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Abstract
Diabetes mellitus’ (DM) prevalence worldwide is estimated to be around 10% and
is expected to rise over the next decades. Monitoring blood glucose levels aims to

Impact statement

This article provides an overview of the latest

research on graphene-based biosensors for glu-
cose detection and discusses their potential role
in continuous glucose monitoring (CGM) systems.
Diabetes mellitus (DM) is developing into an epi-
demic in the modern world and a major health
burden worldwide. Monitoring glucose levels is
employed in the optimization of treatment strategies
providing insights into the effectiveness of medica-
tions, exercise, and diet. Since blood glucose level
is the basis for diabetes management, the develop-
ment of highly accurate systems that “continuously”
monitor blood glucose and trigger drug release
(closed-loop systems) is one of the most significant
challenges in diabetes research. This minireview
provides an outline of the limitations in enzymatic
and non-enzymatic glucose sensing that need to be
addressed to develop graphene-based CGM sys-
tems that would eventually lessen the burden and
improve the quality of life of patients with diabetes.

determine whether glucose targets are met to minimize the risk for the development
of symptoms related to high or low blood sugar and avoid long-term diabetes
complications. Continuous glucose monitoring (CGMs) systems emerged almost
two decades ago and have revolutionized the way diabetes is managed. Especially
in Type 1 DM, the combination of a CGM with an insulin pump (known as a closed-
loop system or artificial pancreas) allows an autonomous regulation of patients’
insulin with minimal intervention from the user. However, there is still an unmet need
for high accuracy, precision and repeatability of CGMs. Graphene was isolated in
2004 and found immediately fertile ground in various biomedical applications and
devices due to its unique combination of properties including its high electrical
conductivity. In the last decade, various graphene family nanomaterials have been
exploited for the development of enzymatic and non-enzymatic biosensors to
determine glucose in biological fluids, such as blood, sweat, and so on. Although
great progress has been achieved in the field, several issues need to be addressed
for graphene sensors to become a predominant material in the new era of CGMs.
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Introduction

Diabetes is thought to be a global epidemic in the modern
world. According to the World Health Organization, to date,
about 422 million people worldwide have diabetes and it is
estimated that this number will rise to 642 million in the next
20years.! Moreover, diabetes is one of the 10 leading causes
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of death and one of the biggest public health concerns glob-
ally, affecting both the social and economic development of
each country.?

Diabetes mellitus (DM) refers to a group of heteroge-
neous metabolic disorders characterized by abnormally
elevated blood glucose levels, due to insufficient insulin
production, insulin resistance, or low insulin sensitivity.
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Figure 1. The sensing properties of the enzymatic GOx-based glucose sensors. The immobilized GOx catalyzes the oxidation of glucose (S) by molecular oxygen
producing gluconic acid (P) and hydrogen peroxide (H,O,) Flavin adenine dinucleotide is used as s a redox cofactor for GOx to work as a catalyst. The second-
generation GOx-based sensors utilize redox mediators to interact directly with enzymes at lower applied potentials. The third-generation GOx-based sensors employ
highly selective nanomaterials to facilitate direct electro-oxidation of glucose. Reproduced from the work of Lee et al.’® with permission of John Wiley and Sons.

The most common types are Types 1 and 2 DM affecting
about 7-12% and 87-91% of the diabetic population, respec-
tively.! Monitoring glucose levels, as a disease marker in
DM, is used to optimize patient treatment strategies, and
provide an insight into the effect of medications, exercise,
and diet on the patient. Managing blood glucose levels can
prevent episodes of hypo- or hyperglycemia, and thus, some
of the debilitating side effects (such as diabetic ketoacidosis
and diabetic coma) and more importantly reduce the risk of
developing chronic complications (microvascular, such as
neuropathy, nephropathy, and retinopathy, and macrovas-
cular, such as stroke, peripheral artery disease [PAD], and
cardiovascular disease).3

In this aspect, almost 50 years ago, enzymatic biosensors
were developed for regular monitoring of blood glucose
levels. Estimation of glucose levels is crucial for establish-
ing a diagnosis of diabetes but most importantly for the
progression of the disease and the efficacy of the treatment.
Over the past years, electrochemical amperometric biosen-
sors were produced that measure the current generated by
an electroactive product of the enzymatic reaction between
the glucose and a specific enzyme, which is proportional
to glucose concentration. The most common enzymes for
this purpose are glucose oxidase (GOx/GOD), glucose-1-de-
hydrogenase (GDH), and hexokinase/glucose-6-phosphate
dehydrogenase.

The history of glucose monitoring began in 1962 when
Clark and Lyons reported the first enzyme-based electrode
system: a device composed of an enzyme layer trapped
between two impermeable membranes, and an oxygen elec-
trode.* Five years later, in 1967, Updhike and Hicks man-
aged to immobilize GOx over an oxygen electrode.’ These
scientific innovations led to the development of the world’s
first available product: the model 23A YSI, launched in 1975,
a first-generation whole blood glucose analyzer that could
measure glucose, based on hydrogen peroxide (H,O,) detec-
tion by a platinum electrode.®

Although a scientific breakthrough, the first-generation of
glucose analyzers had major limitations. They required high-
voltage potentials for the oxidation of H,0O, that made them
prone to interference effects, were significantly big and due
to the platinum electrode, extremely expensive.® To over-
come these limitations, researchers replaced oxygen elec-
trodes with electrodes modified with inorganic or organic
synthetic electron acceptors that act as redox mediators,
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Figure 2. Evolution of glucose sensors.

facilitating the transfer of an electron between the redox
center of the enzyme and the electrode. In 1984, the very
first mediated amperometric biosensor (second generation)
was reported.” Eventually, this innovative technology led
to the production of the first electrochemical glucose test
strips for in house use in 1987.8 After that, second-generation
biosensors had a huge success, but the relative toxicity and
solubility of mediators along with low stability of the system
eventually led scientists to develop the third generation of
biosensors.

The transition from second to third generation of biosen-
sors, began around 1992 when a scientific team managed to
incorporate GOx within the pores of a modified membrane.’
The third-generation biosensors do not have redox media-
tors of any kind and rely on direct electron transfer between
the enzyme’s redox center and the electrode.® The enzymatic
glucose sensors sensing principles are presented in Figure 1.

Over the decades, these systems evolved to overcome the
various shortcomings that emerged. However, the discov-
ery of continuous glucose monitoring (CGM) system has
changed the game in glucose sensing and along with the
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Figure 3. Classification of carbon allotropes derived from graphene. Reproduced from the work of Nakano et al.2” with permission of Taylor and Francis.

fabrication of insulin pump devices defined a new automated
process for glucose measurement without human interaction
(Figure 2). As huge as this evolution was, there are still
a lot of limitations needed to be overcome and extensive
research has been focused on the fabrication of an automated
artificial pancreas, also known as the “closed-loop system.”
“Closed-loop” delivery systems will improve remarkably
the management of diabetes as they will provide both CGM
and the release of the appropriate therapeutic scheme when
needed.!? These systems are of utmost importance to consist
of a highly sensitive and efficient sensor for CGM.

In search of novel materials suitable to detect glucose,
researchers turn to carbon-based materials, such as gra-
phene, reduced graphene oxide (rGO) and carbon nanotubes
(CNTs). Graphene was isolated in 2004 after mechanical
exfoliation of graphite!® and refers to a single-atom-thick
layer of sp? bonded carbon atoms tightly packed into a hex-
agonal planar lattice. The discovery of graphene leads to
the Nobel Prize in 2010 due to a series of extraordinary and
unusual properties.!> Among these properties, the excellent
electrical'* and thermal conductivity'® combined with high
mechanical strength,'® and a large surface area'” have placed
graphene as one of the most promising candidates for sens-
ing applications.!® Graphene can be considered an allotropic
form of graphite, such as diamond, graphite, fullerenes,
CNTs, and many other carbon forms with specific hybridi-
zation and shape (Figure 3).1 All these carbon-based nano-
materials show excellent electrochemical properties and over
the years have been used in different electrochemical appli-
cations.?® From all the carbon-based materials, graphene
is one of the most well-studied and seems to be the right
candidate for the construction of glucose sensors. From the
mechanical aspect, graphene sheets are stronger than steel

and thinner than a human hair.?! As for its electrical proper-
ties, graphene presents a remarkable electrical conductivity,
a large surface to-volume ratio and great stability, which
in combination with the delocalized n-conjugated electrons
floating on the 2D surface makes graphene extremely sen-
sitive to its chemical environment and as a consequence
ideal material for sensor fabrication.?? In the same family of
graphene-like materials, graphene oxide (GO) is an atomic-
thick oxygen-rich derivative of graphene containing various
oxygen functionalities, such as hydroxyl, epoxide, carbox-
ylic, and carbonyl.?> Graphene oxide combines some of the
excellent properties of graphene with the advantage of the
high hydrophilicity compared with hydrophobic graphene,
which gives user-friendliness for the synthesis, preparation,
and construction of new-generation biosensors.?-2

However, due to the insertion of the oxygen functionalities
and the disruption of the sp? system of graphene to sp?>—sp?
of GO, the latter exhibits lower conductivity.”® As a result,
GO is usually used after its reduction to rGO.

Here, we review the latest trends in graphene family-
based enzymatic and non-enzymatic glucose detectors that
could be good candidates as CGMs in “closed-loop” delivery
systems. We focus on systems (noble materials, electrodes,
and complete sensors) that are significantly sensitive and
show high selectivity toward glucose and have been tested in
human biological fluids (Table 1). This is very important as it
adds clinical value to the systems, bridging the gap between
research findings and clinical application.

Enzymatic graphene-based sensors

The immobilization of GOx on various substrates is the
key principle for the development of enzymatic biosensors.
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To achieve the desired analytical figures of merit of the
final device (glucose sensor) researchers routinely select to
mingle different materials. Wang et al.? combined meso-
cellular silicate foam (MCF) and rGO to enhance both bio-
compatibility (with the MCF layer) and conductivity (with
the skeleton of rGO). The authors prepared two different
biosensors for sensing either H,O, by a hemoglobin (Hb)-
modified electrode or glucose by a GOD-modified electrode.
The proposed electrode modified with GOD was able to
detect glucose with high sensitivity and selectivity. The
GOD-MCFs@rGO/glassy carbon electrode (GCE) was also
tested in three human serum samples and glucose values
were similar to the ones measured by commercially avail-
able blood glucose meters. This novel sensor has an advan-
tage over second-generation sensors, since it does not use
an electrochemical mediator and its quantification limit is
2.4-8.8 times lower. Another research group combined gra-
phene nanoribbons (GNRs) and bismuth trioxide (Bi,Oj).
Bi,Ojoffers electrochemical stability and energy band gap
whereas GNRs have high surface area and good stability.
The authors speculated that with the combination of these
two materials the product will exert excellent electrochemi-
cal performance. For this purpose, they created a screen-
printed carbon electrode (SPCE) modified first with GNR/
Bi,O; and then with GOx followed by a Nafion drop-cast-
ing layer, which acts as cation exchange membrane. The
SPCE/GNR/Bi,0;/GOx/Naf biosensor exhibited a linear
response to glucose at a rather narrow range but presented
an extremely low detection limit and high sensitivity. The
sensor’s selectivity was influenced by dopamine, so that,
further development is needed to eliminate these disad-
vantages. The biosensor was unable to quantify glucose in
urine samples, so that, the authors spiked the samples with
known concentrations of glucose to test the accuracy of the
method. In contrast, the sensor detected glucose in the blood
of three volunteers, however, the lack of comparison with
a commercially available biosensor does not allow verifica-
tion of the accuracy of the measurements.® Using graphene,
Xu et al.3 prepared a glucose biosensor with 3D porous gra-
phene aerogel. The sensor exhibited satisfactory selectivity
toward glucose and good stability as the current response
of two different glucose solutions (3 and 12mM) was similar
to the initial (almost 90%) after 5 weeks. The clinical applica-
tion of the sensor seems promising since it was able to detect
glucose with good recoveries (90-106%) and relative stand-
ard deviations (RSDs) <10% in human serum samples of
five patients compared with the glucose values determined
by the hospital’s automatic biochemical analyzer. In 2021, a
research group from Iran described a novel electrochemical
paper-based analytical device (ePAD) based on cellulose
acetate (CA) nanofibers, rtGO, and a thin layer of gold (Au)
for the measurement of blood glucose by employing faradic
impedimetric measurements. This was the first report of an
ePAD with cellulose nanofibers (CNs) and rGO. The deter-
mination of glucose was performed in an enzymatic way
with GOx. To evaluate the accuracy of glucose determina-
tion in spiked whole blood samples, the sensor was tested
against the standard clinical method (glucose dehydroge-
nase assay kit) where it achieved high-recovery results rang-
ing between 97 and 105% and low RSDs (<2%).32

The most comprehensive research approach to generate
a sweat glucose sensor for CGM systems was published by
Lee et al.?> in 2016. The authors created a patch, consisting of
a bilayer of Au mesh and gold-doped graphene with Ag/
AgCl counter electrodes. Graphene has been synthesized by
chemical vapor deposition (CVD) process. It also contained
a sweat uptake film, polymer-based microneedles for drug
release, a waterproof film, and sensing components (elec-
trodes for detection of humidity, glucose, pH, and tremor).
Assay of glucose occurred via GOx. The glucose biosensor
was stable and showed good correspondence to typical sweat
glucose concentrations in vitro and high selectivity toward
glucose in the presence of other biomolecules found in
sweat. To test the potential therapeutic effects of this device,
the patch was laminated near the abdomen of 8- to 10-week-
old diabetic mice (db/db). The sensor after standardization
for pH values produced matching glucose values to that of a
commercially available assay. Moreover, glucose levels were
successfully measured in the treated group (thermally actu-
ated microneedles from the patch penetrated through the
skin to the subcutaneous region which delivered metformin
to the bloodstream) and control groups (without the patch
and the drug) and the suppression of glucose concentration
after treatment verified the sensor credibility to track glucose
changes over time.

The study also included a trial of exceptional impor-
tance. The performance of the patch in sweat was tested
against a commercially available glucose assay kit (Cayman
Chemical, USA) and measurements were correlated with
those of a blood glucometer (Accu-Chek Performa, Roche,
Switzerland) in two healthy volunteers. Statistical analy-
sis showed that the diabetes patch was able to efficiently
track glucose changes and the data obtained were well cor-
related with those from the commercially available glucose
assay kit and the blood glucose meter.®® This study can be
characterized as unprecedented since it reports a coherent
experimental “closed-loop” system, based on graphene, able
to successfully determine glucose in humans’ sweat and to
provide a controlled release of the drug.

Non-enzymatic graphene-based
sensors

In non-enzymatic biosensors, glucose oxidation is catalyzed
directly, by materials that have electrocatalytic properties.
These materials include catalysts that contain a transition
metal center (such as metals, metal oxides, and alloys) and
carbon-based materials.3* Currently, the most used nano-
materials in the fabrication of non-enzymatic glucose sen-
sors include metal oxides, carbon-based materials (especially
graphene), and composites of the above.

There are two accepted theories about the non-enzymatic
electro-oxidation of glucose by materials that contain a tran-
sition metal center (Figure 4). The first one (the activated
chemisorption model proposed by Pletcher in 1984) suggests
that glucose oxidation takes place on the surface where glu-
cose forms a bond with the atoms.® Ten years later, in 1994,
Burke proposed a second theory, the “Incipient Hydrous
Oxide Adatom Mediator (IHOAM)” and highlighted that
hydroxyl radicals play a significant role in the electrocatalytic
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Figure 4. The mechanism of glucose detection by sensors constructed with materials that contain a transition-metal center. (A) Glucose is adsorbed (chemisorption)
onto the metal electrode surface before it is further oxidized. (B) The IHOAM model. Fast electro-oxidation of glucose into glucono-3-lactone is facilitated by the
presence of reactive hydrous oxide (OH,4) layer on the electrode surface. Reproduced from the work of Hwang et al.3” with permission of Elsevier.

process of glucose. In this model, active metals atoms on the
electrode surface have enhanced reactivity and facilitate
glucose oxidation.®

Many graphene and graphene derivatives have been
examined thoroughly in enzyme-less glucose assays. The
most common graphene-based materials used in this field,
are GO and rGO. In most studies, graphene materials have
been enrolled as supporting materials, but they can also act
as electrocatalysts alone; however, only a few studies have
tested their sensors in any type of biological fluid to evaluate
their potential clinical application value.

Doping graphene with nitrogen, sulfur, fluorine, and
boron is a method to enhance the electrocatalytic properties
of graphene materials. Of the above, nitrogen doping seems
to be the most adequate for this kind of application as it
amplifies the electrical conductivity and binding ability of
graphene and creates more active sites. Bearing this in mind,
Rahsepar et al.,?® created nitrogen-doped graphene (NG)
structures (three N-doped graphene specimens with differ-
ent amounts of pyridinic N, pyrrolic N, and quaternary N)
and studied their capability to act as electrocatalysts for glu-
cose detection. All N-doped structures showed a good linear
response to glucose but the N-doped graphene with the larg-
est amount of pyridinic nitrogen showed the greatest elec-
trocatalytic ability for glucose oxidation and was examined

furtherly. At high pH values (pH=13), the electrode could
detect glucose in a wider linear range and at a lower detec-
tion limit than at physiological pH (7.4). The sensor was
able to accurately measure glucose in different human blood
serums with different glucose concentrations after dilution
in phosphate buffer. Having said that the potential use of this
sensor in a CGM system is significantly limited.

Non-enzymatic graphene: metal-based
sensors

Although the previous study proved the unique electro-
catalytic activity of graphene, still the best option for non-
enzymatic sensors is to combine graphene with metals,
metal alloys and/or metal oxides. This combination leads
to a “synergistic effect” and results in better electrocatalytic
activity, greater sensitivity, and higher selectivity toward
glucose of the sensor.

Shishegari et al.% created an enzymeless glucose sensor
using graphite sheet (GS), N-doped functionalized graphene
(NFG) and palladium nanoparticles decorated on NiAl lay-
ered double hydroxide (LDH). The sensor’s ability to deter-
mine two different glucose concentrations (18 and 54mg/
dL) was tested in blood, serum, and plasma samples contain-
ing 0.1M NaOH to increase pH to 13. The lowest recoveries
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(90%) were seen in blood samples which were attributed to
the matrix of the blood. The authors did not provide results
regarding the sensor’s performance at physiological pH val-
ues, thus, its practical usefulness as a part of a CGM system
needs to be addressed.

Nonetheless, combining graphene with precious noble
metals, such as platinum (Pt), gold, and palladium shoots
up fabrication costs since these metals are high-priced. To
overcome this limitation, cheaper transition metals (such as
iron, cobalt, copper, and nickel), are used.

Regarding iron (Fe), although Fe;O, oxide is cheap, with
good electrochemical properties and effectively oxidizes glu-
cose in a non-enzymatic way; it is rarely used in non-enzy-
matic glucose detection studies. In a recent study, Suyanta
et al. 0 fabricated a non-enzymatic glucose sensor based on
iron oxide/graphene nanocomposites. Specifically, Fe;O,/
graphene nanostructures have been designed and placed on
a GCE. The sensor was extremely selective toward glucose
and presented long-term stability as amperometric response
retained close to the initial levels after 14 days of storage.
Human blood serum samples required treatment (two con-
secutive dilutions, 100 and 300 times) with KNO, before it
was feasible for the sensor to quantify glucose levels with
high accuracy as the comparison with a clinical glucometer
showed. Chaiyo et al.*! created a paper-based device (PAD)
consisting of cobalt phthalocyanine (CoPc). Their idea was
derived from the knowledge that metal phthalocyanines
exhibit good electrocatalytic properties and are already in
use as mediators in enzymatic glucose biosensors. In this
study, the authors prepared a CoPc/ionic liquid/graphene
composite (CoPc/IL/G) to modify a screen-printed elec-
trode, printed on a paper substrate (SPCE). Blood samples
were provided from healthy non-diabetic patients which
were centrifuged to obtain serum and then diluted 10-fold
with an electrolyte before analysis with the sensor. Moreover,
the results were compared with those obtained by a com-
mercial glucose meter (Ascensia ENTRUST) and statistical
analysis showed no significant differences between the two
methods. Recently, a sensor was developed for the detection
of glucose in saliva and specifically a nanohybrid consist-
ing of single-walled carbon nanotubes (SWCNTs), rGO and
CoPc, and a modified GCE. Saliva samples were spiked with
glucose and diluted to 0.1 M NaOH. The final concentration
of glucose in the test samples ranged from 0.005 to 0.5mM
and the sensor’s response was linear within this specific glu-
cose concentration range. The sensor could effectively deter-
mine glucose in concentrations found in the saliva of healthy
and diabetic people (0.23-1.77 mM).#2

Darvishi et al.#3 created a glucose sensor consisting of
a porous 3D hydrogel of gelatin methacryloyl (GelMA)
combined with nickel nanoparticles and rGO, whereas
Xue et al # created poly(cysteine)-Ni(OH), nanocomposites
(Pcys-Ni (OH),) and they placed them on graphene-mod-
ified GCE (GCE/GN/Pcys-Ni(OH),). Nickel nanomateri-
als are excellent catalysts for glucose oxidation due to the
formation of a redox couple Ni(II)/Ni(IIl) on the electrode
surface in an alkaline solution. The combination of gra-
phene with nickel nanoparticles provides a hybrid material
with enhanced electron transfer properties. Both sensors
were tested in human blood serum samples; the former

in only one sample while the latter in one sample spiked
with different glucose concentrations. RSD was 2.1% and
1.2-2.9%, respectively. The biosensors exerted sufficient
accuracy and showed potential for use in clinical practice.
Following a similar approach, Khosroshabhi et al.4> managed
to synthesize a non-enzymatic glucose sensor consisting
of 3D-graphene foam combined with Cu-based nanopar-
ticles on a GCE. Dilution of human serum samples was
mandatory. RSD values decreased as glucose concentration
was increased (1.49 and 0.66% for glucose concentration
4.61 and 7.99mM, respectively) and were similar to those
reported by Darvishi et al.#

A unique methodology for the development of non-
enzymatic sensors is the combination of NG and Ni/NiO
nanoparticles with mixed-valence states (a mixed state of
Ni and NiO enhances the activation rate and facilitate the
electrochemical reaction). This approach was chosen since a
multivalent system can potentially offer higher electrical con-
ductivity as well as superior catalytic kinetics and dynamics.
Injection of various glucose solutions or serum diluted sam-
ples (15 times) was performed in alkaline solution (NaOH)
and the system was able to accurately determine very small
amounts of serum glucose compared with a routinely used
colorimetric method (RSD less than 4%).4¢ Another approach
is the application of nickel phosphide (Ni,P) nanoparticles
in situ on the GO film (Figure 5(A)).#” Besides the need for a
strongly alkaline regime to operate, the main advantage of
this type of sensor is that it can measure glucose in human
serum samples without sample pretreatment; however, the
current sensor’s performance was not compared with a
commercial glucose meter and no further details about the
recovery rate or RSDs values were provided.

rGO has also been used for the development of an electro-
chemical glucose sensor in combination with copper sulfide
nanoflakes (CuSNFs)* or copper (II) oxide (CuO).# Both
sensors required a 200- and 100-fold dilution, respectively.
Yan et al.#® provided specific details on the preparation of
the two urine and two human serum samples they used
to access the applicability of the sensor, which resulted in
an RSD value below 3% and recoveries between 98.3 and
102.4%. On the contrary, Gijare et al.# state that they used
the standard dilution method before analysis without giving
any details on the solvent or the addition of glucose into the
samples; however, they applied a certified method to verify
their results. Their GO/CuQO/ fluorine-doped tin oxide (FTO)
had an average recovery rate of 99.7% along with an RSD of
1.58% (Figure 5(B)).

Finally, the combination of two different transition metal
oxides on a graphene-based structure that could further
improve the conductivity, sensitivity, and stability of the
material was also reported. Two different groups used nickel
and cobalt mixed low-dimensional materials (NiCo0,0,
nanosheets) to decorate graphene and produce biosensors.
The first one applied NiCo,0O, nanosheets on nitrogen-doped
(nitrogen doping on graphene enhances conductivity) rGO
(N-rGO)* while the second one GO.>' Comparing their diag-
nostic ability, the sensor generated with N-rGO seems to be
superior since it was able to read undiluted human serum
samples (RSD 0.2-2.5%) with high accuracy (compared with
a commercial glucose meter) whereas the GO sensor was
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tested in diluted (no details provided) and spiked with glu-
cose (20 pM) serum and urine samples with similar RSD val-
ues (<<3%). In a similar approach, a research team from China

developed a Ni- and Cu-modified graphene electrode, using
a graphene-layer skeleton (in which they electrochemically
deposited Ni nanoparticles and Cu micro-/nano sheets to
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enhance electrocatalytic activity toward glucose oxidation)
and reported similar results (RSD 1.6-2.4%) to spiked and
diluted (50-83 dilution ratio in 0.1 M NaOH) human blood
serum samples.>?

As mentioned above, most of the sensors require sample
dilution into alkaline solutions to obtain measurements.
To overcome this limitation, Hashemi et al.53 decorated
GO flakes with 8-hydroxyquinoline (8H was added to
provide radical OH- species) and nickel oxide (NiO) and
measured glucose concentrations after dilution (1:10) of
four serum samples in phosphate-buffered saline (PBS)
(pH=7.4). The sensor’s RSD was below 5.0% and had a sta-
bility of 94% of its initial performance after 1 month; thus,
analytical data anoint it a potential candidate for biological
and non-biological applications. Prabhakaran and Nayak
developed an innovative enzyme-less sensor using laser-
scribed graphene (LSG); a novel 3D patterned graphene
structure on the surface of which they anchored copper
oxide nanoparticles (CuO NPs). After performing several
tests on electrodes with different sizes of CuO nanoparti-
cles, a decision was made based on electrochemical data
and electrocatalytic properties on glucose oxidation and
the best performing electrode assembly was chosen for
further analysis. Measurements were performed directly
to whole blood, serum, sweat, or urine samples collected
from a volunteer. Interestingly, the sensor produced an
RSD value of 10.5% in blood and serum samples contain-
ing 100 uM (1.8 mg/dL) glucose (precalculated in clinic)
which is significantly higher than those reported in the
previous studies of the same material; however, no dilu-
tion was required in a basic solution nor addition of glu-
cose to the biological samples. Moreover, taking a step
forward the authors managed to miniaturize their device
and transfer the LSG-based material into a commercial
Scotch brand tape, making it adequate for the design of
a final wearable device and thus a perfect candidate for
daily, home-use by the patients.>*

Conclusions

Today, therapy for diabetes relies on “open-loop” delivery
methods, where the patient administers the drug to himself
or herself at different times of the day. A most advanced
approach is the “closed-loop” therapy, where the involve-
ment of the patient in maintaining glucose control is minimal.
A “closed-loop” system determines insulin or drug require-
ments in real-time and delivers the proper dosage (e.g. the
development of a “synthetic pancreas” an external device
that uses glucose sensors and pumps). A “closed-loop,” how-
ever, demands continuous glucose detection. Thus, CGMs
have emerged in the last years as one of the most promising
systems for the automation of diagnosis (continuous glucose
measurement) and treatment (regimen delivery) of people
with diabetes. In this aspect, various graphene-based biosen-
sors have been developed for regular monitoring of blood
glucose levels.

Our literature research aimed to identify the progress
achieved in recent years on graphene-based glucose sensors
and their potential use as part of CGMs. To that end, we nar-
rowed our bibliography quest only to graphene systems and

defined key terms referring to human biological fluids (such
as “blood,” “serum,” “sweat,” etc.).

From the data collected, it can be safely deduced that
enzymatic graphene sensors have the edge over non-enzy-
matic sensors, since they can measure glucose accurately
in biological fluids without sample pretreatment (dilution
or spiked with glucose) (Table 2). Non-enzymatic sensors
require an alkaline work environment. Although this pro-
cedure could be applied to automatic biochemical analyzers
with equally satisfactory results, their use in CGMs seems
doomed to fail. To overcome this weakness, innovative
solutions have been suggested, such as the electrochemical
pretreatment to increase the pH of the sample by proton
reduction reaction.® Moreover, in most of the studies, the
authors employed a strategic spike with specific amounts of
glucose that best fit the desired optimal operational window
of the sensors. Nonetheless, we determined two studies on
non-enzymatic graphene sensors#*3* that reported satisfac-
tory results without sample pretreatment or addition of glu-
cose. Itis expected that differential synthetic approaches will
enhance graphene potential and render it an ideal material
for non-enzymatic CGMs in the fight against DM.

Another drawback we identified and that we believe
should be addressed in future research is the limited num-
ber of samples analyzed by non-enzymatic and enzymatic
sensors. Moreover, from a medical standpoint, the perfor-
mance of potential CGMs in authentic biological samples
is of the utmost importance. Diabetes induces biochemical
and hematological changes that are not limited to glucose
levels, so that, it is preferable to test these systems in real and
not artificial conditions: samples from people with chronic
diabetes exerting hyper- or even hypoglycemia (T1DM and
T2DM), people with prediabetes and healthy individuals.
We strongly believe authentic biological samples would pro-
vide more realistic conditions for CGMs to cope with rather
than spiked glucose samples.

Non-invasive CGMs are the feature of glucose monitoring
and considerable research efforts have been made in the last
decade to develop systems for monitoring glucose in blood,
sweat, saliva or tears. Microneedle sensors are minimally
invasive, however, there could be an infection risk lurk-
ing after several applications, whereas, there has not been
established a solid correlation between saliva or tears and
blood glucose. Our research team is working on a promising
approach to develop a “closed-loop” system where glucose
concentration is continuously measured in human sweat
through a graphene-based enzymatic sensor (skin patch) uti-
lizing novel methodologies in green chemistry. An artificial
intelligence (AI) app on a mobile phone analyses incoming
readings and activates drug release from a drug-loaded skin
patch (a nanoemulsion of a hypoglycemic regimen to pen-
etrate the skin and reach the superficial vascular network)
(Figure 6).

Currently, sweat sensors are the most promising strategy
for the development of non-invasive CGMs. It is expected
that wearables that detect not only glucose but many ana-
lytes in sweat simultaneously will emerge rapidly in the
following years and graphene might provide strong foun-
dations for the development of the new era of non-invasive
CGMs.
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Figure 6. A potential sweat-based glucose monitoring nanodevice (closed loop) with controlled transdermal nanoemulsion release for hypoglycemic drug delivery.
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