in other wearable sensors they have only a minor role

[89, 90]. Just as in the sensors for investigating living cells
(Tables 1 and 2), GBMs are most often combined with
nanomaterials made of noble metals in wearable sensors as
well, and, as a novelty compared to the previously presented
sensors, with an oxidase that converts glucose and O2 to
gluconolactone and H2O2 (i.e. GOx).

The analytical performances of wearable electrochemical
sensors madewith 2Dmaterials are usually not very thorough-
ly described. Papers published about such sensors focus on the
selection of the appropriate materials for building the sensor,
the method to interface it with the body, and the method to
collect the body fluid to be analyzed rather than the analytical
performances of the sensor itself. However, the performances
of the wearable electrochemical sensors seem fit for purpose
(as authors aimed for proof-of-principle studies only). The
glucose sensors integrated into contact lenses were proved to
be stable for 24 h [88] or 48 h [91] while those integrated into
patches to be worn on the skin were proved to retain at least
85% (typically more than 90%) of their initial signal for time
periods ranging from 6 days to 10 days [87, 89, 92, 94].

The 2D material-based wearable electrochemical sensors
developed so far were made to work either on the skin (e.g.
of the forearm) or placed on the eyeball, while one single
sensor has been placed onto tooth enamel [86]. Therefore,
they report on the concentration of the analyte of interest in
sweat, tears, interstitial fluid, or saliva.

Fig. 4 Typical results obtained while investigating living cells with an
electrochemical sensor built using MoS2; The figure shows pictures of
H9C2 rat cardiomyocytes loaded with dihydroethidium before (a) and
after (b) stimulation with ascorbic acid, the time evolution of the H2O2

concentration-proportional current signal before and after stimulation of
the cells with ascorbic acid (c), and H9C2 rat cardiomyocytes after the

experiment involving the electrochemical H2O2 sensor (d). Reprinted
from Lu J, Hu Y, Wang P, Liu P, Chen Z, Sun D. Electrochemical
biosensor based on gold nanoflowers-encapsulated magnetic metal-
organic framework nanozymes for drug evaluation with in-situ monitor-
ing of H2O2 released from H9C2 cardiac cells. Sens Actuators B Chem.
2020;311:127909, with permission from Elsevier
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An important problem that must be solved with all wear-
able electrochemical sensors is applying potentials to and
reading signals from the sensor in a convenient (i.e. portable)
way. So far, two approaches were used to solve this problem.
The simplest approach was to rely on miniaturized
potentiostats which, although wired to the sensor, do not im-
pede the users in carrying out their normal duties [87, 89, 94].
The more advanced approach was to wirelessly power the
sensor (through an antenna and inductive coupling) and wire-
lessly read sensor signals as a resonance frequency shift or
change in the luminous intensity of a LED integrated in par-
allel with the sensor [86, 88, 91].

Wearable electrochemical sensors rely very much on the
relatively simple chemical composition of sweat, tears, inter-
stitial fluid, or saliva. For example, these body fluids are not
containing large concentrations of proteins. The situation is
completely different in case of the electrochemical sensors to
be used in vivo. Such sensors must not only “survive” implan-
tation into tissue but must also performwell in an environment
of great chemical complexity. Moreover, they must also cause
minimal tissue damage and must be accepted by the immune
system of the host. It is still very difficult to build such elec-
trochemical sensors. This explains why Table 4 lists details
about only a handful of electrochemical sensors made with 2D
materials which were already used in vivo.

While electrochemical sensors used at cellular level most
often target the detection of H2O2 (see Table 1), and wearable
electrochemical sensors most often target the detection of glu-
cose (see Table 2), electrochemical sensors made with 2D
materials and used in vivo bring into the picture the detection
of dopamine. Dopamine is a biogenic amine neurotransmitter
of which concentration in the central nervous system is con-
trolled by specialized (i.e. dopaminergic) neurons. Altered
levels of dopamine in brain are associated with several human
neurological disorders, e.g. Parkinson’s disease [101].

Electrochemical sensors made with 2D materials and used
in vivo were most often built using carbon fiber microelec-
trodes characterized by small lateral dimension (e.g. 7 μm) in
order to not cause significant tissue damage and substantial
immune response when the sensors are implanted. GBMs
were the 2D materials most often used to build such sensors.
Important to mention, the in vivo electrochemical determina-
tion of dopamine with carbon fiber microelectrodes is around
already for decades (see, for example, in [102]). While 2D
materials do not facilitate the detection of new analytes they
do increase the sensitivity of the carbon fiber microelectrode
to the previously detected analytes.

Murine brain is the organ most often investigated using elec-
trochemical sensors made with 2D materials. Unfortunately, it is
not uncommon that a rather superficial study on the selectivity of
the sensor is followed by recording only few signals with the
sensor implanted in the brain. In depth in vivo investigationswith
the newly developed sensors are most often missing.

Studies carried out up to now with wearable or in vivo
sensors made with 2D materials are short term, proof of prin-
ciple studies. As such, many of these studies [86, 88, 90, 91,
94, 96, 98–100] disregard sensor performance degradation
due to biofouling (i.e. due to the accumulation of proteins,
cells and other biological materials onto the surface of the
sensor). Other studies rely on classic solutions (e.g. on
Nafion outer layers [87, 89, 92, 97]) to protect the sensing
layer (e.g. during implantation) and to minimize problems
related to biofouling. For converting its electrochemical signal
into an analyte concentration, the wearable or in vivo sensor is
usually calibrated in vitro, just before being placed onto or
into the body (e.g. by using artificial sweat or artificial tear
samples with known analyte concentrations [87, 91, 92]).
Obviously, this procedure works well only if the sensor is
characterized by good stability in the conditions of use. In
order to obtain biologically relevant analyte concentrations
(e.g. in order to obtain the blood glucose concentration from
the glucose concentration measured in sweat), such pre-
calibration experiments are completed with analyte concentra-
tion measurements made with standard methods (e.g. with
blood glucose measurements made with commercial glucose
meters) [87, 89, 94]. However, once the correlation in between
the analyte concentration in blood and the analyte concentra-
tion in the alternative sample (e.g. sweat, tear, saliva, etc.) is
firmly established, using the standard method in parallel with
the pre-calibrated sensor is not needed anymore. Standard
methods to measure the concentration of the analyte of interest
(e.g. the already mentioned commercial glucose meters) can
also be used to carry out the one-point calibration of in vivo
sensors [97]. This method still uses data (e.g. sensor sensitiv-
ity) from in vitro pre-calibration experiments.

Will we witness the integration of a 2D material-based
electrochemical sensor into a commercial wearable device
anytime soon? Is it possible to use 2D material-based electro-
chemical sensors for in depth biological studies? In order to
answer these questions, in the next section we shortly review
studies on the biocompatibility of the most popular 2D mate-
rials used in the sensors mentioned in Tables 1, 2, 3, and 4.

Biocompatibility and biodegradation of 2D
materials used to build electrochemical
sensors

There are no 2D material-based electrochemical sensors on
the market yet. This situation can in part be explained by the
limited effort spent to investigate the biosafety and biocom-
patibility of 2D materials [103]. To accelerate the transition of
2D material-based devices (including electrochemical sen-
sors) from laboratory prototypes to commercial products, it
is of outmost importance to explore any potential unwanted
effect triggered by any component of these devices. We also
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need to remember that 2D materials are relatively new candi-
dates as biomaterials and the tissue/organ/body response upon
their exposure is not yet fully understood or conclusive
[103–106].

Studies on the biocompatibility of 2D materials have been
carried out both in vitro and in vivo in the last decade, once the
opportunity of using such materials for biomedical applica-
tions became clear [105, 107]. However, the determination
of the common mechanisms of 2D material toxicity when in
contact with biological systems is still a major challenge, as
multiple parameters have to be considered leading to discrep-
ancy in the present literature [103, 108]. Lateral dimensions,
thickness, oxidation degree, surface chemistry (including sur-
face functionalization), formulation and the biological system
used to test the biocompatibility (cell lines differ one from
another) will all contribute to the final output of the research
[103, 109]. The consequence is that, although tempting, it is
not correct to generalize on 2D materials biointeractions and
biocompatibility.

It is worth to note also that electrochemical sensors are used
to investigate biological systems for very different durations.
Implantable sensors (Table 4) are inside the investigated tissue
for days, wearable sensors (Table 3) are in contact with dif-
ferent body parts for hours, while sensors used to investigate

cell cultures (Tables 1 and 2) are placed in the extracellular
space for only couple of minutes (see Figs. 2b, e, and 4c).
Biocompatibility studies, on the other hand, investigate in
most cases biological effects occurring within hours and days.
Therefore, in the way they are carried out today, these studies
are highly and immediately important for implantable and
wearable electrochemical sensors. They will gain importance
also for sensors used to investigate cell cultures if the stability
of such sensors will be improved and the sensors will be used
to observe cell cultures for longer times.

One distinction that is necessary to make is between 2D-
flakes (i.e. nanosheets in solutions) and 2D-films (i.e. surface-
coatings, most often used in electrochemical sensors). In fact,
the main safety concerns for GBMs come from their
nanoforms, as nanosheet liquid suspensions or aerosols [104,
108, 110]. However, implanted devices containing 2D mate-
rials might release fragments into the body coming from
degradation/delamination of the 2D-films. For these reasons,
it is extremely important to carefully address the degradation
of the composite materials/devices and the biodistribution of
the fragments. If for graphene it is possible to find a wide and
extensive literature about the biocompatibility of both flakes
and 2D-films, for other recently introduced 2D-materials only
few papers are addressing the issue [105]. In addition, 2D

Table 3 Electrochemical sensors made with 2D materials and used as wearable sensor (Observations: Sensors are listed in chronological order. DL,
LR, S, and RT stay for detection limit, linear range, sensitivity, and response time, respectively)

Analyte / Applied potential Sensor structure Analytical performances Body fluid / Body part Ref.

H. pylori cells / alternative
current was applied

Interdigitated gold electrodes carrying
a graphene monolayer obtained by
chemical vapor deposition (CVD)
and modified with antimicrobial
peptide

DL = 100 bacterial cells;
LR = 100–106 cells;
RT = 15 min

Saliva / Enamel of extracted
tooth

[86]

Glucose / - 50 mV vs.
Ag/AgCl

Hybrid material (consisting of
graphene and Au nanoparticles on
Au mesh) modified with Prussian
Blue and glucose oxidase (GOx)

LR = 10 μM - 0.7 mM Sweat / Skin on the inner
forearm of healthy volun-
teers

[87]

Glucose / +100 mV
(drain – source) and 0 mV
(gate – source)

Field effect transistor with graphene
gate that is modified with GOx

DL= 0.4 μM;
LR = 1 μM – 10 mM

Tears / Eyeball of live rabbit [88]

Glucose / -200 mV vs.
Ag/AgCl

Porous Au modified first with Prussian
Blue and then with graphene and
GOx

LR= 10 μM - 1 mM Sweat / Skin on the outer
forearm of human subjects

[89]

Glucose / +400 mV vs.
Ag/AgCl

Screen printed electrodes made with
graphene ink and modified with
Pt nanoparticles

LR = up to 0.75 mM;
S = 23.58 μA mM−1 cm−2

Interstitial fluid / Skin on
the forearm of healthy
human subjects

[90]

Glucose / 10 Vrms Graphene modified with GOx and
catalase

DL = 12.57 μM; LR = up
to 1 mM; S = −22.72%
mM−1; RT = 1.3 s

Tears / Eyeball of live rabbit [91]

Glucose / +350 mV vs.
Ag/AgCl

Thin film Au electrode modified with
rGO, Au-Pt alloy nanoparticles
and GOx

DL= 5 μM; LR= up to 2.4
mM; S = 48 μA mM−1

cm−2; RT = 20 s

Sweat / Skin on the inner
wrist of human subjects

[92]

H2O2 / -700 mV vs. Ag/AgCl Stainless steel microneedles modified
with rGO and Pt nanoparticles

LR = up to 6 mM;
S = 0.134 mA mM−1

Interstitial fluid / Pig skin
and living mice skin

[93]

Glucose / +200 mV vs.
Ag/AgCl

rGO polyurethane composite fiber
partially covered with Au
nanowrinkles

DL = 500 nM;
S = 140 μA mM−1 cm−2

Sweat / Skin on the forehead
of healthy human subjects

[94]
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materials used as 2D-films are most of the time included in
sandwich-like composite structures without being directly ex-
posed to cells/tissue/organ. Their role in such cases is restrict-
ed to amplify signals and/or reduce background noise and
increase mechanical stability of the whole device. However,
due to biodegradation, micro-nano fragments might reach sec-
ondary organs. Graphene has been proved to cross biological
barriers, including gastro-intestinal, kidney and blood-brain
(BBB) barriers [104]. Thus, biodegradation and full clearance
of the materials from the body needs to be proved for biomed-
ical applications. Finally, a last aspect to bear in mind is the
possible chemical contamination of the materials already dur-
ing their synthesis [103]. Potentially harmful chemicals
should be replaced with more biocompatible alternatives and
new protocols for cleaning/purification/sterilization of sam-
ples should be made available, including the production of
endotoxin-free materials [106, 111, 112].

Biocompatibility of graphene and graphene based
materials

Each 2D-material for biomedical application requires specific
tests to assess its biocompatibility. For example, when using
GBMs for drug delivery purposes, it is fundamental to test
concentration-dependent cytotoxicity, to investigate the
mechanisms of cytotoxicity in vitro and to probe the biode-
gradability of the material in vivo. On the other hand, when
employing graphene scaffolds for tissue engineering purposes
or when using graphene to build sensors for the investigation
of biological systems, it is mandatory to monitor graphene
mechanical stability, biocompatibility and long-term toxicity,
to avoid the onset of chronic inflammation.

So far, graphene properties such as layer number (thick-
ness), lateral dimension, surface chemistry and reactivity,

agglomeration and presence of biomolecular corona have
been identified as key parameters in determining graphene
biocompatibility and have already been tested on different cell
types [104, 105, 113, 114]. Interestingly, in case of sensors,
surface properties (chemistry and reactivity) and topography
seem to be crucial for GBMs biocompatibility [115]. For what
concern the presence of contaminants produced during the
s y n t h e s i s p r o c e s s , n a n o -m i c r o r e s i d u e s o f
poly(methylmethacrylate) (PMMA) typically used in the wet
transfer of CVD graphene were seen to have pro-
inflammatory and cytotoxic effects [116]. Recently, the issue
was solved by dry-transfer protocols which exploit poly(vinyl
alcohol) (PVA) rather than PMMA [117]. In case of rGO, the
common reducing agent hydrazine, employed to obtain rGO
from GO and well-known to be highly cytotoxic and carcino-
genic [118], has been now substituted with L-ascorbic acid
[119] or high temperature approaches [120], that will reduce
GO without the possibility of introducing toxic contaminants.
Electrochemical reduction was also demonstrated to be a sim-
ple and environmentally benign pathway to obtain graphene
from rGO [121]. Similarly, mechanical and liquid phase
graphite exfoliations to obtain graphene have already explored
“green” solutions (e.g. melamine and glucose) to make GBMs
suitable for biomedical applications [122, 123].

Interestingly, the biocompatibility of rGO (i.e. the biocom-
patibility of the GBMmost often used in electrochemical sen-
sors) is much less investigated than the biocompatibility of
GO and pristine graphene [124]. However, given the concerns
around the safety and biocompatibility of nanosheet suspen-
sions, and speaking about electrochemical sensors, it is very
unlikely that such devices will have nanosheet suspension
design. Electrochemical sensors will be more likely implants
for transient use, as for example intraoperative neural record-
ing electrodes, where graphene attached to a substrate will

Table 4 Electrochemical sensors made with 2Dmaterials and used in vivo (Observations: Sensors are listed in chronological order. DL, LR, S, and RT
stay for detection limit, linear range, sensitivity, and response time, respectively)

Analyte / Applied potential Sensor structure Analytical performances Body part Ref.

Dopamine / from −500 mV to
+1 V vs. Ag/AgCl

Carbon fiber modified with
poly(3,4-ethylene dioxythiophene) and
GO

DL = 0.090 μM; LR = up to (at
least) 10 μM;
S = 43.12 nA μM−1

Rat dorsal striatum [96]

Glucose / -150 mV vs. Ag/AgCl Printed Au modified with layers made of
rGO, Pt and GOx

DL = 3.54 mg dL−1; LR = up to
570 mg dL−1;
S = 0.354 nA mg−1 dL

Subcutaneous tissue on
the posterior neck of
rat

[97]

Dopamine / from −400 mV to
+1 V vs. Ag/AgCl

Carbon fiber modified with a Cu2S and rGO
nanocomposite

DL = 24 nM; LR = 0.1–20 μM;
S = 22.34 pA μM−1 μm−2

Brain of Drosophila
melanogaster

[98]

H+ / open circuit potential vs.
Ag/AgCl

Stainless steel modified first with MoS2
nanosheets and then with poly(aniline)

LR = 3–9 pH unit; S = −51.2 mV
pH unit−1; RT ~ 0.5 s

Cerebrospinal fluid of
rat brain

[99]

Dopamine / from 0 to +550 mV
vs. Ag/AgCl, KCl (1 M)

Carbon fiber modified with a graphene and
Fe tetrasulfophthalocyanine
nanocomposite

DL = 50 nM; LR = (at least)
0.1–100 μM;
S = 0.044 nA μM−1

Striatum of mouse brain [100]

5-Hydroxytryptamine / from 0 to
+550 mV vs. Ag/AgCl, KCl
(1 M)

Carbon fiber modified with a graphene and
Fe tetrasulfophthalocyanine
nanocomposite

DL = 20 nM; LR = (at least)
0.05–60 μM;
S = 0.099 nA μM−1

Striatum of mouse brain [100]
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interface with brain surface for limited time [125]. Other target
organs of toxicity might be the skin in case of wearable sen-
sors and the blood and immune-system in case of sensors
inserted into the circulatory system and degradation of the
device and fragment release. In the latter case, second target
organs might also be affected, such as lungs [126] and gastro-
intestinal tract [127], although with minor intensity and lower
side effects.

Both pristine and functionalized graphene flakes were
found to cause negligible haemolysis in red blood cells
[128]. Not surprisingly, the smaller the lateral dimension of
GO nanosheets is the longer the blood circulation time is, with
an accumulation in the liver and residues in lungs and spleen.
On the contrary, large GO nanosheets were observed to end up
mainly in the lungs and small amount in the liver [129]. Of
note, when their concentration is increased, small GO nano-
sheets accumulate in lungs too, indicating that a possible con-
gestion of blood vessels due to GO agglomerationmight occur
in the capillary bed of the lungs. This agrees with a proven
dose-dependent toxicity for graphene [130], which can be
improved by surface functionalization.

As for other nanomaterials, functionalization of GBMs can
in fact improve biocompatibility and stability of the materials
in biological conditions. A good example of improved water-
solubility and biocompatibility toward endothelial cells is the
functionalizat ion of rGO with a mussel inspired
poly(dopamine) polymer [131]. Other widely and successful-
ly used functionalization molecules are PVA, hydroxyethyl
cellulose (HEC), poly(ethylene glycol) (PEG), poly(vinyl pyr-
rolidone), chondroitin, glucosamine, and hyaluronic acid
[132]. Although all of them are able to dramatically reduce
haemolysis, PVA and HEC seem to be the best choices to
reach extremely valuable biocompatibility results, mainly
due to a decrease in cellular uptake/internalization. In addi-
tion, PEG surface functionalization of few-layer graphene
(FLG) showed a significant decrease of histological abnormal-
ities in vivo compared to bare FLG [133]. On the other hand,
non-functionalized GO nanosheets were seen to be excreted in
the urine without damaging kidney and other tissues after
intravenous injection [134]. Finally, if functionalized with
poly(acrylic acid) or PEG, GO was noticed to acquire higher
biocompatibility both in vitro and in vivo [135].

As mentioned above, the biocompatibility of GBMs de-
pends both on the physical-chemical properties of the material
and on the targeted biological system. Thus, in the following
paragraphs we will briefly discuss the biocompatibility of
GBMs in specific cell types/organ/tissues.

The very first barrier that any biomaterial or implant will
face is the immune system. One of the first studies to address if
macrophages, one of the main component of the immune sys-
tem, are affected by GBMs compared the effect of GO of
different sizes on human and murine primary macrophages
[136]. The three GO materials tested displayed a dose-

dependent cytotoxic effect, showing that the smaller the GO,
the higher the internalization, leading to significant effects on
cell viability and cell activation. Interestingly, another study
based on two GOmaterials of different sizes showed opposite
results, with no clear toxicity for both materials [137]. An
interesting finding comes from the investigation of large GO
that gets adsorbed onto cell membrane causing a “mask-ef-
fect” and, by interacting with Toll-like receptors, activate NF-
kB pathway [138]. These effects were also confirmed in vivo,
with the worst scenario provoked by large GO [138]. Recently
it also became clear the importance of working with (not only
sterile but also) endotoxin-free materials, especially when in-
vestigating immune effects. In this context, protocols to pro-
duce such materials have been published and the same mate-
rials tested versus human primary macrophages displayed no
toxicity albeit GO and FLG cell internalization [112, 139].
Interestingly, what appears to be a common mechanism for
many nanomaterials, including GBMs, is the activation of the
inflammasome, that functions as an immuno-sensor for gen-
eral exogenous agents [139, 140]. Once again, modification
with PEG was shown to reduce the cytotoxic effects of GO on
macrophages [141]. However, a recent report suggested that
modification with PEG of small GO flakes resulted in the
stimulation of a potent cytokine response, despite not being
internalized by macrophages [142]. Finally, a recent study has
shown that when they interact with isolated human neutro-
phils, another very important component of the immune sys-
tem, GO sheets trigger a dose-dependent loss of cell viability
and size-dependent formation of neutrophil extracellular traps
(NETs) [143]. Overall, when comparing the results of differ-
ent studies on GBMs, the toxicity of this class of materials
toward macrophages, in particular, appears to be less pro-
nounced as compared to the effects of carbon nanotubes [104].

Regarding the skin, a common biointerface for wearable
sensors, the currently available literature is limited to one
in vivo and a few in vitro studies, and it is not sufficient to
draw any conclusion on the hazard related to dermal exposure
to GBMs. The majority of studies are on skin keratinocytes
and/or fibroblasts. Liao et al. evaluated the impact of a panel
of different GOs and graphene sheets on skin fibroblasts,
showing that, after 24 h exposure, graphene induces a cyto-
toxic effect higher than that of GO [144]. In more recent stud-
ies, the effect of GO and FLG were evaluated in immortalized
human keratinocytes [145, 146]. Cytotoxic effect, which is
dependent on the oxidative state of the GBMs, was observed.
Moreover, mitochondrial dysfunction and plasma membrane
disruption were noticed and associated with reactive oxygen
species (ROS) induction [145]. The only in vivo study carried
out presents the dermal effects of GO injected in the dermis of
the growing feather sites of chickens to study local immune
and inflammatory reaction [147]. The results displayed a cer-
tain ability of GO to initiate an immune response after dermal
injection suggested by an increased infiltration of
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lymphocytes and macrophages, raising some concern over
GBM uses in contact with skin. Overall, the currently avail-
able literature is not sufficient to draw any conclusions on the
hazard related to dermal exposure to GBMs.

Finally, sensors for neuronal recordings and biomolecule
detection have gained more and more attention, especially
since the discovery of electrical conductivity properties of
graphene [148]. Recent works pointed the attention on the
effect of chronic and acute exposure of GBMs on primary
neurons [149, 150] and astrocytes [151–153] (Fig. 5a).
Chronic graphene and GO exposure did not cause alterations
in cell viability and network formation. However, a more de-
tailed investigation on cell functionality revealed some path-
ophysiological effects specific to GO exposure at synaptic
signaling level, indicating GO is able to interfere and alter
neuronal post-synaptic currents, calcium oscillations and
neuron-to-astrocyte communication [149, 151] (Fig. 5a).
Mendonça and colleagues focused their studies on the BBB
cell component, showing that BBB integrity was not affected
after GBM treatment, while the functionalization with PEG,
which is widely used in order to improve nanomaterial distri-
bution and stability, led to a disruption of brain capillary en-
dothelial cells (BCECs) monolayer composition, loss of cell
structure and loss of cell-to-cell contact [156, 157]. All these
findings point the attention on the biocompatibility of
graphene nanosheets within the CNS in order to improve the
design and engineering of graphene-based technologies for
in vivo applications.

It is important to note that, for what concerns graphene-
based scaffolds, in vitro studies demonstrated the viability of
neuronal cells grown on planar substrates coated with GBMs,
highlighting the ability of GBM films to promote neuronal
growth and differentiation, and to stimulate neuronal activity
[154, 158] (Fig. 5b). Moreover, previous works established
that graphene films promote differentiation of human neural
stem cells (hNSCs) toward neurons with respect to glia cells,
compared to hNSCs grown on standard glass substrates [159].
CVD graphene films characterized by large lateral dimensions
have been seen in general more biocompatible and safe than
graphene nanosheets characterized by small lateral dimen-
sions [160]. To obtain 2D graphene films, now also of large
surface area, CVD on copper is the most common and used
technique [161]. CVD graphene has now been widely ex-
plored as cellular interface since it promotes: i .)
cardiomyogenic differentiation of mesenchymal stem cells
without any sign of cytotoxicity [162], and ii.) neuronal and
other mammalian cell growth and development [154, 158].

In summary, there have been conflicting reports in the lit-
erature with some suggesting that implanted GBMs are benign
[163, 164] and others indicating adverse responses including
cytotoxicity [149, 152, 165], inflammatory cell recruitment
[165] and tissue fibrosis [166]. Overall, the field of GBM
biocompatibility appears immature and in need of more

systematic assessment of GBM potential side effects before
any overarching conclusions can be made [103, 104].

Biocompatibility of non-graphene 2D materials

As mentioned in Section 3, TMDs are, after GBMs, the 2D
materials most extensively investigated for the development
of electrochemical sensors. According to the very few studies,
TMDs exhibit relatively low toxicity and show improved bio-
compatibility when compared to GBMs [167]. The field of the
TMD toxicity is in its infancy, thus further investigations have
to be conducted in order to understand their health hazards,
and compare the toxicity profiles of the different 2Dmaterials.
Among TMDs, MoS2 is the most often studied for electro-
chemical sensing purposes followed by WS2.

Several studies have explored the use of MoS2 for sensing
without addressing its effect on cell viability. On the other
hand, the works that have investigated MoS2 biocompatibility
were performed withMoS2 flakes while only few investigated
the effects of MoS2 films (which are used in the construction
of electrochemical sensors).

A bio-absorbable MoS2 based sensor for transient electron-
ics has been developed to monitor the intracranial pressure,
temperature, strain and motion of animals without displaying
any side effect (Fig. 5c and d). The biocompatibility and bio-
degradability of the starting material (MoS2 monolayer) and
the products of dissolution (MoS2 monolayer flakes) were
demonstrated through long-term in vitro assays and in vivo
evaluations [155]. Furthermore, Dou and collaborators de-
signed a sensor for in situ monitoring the H2O2 secreted from
live MCF-7 cancer cells that consisted of trimetallic hybrid
nanoflowers-decoratedMoS2 nanosheets casted on disposable
screen-printed carbon electrodes. The sensor showed limited
cell adhesion capability when cells were seeded on the inter-
face but the biocompatibility was significantly improved after
further modifying the interface with laminin [77].
Unfortunately, the effect of the MoS2 surface (without the
nanoflowers) on cell adhesion was not assessed and the im-
proved biocompatibility of the sensor was attributed to the
laminin coating. Another recent study employed highly sensi-
tive sensors, made with molybdenum-based 2D materials
(MoO3, MoS2, and MoSe2), to detect prostate specific antigen
(PSA) through a fluorescence turn-onmechanism. In this case,
theMoS2 was not used as a scaffold (i.e. 2D film) but as flakes
/ nanosheets. While investigating the biocompatibility of the
nanosheets, it was observed that about 80% of HEK 293 T
cells taken into study survived even when the cells were incu-
bated for 48 h with nanosheets in concentration as high as
100 μg mL−1 [168].

In the case of MoS2 flakes, the effects of different physico-
chemical factors (such as the use of biomolecules as stabilizers
during the exfoliation of the bulk material, the number of
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layers and the functionalization of the surface) on biocompat-
ibility, has been assessed in recent years.

The use of functional biomolecules as stabilizers dur-
ing the exfoliation of layered MoS2 in aqueous solution
has recently emerged demonstrating to improve the bio-
compatibility of the resulting MoS2 flakes compared to
synthetic stabilizers [169]. Indeed, Guan et al. demon-
strated that bovine serum albumin (BSA) exfoliated
MoS2 flakes were much more biocompatible to fibroblast
cells than bulk MoS2 and flakes stabilized with polymers
such as poly(acrylic acid) and poly(vinyl pyrrolidone)
[170].

As for other layered 2D nanomaterials, the number of
layers or thickness of MoS2, has been demonstrated to affect
biocompatibility [171, 172] although the findings are not con-
cordant. It has been reported that the more exfoliated MoS2
nanosheets are, the less biocompatible the material becomes,
probably due to an increase in surface area and active edge
sites. In particular, exfoliation performed with n-butyllithium
and tert-butyllithium led to a decrease in the number of MoS2
layers and a higher cytotoxic effect to A549 cells.
Methyllithium provided a less efficient exfoliation and
showed a toxicity profile largely similar to that of the bulk
MoS2 [172]. Contrary to this finding, a study of the pulmonary

Fig. 5 Biocompatibility of GBMs and MoS2; (a) Schematic cartoon
depicting the biological effect of GO flakes on astrocytes and astrocyte-
to-neuron cell communication. Reproduced with permission from
Chiacchiaretta M, Bramini M, Rocchi A, Armirotti A, Giordano E,
Vázquez E, Bandiera T, Ferroni S, Cesca F, Benfenati F. Graphene
Oxide Upregulates the Homeostatic Functions of Primary Astrocytes
and Modulates Astrocyte-to-Neuron Communication. Nano Lett.
2018;18:5827–5838. Copyright (2018) American Chemical Society. (b)
Morphological comparison of neurons grown onto glass and CVD-

graphene supports showing a comparable cellular development and, in
the inset regions, a normal synaptic puncta expression. Reproduced with
permission from [154]. (c) Optical images of a bioabsorbable sensor,
consisting of a stack of SiO2/Mo/MoS2, in PBS solution (pH 7.4)
at different dissolution times (from 0 to 72 h). (d) Fluorescence images
of L-929 mouse fibroblast cells following 24 days of culture with differ-
ent MoS2 states, includingMoS2 continuous film, PBS withMoS2 flakes,
and dissolved MoS2. Reproduced with permission from [155]

2D materials in electrochemical sensors for in vitro or in vivo use



hazard potential of three different MoS2 based materials
(MoS2 exfoliated by lithiation, MoS2 dispersed by Pluronic
F87 and aggregated MoS2) demonstrated that exfoliation at-
tenuates the toxicity both in vitro (THP-1 monocytic and
BEAS-2B bronchial epithelial cells) and in vivo (C57Bl/6
mouse model). Aggregated MoS2 induced strong proinflamma-
tory and profibrogenic response in vitro and acute lung inflam-
mation in vivo, while MoS2 flakes had little or no effect [171].

Finally, the functionalization of the surface of 2D MoS2
induces significant changes in the physical-chemical proper-
ties of layered MoS2 including surface charge and stability.
This opens the way to control the toxicity profile of 2D TMD
nanomaterials through surface functionalization [111].
Cytotoxicity assessment of MoS2 flakes functionalized with
different molecules (such as PEG and antibodies) for a variety
of applications (e.g. photothermal therapy) has demonstrated
the high biocompatibility of this 2D material [173–175].
Functionalization with PEG is one of the most commonly
investigated and has demonstrated to improve the biocompat-
ibility profile of MoS2 flakes in vitro and in vivo. Liu and
collaborators functionalizedMoS2 nanosheets with lipoic acid
modified PEG to increase their biocompatibility. After 3 days
of treatment, HeLa cells treated with plain MoS2 flakes
showed a slightly reduced viability (∼80%) compared to cells
treated with PEG-modified MoS2 flakes which remained via-
ble (over 90%) even at the highest concentration of PEG-
modified MoS2. Moreover, in vivo experiments showed that
PEG-modified MoS2 flakes were not toxic to mice models
after 30 days of treatment [175].

It is important to note how only few works addressed the
biocompatibility and biointeractions of bare MoS2 nanosheets
with living systems. A route for production of few-layered
MoS2 nanosheets in pure water has been reported. The
MoS2 nanosheets exhibited cytotoxic effects in tumor cells
while normal cells were unaffected in the tested conditions
[176]. The good biocompatibility of MoS2 is also sustained
by a study that investigated the effect of MoS2 nanosheets on
rat pheochromocytoma cells (PC12) and rat adrenal medulla
endothelial cells (RAMEC) and found that the nanosheets are
biocompatible up to 100 μg mL−1 [177].

WS2 is another TMD that has been exploited in the field of
electrochemical sensors (see Section 3). Research onWS2 nano-
sheets has shown good biocompatibility for both naked [178]
and functionalized flakes [179]. Very recently, the capacity of
WS2 nanosheets (and few other TMDs such as WSe2, MoS2,
MoSe2) to inhibit oxidative stress in living cells and their great
biocompatibility has been demonstrated. First, nanosheets were
functionalized with poly(ε-caprolactone)-b-poly (ethylene oxide)
copolymer (PCL-b-PEG) during in situ exfoliation and then,
tested against a human keratinocyte cell line (HaCaT cells) show-
ing excellent scavenging activity for ROS and biocompatibility.
In a more recent study, WS2 functionalized with PCL-b-PEG
were embedded within hydrogel systems improving the cell

viability of a mouse fibroblast cell line (L929 cells), and of hu-
man HaCaT cells thanks to their ROS scavenging capabilities
[179].

MXenes have also been used to construct sensors (see
Section 3) but the biocompatibility of these 2D materials has
been largely unexplored to date. A recent investigation
showed in vitro cytotoxicity of 2D sheets of Ti3C2 MXene.
The observed toxic effects were higher against cancerous cells
compared to normal ones at extremely high concentrations
(from 125 to 500 μg mL−1). Authors suggest that these differ-
ences might be due to differences in the morphology and
permeability of normal and cancerous cells. Nevertheless, at
the lowest MXene concentration tested (62.5 μg mL−1, a con-
centration that is still quite high compared to typical concen-
trations used in nanotoxicology studies) about 80–90% of
cells survived. ROS generation was proposed as the possible
mechanism of cytotoxicity of Ti3C2 [180]. The biocompatibil-
ity of 2D Ti3C2 sheets (as part of a nanoplatform, containing
also GOx and superparamagnetic iron oxide nanoparticles, for
treatment of tumors through hyperthermia) was also demon-
strated in vivo [181]. Finally, other studies have explored the
biocompatibility profile of 2D Ti3C2 MXene as part of com-
posites with different applications such as regenerative thera-
pies [182], high resolution neural interfaces [183] and bio-
regeneration [184]. In these cases, the material was used as a
support to grow cells and 2D Ti3C2 has shown to be biocom-
patible sustaining cell adhesion and viability.

Biodegradation of 2D materials

In the last decade, there has been an increased number of
studies addressing biodegradability and biodistribution of
GBMs. These studies show that, although carbon-based material
were thought to be persistent, GBMs can actually be degraded by
oxidative enzymes [185–187] and be naturally cleared by the
body [134]. Among GBMs, GO is the most studied and it was
seen to be faster degraded in artificial acidic fluid of hypochlorite
than nanohorns and single-wall oxidized carbon nanotubes [188].
Interestingly, PEG and BSA protect GO from degradation by
HRP [189]. On the other hand, to make the material biodegrad-
able, one can functionalize GO with coumarin and catechol, two
natural substrates of HRP [190]. Recently, the degradation of
single-layer graphene and FLG has also been demonstrated by
human myeloperoxidase (MPO) and in presence of human neu-
trophils [187].

For what concerns other 2D materials such as TMDs, there
is a big gap in the investigation of their biodegradation. One
study on this subject showed that poly(vinyl pyrrolidone)-
modified MoS2 nanosheets exhibit different biodegradability
levels in bio-microenvironments with H2O2, catalase and hu-
man myeloperoxidase (H2O2 > catalase > hMPO, at physio-
logical concentrations) implying that this 2D material can be
degraded in the liver and spleen [191].
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Conclusions

Living cells release tiny amounts of chemicals into their extra-
cellular space. The released chemicals are rapidly taken up by
other cells, they get converted by (bio)chemical reactions, or
simply diffuse away and get very much diluted. As a conse-
quence, the released chemicals persist in the extracellular space,
in detectable concentrations, for a limited time only.
Electrochemical sensors are among the very few analytical tools
which are characterized by appropriate sensitivity and response
time to allow monitoring the dynamics of these processes. Since
the discovery of graphene in 2004, such sensors are increasingly
enhanced through the use of 2D materials. Therefore, we set out
to review electrochemical sensors made with 2D materials and
used to investigate living cells. rGO (rather than graphene) was
discovered to be the 2D material most often used to enhance
electrochemical sensors for investigating living cells. MoS2 is
also a popular choice when it comes to improving such sensors.
The direct comparison of the different 2D materials, as building
blocks for electrochemical sensors suitable to investigate cells,
was very seldom carried out. One study shows that electrochem-
ical sensors for the detection of H2O2, made with MoS2 nano-
sheets and PtW nanocubes, are characterized by better selectivity
and better sensitivity than similar sensors in which MoS2 was
replaced with either graphene orWS2 [73]. Another study points
out that electrochemical H2O2 sensors made withMo0.75W0.25S2
are characterized by higher sensitivity thanH2O2 sensorsmade in
a similar manner but with either MoS2 or WS2 [83]. Additional
work is needed in order to identify the exact advantages each 2D
material is providing for electrochemical sensors and to identify
which 2Dmaterial suits better the detection of a certain analyte in
living systems. Such studies would help the community focus on
the right 2D material. H2O2 and ·NO are the small molecules of
which cellular release was most often monitored using the elec-
trochemical sensors made with 2D materials. When used not at
cell culture level but as wearable sensors (placed onto the skin or
the eyeball as mentioned in Section 4), electrochemical sensors
aremademost oftenwithGBMs, target glucose, and, thus, prom-
ise to improve the way diabetes is managed. Electrochemical
sensors made with 2Dmaterials to be used in vivo are most often
fabricated with GBMs and target dopamine. In this case, the use
of GBMs increases the sensitivity of such sensors for this impor-
tant neurotransmitter.

Electrochemical sensors made with 2D materials and used to
investigate living cells have also some weaknesses important to
mention: 1.) Very often 2D materials play only a secondary role
in these electrochemical sensors. In yet other words, 2Dmaterials
are very often replaceable support for more traditional
electrocatalysts such as noble metal nanoparticles. The synergy
in between the 2D material and the more traditional
electrocatalyst is often claimed but seldom proved without leav-
ing room for doubt; 2.)Unfortunately, the use of 2Dmaterials did
not facilitate detecting new compounds of interest.

Electrochemical sensors made with 2D materials detect the very
same species as sensors previously developed without 2D mate-
rials; 3.)Whilemuch effort was put intomaking the electrochem-
ical sensors the problem of placing the sensors to known and
controlled distances from cells was very seldom solved; 4.)
Selectivity tests are often carried out using wrong concentrations
of analyte and of possibly interfering compounds; 5.) The num-
ber of experiments carried out at cellular level with the developed
electrochemical sensors is most often very low. Suitability of the
electrochemical sensors for the investigation of living cells must
be more convincingly proved with a higher number of experi-
ments carried out at cellular level.

The extent to which electrochemical sensors made with 2D
materials will be used at cellular level, as wearable sensors, or as
sensors for in vivomeasurements depends also on the biocompat-
ibility of the 2Dmaterials. The unique properties of graphene and
non-graphene2Dmaterials opena completelynewscenario in the
nanotoxicology research, making the old approaches commonly
used to assess nanomaterial and biomaterial toxicity not anymore
reliable and sufficient. The general conclusion about 2Dmaterial
toxicity is that they can be categorized according to physical-
chemical characteristics and cannot be considered as a single type
of material. Analysis of the literature on this topic (see Section 5)
showed that, depending on the formof the 2Dmaterial (i.e. on the
number of layers, lateral dimension, surface chemistry, exposure
time, concentration, etc.) and the used biological model, 2D ma-
terials can be both harmful and biocompatible. When trying to
translate the use of graphene and non-graphene 2Dmaterials into
medicine, researchers can follow some already available sugges-
tions: 1.) Characterize and design the material in line with a safe
approachandwith respect to thestructure–activity relationship;2.)
Avoid chemical contamination and think about “green” and bio-
compatible alternative products; and 3.) Consider a sterilization
strategy that is compatible with all sensor components.

The importance of combining sensor development efforts
with biocompatibility studies is obviously increasing when the
electrochemical sensors are meant to be in contact with the
investigated tissue for prolonged times (e.g. in the case of
wearable sensors and sensors to be used in vivo). It is also
important that proof-of-principle studies are followed by in
depth studies on the performance of the electrochemical sen-
sors made with 2D materials in real-life conditions. Such
follow-up studies are currently very much missing. The lack
of detailed biocompatibility and follow-up studies suggests
that the integration of electrochemical sensors made with 2D
materials into a commercially viable device is still years away.
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