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Laser-induced graphene, which was first reported in 2014, involves the creation of graphene by using a laser
to modify a polyimide surface. Since then, laser-induced graphene has been extensively studied for
application in different scientific fields. One beneficial approach is the use of laser-induced graphene
coupled with electrochemistry, where there is a growing need for disposable, conductive, reproducible,
flexible, biocompatible, sustainable, and economical electrodes. In this mini overview, we explore the
use of laser-induced graphene as the basis of electroanalytical sensors. We first introduce laser-induced
graphene, before moving to the use of laser-induced graphene electrodes highlighting the various
approaches and different laser parameters used to produce different graphene micro and macro
structures, whilst describing how these structures are characterised and benchmarked for those working

in the field of laser-induced graphene electrodes for comparison aspects. Next, we turn to the use of
Received 1st October 2024 l _induced h lectrod the basis of electrochemical . latf t ds k
Accepted 25th November 2024 aser-induced graphene electrodes as the basis of electrochemical sensing platforms towards key

analytes and its use in the development of biosensors. We provide a critical overview of the use of laser-

DOI: 10.1038/d4ay01793e induced graphene sensors compared to screen-printed and additive manufactured electrodes, providing

rsc.li/methods future suggestions for the field.

Introduction to laser-induced can be realised. Furthermore, Fig. 1B-D shows scanning elec-
tron microscopy (SEM) micrographs that show the ordered-

graphene porous morphology obtained. The Raman spectrum shows

the three peaks that are observed (Fig. 1E), assigned to the D, G
and 2D bands, where analysis shows that the 2D band is the
same as that of single-layer graphene but it has a larger full
width at half maximum of ~60 cm™' suggesting randomly
stacked graphene layers, and the D/G intensity ratio indicates
a high degree of order within the graphene formation in the
laser-induced graphene.® Note that the D band is present,
which suggests that it is not pristine graphene (which has no D
peak) but contains defects.® X-ray diffraction (XRD) of the laser-
induced graphene is shown in Fig. 1E, where an intense peak
centred at 26 = 25.9° is seen, giving an interlayer spacing (I.) of
~3.4 A between the (002) planes in the laser-induced graphene,
indicating a high degree of graphitization.® The authors also
explored different laser powers from 2.4 W to 5.4 W, where they
monitored the change in the Raman spectra and noted that the
increase in power degrades the quality of laser-induced gra-
phene.® This unique approach has started the trend of how to
rapidly make laser-induced graphene, which has now been
explored toward medical diagnostics, energy storage and
conversion devices, water purification, electronic devices,
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Building, Chester Street, Manchester, M1 5GD, UK. E-mail: c.banks@mmu.ac.uk; ~ resistive sensors, health monitoring and wearable sensors, to
Tel: +44-(0)-161-247-1196 name just a few.”** The main reason why laser-induced gra-
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Graphene is a unique material which is composed of a single
layer of carbon atoms within a hexagonal honeycomb lattice. It
exhibits advantageous properties of improved thermal,
mechanical, optical, and electrical transport, resulting in it
being explored in a range of applications.' There are many
ways to produce graphene, which include micromechanical
and liquid-phase exfoliation, chemical vapour, and pulsed
laser deposition to name just a few.** One notable approach is
the use of a CO, infrared laser cutter system to form laser-
induced graphene on polyimide films, where sp’-carbon
atoms are photothermally converted to sp>-carbon atoms via
pulsed laser irradiation, which has revolutionized how laser-
induced graphene can be readily formed.® This approach
results in rapid temperature increases that breaks C-O, C=0,
and N-C bonds, whilst releasing CO and C,H,, resulting in the
instant creation of graphene, at a significantly low cost. Fig. 1A
shows a schematic of the process for the creation of laser-
induced graphene from polyimide, where various geometries
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Fig.1 (A) Schematic of the synthesis process of laser-induced graphene from polyimide. (B) SEM image of laser-induced graphene patterned into an
owl shape; scale bar, 1 mm. The bright contrast corresponds to laser-induced graphene surrounded by the darker-coloured insulating polyimide
substrates. (C) SEM image of the laser-induced graphene film circled in (B); scale bar, 10 um. Inset shows the corresponding higher magnification SEM
image; scale bar, 1 um. (D) Cross-sectional SEM image of the laser-induced graphene film on the polyimide substrate; scale bar, 20 um. Inset shows
the SEM image showing the porous morphology of laser-induced graphene; scale bar, 1 um. (E) Representative Raman spectrum of a laser-induced
graphene film and the starting polyimide film and XRD pattern of powdered laser-induced graphene scraped from the polyimide film.
Figure reproduced from ref. 6. Copyright 2014 Nature. (F) Morphology diagram mapping the ranges of laser parameters (power and degree of beam
defocusing) for creating different types of LINC (isotropic porous morphology, anisotropic cellular networks, and aligned woolly nanofibers) fora CW

CO; laser (wavelength A = 10.5 mm) scanning at v = 500 mm s*. Figure reproduced from ref. 7. Copyright 2021 American Chemical Society.

made without the need for expensive cleanroom equipment,
solvents, wet chemical procedures and subsequent treatments.

Abdulhafez and co-workers” studied morphological transi-
tions in laser-induced graphene on polyimide substrates, where
they explored the power as a function of the beam defocus. As
shown in Fig. 1F, a useful zone diagram is presented which
shows the morphology which ranges from various fluence
values (F) corresponding to cutting (F = 25 ] cm™ %), nanofibers
(F =17 J cm™?), anisotropic cellular networks (F = 12 J cm™?)
and isotropic pores (F = 5 ] cm™2). The physicochemical char-
acterisation of laser-induced graphene is dependent upon the
material/substrate, laser type and associated parameters, e.g.,
wavelength, power and scanning speed, and environmental
conditions also affect the hydrophilicity/hydrophobicity, nano-
and micro-scale morphology, i.e., crystallinity, porosity, and
chemical composition of the graphene produced.>'® For
example, various materials have been used to produce laser-
induced graphene, which can be classed into thermoplastics
(polyimide, poly(vinyl chloride) and polyphenylene sulfide),
thermoset materials (polystyrene and phenolic resin), natural
polymer materials (lignin and cellulose) and non-polymeric
materials (charcoal and activated carbon).>*> Furthermore, as
shown in Fig. 2A, laser-induced graphene can be extended to
bread, wood, cotton paper, cardboard and muslin cloth, which
allows the approach to be utilised on biodegradable substrates
through tuning the lasing parameters,' noting that this is the
Rice University (USA) Owl Mascot. That approach has used
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a CO, laser with a wavelength of 10.6 um, but this can be ach-
ieved on various substrates/surfaces using continuous wave,
pulsed and ultrashort pulse lasers, as well as visible and
infrared laser sources, where the power source and raw mate-
rials for the generation of different laser-induced graphene
outputs have distinct advantages to form graphene.*

One particular use of laser-induced graphene is within the
realm of electrochemistry, where these materials have found
application in batteries, water splitting devices, health and gas
monitoring, fuel cells, and supercapacitors and are applied in
various wearable and telemedicine platforms."»'*>° In this
mini-review, we introduce laser-induced graphene focusing on
electrochemical-based sensors which can provide on-site anal-
ysis with a highly selective and sensitive output, whilst
remaining cost-effective. We therefore summarise the use of
laser-induced graphene as the basis of electroanalytical sensors
and compare these critically against screen-printed and additive
manufactured electrodes.

Laser-induced graphene electrodes

Laser-induced graphene electrodes have been utilised as the
basis of sensors due to their rapid and easy approach of fabri-
cation, high conductivity, flexibility, and unique micro- and
macro-features. Most importantly, the fact that these are multi-
layer graphene, it is the presence of edge plane sites/defects
which has been extensively shown to be the origin of fast

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (A) Laser-induced graphene on (left to right) bread, fire-retardant treated pine wood, cotton paper, cardboard, grey muslin cloth and
a muslin cloth wrapped around a marker pen. All owls depicted are 60 mm in height. Figure reproduced from ref. 12. Copyright 2018 American
Chemical Society. (B) Illustration of the visible laser-printer machine showing the production of laser-induced graphene where a three-electrode
configuration (1.5 cm x 4 cm) and single working electrode (1 cm x 4 cm) are shown. Also shown is the flexibility of laser-induced graphene
electrodes. Figure reproduced from ref. 13 Copyright 2022 Springer. (C) Heatmap of the electrode outcome vs. power and speed settings at
a pulse density of 1000 x 1000 (x by y) (colour code as indicated in the inset: green = ok, darker brown = partial scribing (PS), lighter brown = no

effect (NE), orange =

laser-induced graphene peeled off from the substrate (PO), and red = laser burned through the substrate (B)).

Figure reproduced from ref. 14. Copyright 2021 Springer. Creative Commons Attribution 4.0 International License.

electron transfer.”>*> Another benefit is that production of laser-
induced graphene does not need a template, as is the case when
using screen-printed electrodes where a stencil design is
required. For example, Fig. 2B shows the use of a visible laser-
printer machine and the production of laser-induced gra-
phene, where a three-electrode configuration (1.5 cm X 4 c¢m)
and single working electrode (1 cm x 4 cm) can be realised. The
real images of the produced laser-induced graphene electrode
which highlights their flexibility are also shown." A useful
approach has been reported by Clark and co-workers where the
use of a stencil allowed minimal achievable resolution of the
laser-induced graphene from 120 pm to 45 pum allowing
a microarray electrode to be realised.

As mentioned above, laser-induced graphene can show
variability between different research groups and batch-to-
batch variations,** where the graphene is dependent upon the
material/substrate, laser type and associated parameters, e.g.,
wavelength, power and speed, and also environmental condi-
tions. In each case, where researchers are producing laser-
induced graphene, they need to physicochemically character-
ise their graphene using SEM, Raman, X-ray photoelectron
spectroscopy (XPS) and electrochemistry. That said, this is often
overlooked.

A useful approach has been reported by Behrent and co-
workers'* who, as shown in Fig. 2C, have produced a heatmap of
laser-induced graphene electrodes showing how power versus
speed can either make a useful laser-induced graphene elec-
trode, or not. They have identified these as follows: green is ok,

This journal is © The Royal Society of Chemistry 2025

darker brown is a result of partial scribing (see inset of Fig. 2C:
PS), lighter brown indicates no effect (NE), orange resulting
from laser-induced graphene which peeled off from the
substrate (PO), while red is a result of the laser burning through
the substrate (B); more authors need to follow the valuable
approach by Behrent and co-workers.** A useful review paper
has been published by Muzyka and Xu* which covers laser-
induced graphene characterisation using Raman spectros-
copy, sheet resistance, electrochemical active surface area,
wettability (contract angles), and the heterogeneous electron
transfer rate constant and compares different laser wavelengths
with heterogeneous electron transfer rate constants, which can
show great variations.” We next summarise the physicochem-
ical characterisation of their laser-induced graphene electrodes.
In Table 1, one can see the different SEM images of laser-
induced graphene electrochemical surfaces that are a result of
different laser sources, where the Raman spectrum, the elec-
trochemical area (A,,) and the heterogeneous rate constant (k°)
reported for [Ru(NH,)s]*"/*" and [Fe(CN),]* ">~ redox probes are
also shown. It is expected that the laser-induced graphene
sensors will be dependent upon the surface and chemical
morphology, indicating that researchers need to conduct
physicochemical characterisation of their graphene surfaces.

SEM (scanning electron microscopy)

SEM is critical to observe the structure of the formed laser-
induced graphene structures, where one can see the micro
and macro structures (see Table 1).

Anal. Methods, 2025, 17, 635-651 | 637
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Goniometry

Goniometry is used to determine the hydrophobicity, where
solutions are carefully applied onto the laser-induced graphene
surface where the average contact angle is reported. For example,
an average contact angle using deionised water is reported to be
56° but it has been shown that the contact angle varied by more
than 30% across four batch-to-batch variations.*

Raman spectroscopy

Raman spectroscopy is critical to identify the presence of micro
and macro structures. As shown in Table 1, a typical Raman
spectrum for laser-induced graphene is shown (first image)
where the main peaks are identified, which are D, G and 2D
bands and also D + D” and 2D’ bands. If we elaborate on this
figure,** we can observe the D (1343 cm™ "), G (1591 cm™ '), and
2D (2691 cm ') vibrational bands. These arise from the Stokes
phonon energy shift, where the G band is a primary in-plane
vibrational mode, and the 2D band is a second-order overtone
of a different in-plane vibration, the D band. Note that for
graphene, one should only observe G and 2D bands, and the
presence of the D band indicates defects. The G band represents
the in-plane stretching vibrations of the sp® bonded carbon
atoms. Its position is affected by the number of layers present,
where the peak shifts to lower wavenumbers as the number of
graphene layers increases. The number of layers can be calcu-
lated from the peak position using the following equation where
wg is the band position, and n the number of layers present:*®

wG = 1581.6 + 11(1 + n'®) (1)

Of further note is that the intensity of the G band decreases
as the layers increase from mono- to tri-layer. The 2D band is
also indicative of the number of layers present in the sample,
which originates from a double resonance enhanced two-
phonon lateral vibrational process. The 2D band changes in
shape and position as the layers of graphene increase. The D-
band is the peak which highlights defects within the sample,
where the more intense this band is, the higher the level of
disorder within the sample. This band is a result of ring
breathing mode of sp>-carbon rings and must be adjacent to
a defect to be Raman active. The D-band is a 1-phonon lattice
vibrational process and is a double resonance band. The ratio of
the intensities of I, and I bands, I,p/Ig will be equal to 2 for
high quality single layer graphene. The ratio changes to 1, 0.8
and 0.5 indicating that in each case, these correspond to double
layer, few layer and multi-layer graphene. See ref. 29 for
a calculator to help with the deduction of graphene layers.
Lastly, one can observe a minor band D + D' (2936 cm™ ") which
indicates the disorder structure of graphene with oxygen-
containing groups where combined overtones of D + D” and
2D’ are also identified which indicate the formation of
a graphite-like carbon structure.

XPS (X-ray photoelectron spectroscopy)

XPS can be used to analyse the elemental composition and
chemical state of the material's surface. XPS can be used to

640 | Anal. Methods, 2025, 17, 635-651
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measure the elemental composition and the chemical and
electronic state of atoms. This approach is useful as it can be
used to determine the carbon-oxygen content and identify
them. Using a CO, pulsed laser working at 10.6 pm using a scan
speed of 160 mm s~ !, manufacturing laser-induced graphene
has shown, via XPS, an % atomic C of 76.6, % atomic O of 16.6,
while % atomic nitrogen and silicon are 6 and 0.8 respectively,
which are ascribed to C-O-C, C-N and C=O functional
groups.®® The use of functional groups enhances surface
wettability assisting with the adsorption and desorption of ions
and enhancing interaction with the electrolyte. For example, it
has been shown that oxygenated species decrease the electron
transfer kinetics of ferrocyanide using basal plane and edge
plane pyrolytic graphite electrodes.** On the other hand, others
report that oxygenation of the single-walled carbon nanotube
ends is known to speed up the electron transfer kinetics®* -
understanding which oxygenated species are present is critical
and needs to be reported.

Electrochemical characterisation

The heterogeneous electrochemical rate constant, £°, is calcu-
lated as an average from three sets (minimum) of scan rate
studies for each electrode using an appropriate redox probe
using the quasi-reversible electrochemical reactions through
the following Nicholson formula:**

¥ = k[DnvFI(RT)] (2)

where y is a kinetic parameter, D is the diffusion coefficient of
the redox probe, n is the number of electrons that are taking
part in the process, F is the Faraday constant, v is the scan rate,
R is the gas constant, and T is the temperature in Kelvin. In
order to calculate the heterogeneous electrochemical rate
constant, we use the peak-to-peak separation (AE,) to deduce v,
where AE, is obtained at various voltammetric scan rates. The
heterogeneous electrochemical rate constant can be calculated
via the gradient when plotting y against [wDnvF/RT] ">, Lav-
agnini et al.** proposed the following function of (AE,), which
fits Nicholson's data, and for practical usage, rather than
producing a working curve, we suggest the following approach:

¥ = (—0.6288 + 0.0021.X)/(1 — 0.017.X) (3)

where X = AE),. In cases where AE}, is higher than 212 mV, the
following equation should be implemented:*

K° = 2.18[DanvFI(RT)]exp[—(e’nFIRT)AE,) (4)

where « is the transfer coefficient (usually assumed to be close
to 0.5). If we consider the use of the Randles-Sevéik equation
under non-standard conditions for reversible and quasi-
reversible electrochemical processes:***

ov nFDv
IS = £0.446nF A ;e C\ | RT (5)

nFDyv 6)
RT

Irg}msi — i0_436nFAreal C
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where I, ¢ is the voltammetric current/analytical signal using the
forward peak of the electrochemical process, 4., is the elec-
troactive area of the electrode. Eqn (5) and (6) can be used to
determine the electroactive area (A,.q) through a simple cyclic
voltammetry experiment. In this approach, typically, a redox
probe is used to determine a plot of the forward peak current,
I, +, as a function of applied voltammetric scan rate (v') where
the electrode should be flat and non-porous, where in the case
of laser-induced graphene electrodes these are providing an
estimate that can help others to benchmark and compare the
electrochemical surface area with others. Lastly, it is also good
to compare the geometric area (Ag.,), using the following
equation:

%Real = (Ageal/Ageo) X 100) 7)

As can be seen in Table 1, there are many different micro and
macro structures produced using different lasers forming laser-
induced graphene, which are multi-layer graphene where the
heterogeneous electrochemical rate constant and different
electrochemical areas can vary. This indicates that laser-
induced graphene electrodes are similar to solid carbon
electrodes.**** As mentioned above, it has been shown that
oxygenated species decrease the electron transfer kinetics of
ferrocyanide using basal plane and edge plane pyrolytic
graphite electrodes® but others report that oxygenation of the
single-walled carbon nanotube ends is known to speed up the
electron transfer kinetics.** One must understand the use of the
redox probes in terms of their inner-sphere and outer-sphere
nature. For example, it is known that [Ru(NH;)e]*"/*" is a near-
ideal outer-sphere redox probe, while [Fe(CN)s]**~ is known
as an inner-sphere redox probe which is strongly influenced by
the state of the electrode surface in terms of the surface
chemistry, microstructure and oxygenated species. This may
account for the fast heterogeneous electrochemical rate
constant reported using laser-induced graphene, as shown
Table 1. Ultimately, it is highly encouraged for researchers
reporting the formation and use of laser-induced graphene to
characterise and benchmark their material using the list of
approaches highlighted above.

Laser-induced graphene sensors

Table 2 provides a snapshot of the use of laser-induced gra-
phene electrochemical sensors, which it is shown in alphabet-
ical order in terms of the analyte being measured alongside.
These cases are reported together with the substrate graphene is
formed on, the wavelength of the laser source and both the
applied power and speed. Moreover, Table 2 summarises the
use of laser-induced graphene towards various analytes along
with their analytical performance (linear range and limit of
detection (LoD)) and real sample application.

One can see that aristolochic acid and roxarsone have been
simultaneously measured with a very low LoD of 16.5 and
2.31 nM.** Aristolochic acid has been associated with urinary
epithelial cancer, renal tumours, and renal failure related to the
intake of herbal medicine derived from Aristolochia plants,
while roxarsone is an organoarsenic chemical widely used in

This journal is © The Royal Society of Chemistry 2025
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poultry farming which can be linked to toxic and carcinogenic
effects in humans; therefore, there is a need for an electro-
chemical sensor for monitoring both compounds.**

An innovative approach for the measurement of methane
has been reported using laser-induced graphene substrates.**
Using an interdigitated laser-induced graphene design, palla-
dium nanoparticles (50 nm) are decorated on porous poly-
vinylidene fluoride (PVDF) with 1-ethyl-3-methylimidazolium
TFSI (EMImMTFSI) in an N-methylpyrrolidone (NMP) layer and
then painted onto the electrodes. The interdigitated laser-
induced graphene design (see Fig. 3) is composed of 14
anode/cathode fingers, each with a dimension of 13 x 0.4 mm
and a spacing of 0.5 mm between them. Also shown in Fig. 3B is
the characterisation of laser-induced graphene electrodes with
the Raman spectrum of the laser-induced graphene electrode
material, which reports multi-layer graphene. Also shown is
a schematic (Fig. 3B) of the dimensions of the laser-induced
graphene electrodes and an indication of where the electrolyte
is applied. A cross-section SEM image of two adjacent electrodes
shows that the electrode structure is not completely embedded
within the polyimide, but the porous laser-induced graphene
electrodes are ~100 um above the plane of the unexposed pol-
yimide film. The sensor is applied to the measurement of
methane, where the electrochemical procedure transforms
methane into carbon dioxide and water. The author reports that
this sensor gives a linear range of 10-50 ppm and a LoD of
9.2 ppm, which is 4 orders of magnitude lower than other
electrode designs.*

Fig. 3C shows the experimental set-up for the laser-induced
technique used in the fabrication of reduced graphene
oxide.”” A graphene oxide solution is coated onto an alumina
ceramic (Al,O;) substrate through drop coating. It is placed in
an oven for 2 h at 60 °C, after which, a 1064 nm laser is used
with fibre optics via a telecentric lens (specification: f = 125
mm, A = 1064 nm). The laser is passed over an excitation filter
and reflected by a shrinking mirror into a mirror spot and
focused by using an objective lens to excite graphene on the
ceramic substrate.”> The ceramic plate was placed on a sample
holder and fixed with a linear actuator, where the substrate was
scanned by moving the stage in the xy-direction.** In essence,
the use of the laser forms reduced graphene oxide when used
within an open atmosphere. This is confirmed via XRD, Raman
spectroscopy and XPS. To show the use of laser-induced
reduced graphene oxide, the authors explore the sensing of
acetaminophen, one of the most commonly used medications
in the world, where they can measure over the range of 0.099-
1978 uM, and a LoD of 5.2 nM is reported. They apply their
sensor to the detection of acetaminophen in spiked river and
urine samples, as well as within a pharmaceutical tablet; this
approach provides a low-cost, environmentally friendly method,
and offers large-scale manufacturing of reduced graphene
oxide. In another example, the use of platinum decorated laser-
induced graphene electrodes has been reported for the sensing
of carbendazim.*® Carbendazim is a fungicide that is regulated
in many countries and banned in others. As such, there is
a need for the sensing of carbendazim to ensure that high levels
are avoided, which can result in potential health risks and
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(A) Schematic of the fabrication process of the electrochemical methane sensor. A CO, laser is used to convert the polyimide sheet into

a patterned, interdigitated laser-induced graphene design. Palladium nanoparticles are decorated where porous polyvinylidene fluoride (PVDF)
with 1-ethyl-3-methylimidazolium TFSI (EMIMTFSI) in an N-methylpyrrolidone (NMP) layer is painted onto the electrodes. (B) Characterisation of
laser-induced graphene electrodes with Raman spectra of the laser-induced graphene electrode material, photograph of electrodes prior to
applying the electrolyte, a sketch of the interdigitated electrodes with dimensions and a SEM image of the cross section of the laser-induced
graphene electrodes. Figures reproduced from reference . Copyright 2018 American Chemical Society. (C) Schematic setup of the fibre laser
system (i), zoomed-in schematic showing the scanning of the laser (i), laser scanning path (iii) and the electrochemical detection of the anti-
pyretic (iv). Figure reproduced from reference “2. Copyright 2024 Royal Society of Chemistry. (D) A summary of a platinum modified laser-
induced graphene electrochemical sensor and its application for the real-time detection of carbendazim in wastewater samples.

Figure reproduced from ref. 48. Open Access.

environmental contamination.®® The sensor developed for this
application is shown in Fig. 3D, where a polyimide film is
exposed to a laser and then modified using electrodeposition of
platinum nanoparticles (70 nm diameter) onto the formed
graphene. It shows a porous structure and has lattice defects as
reported using SEM, Raman spectroscopy and XPS. This sensor
was shown to be successful in the measurement of carbendazim
with an LoD of 0.67 uM with a linear range of 1-40 pM, where
good recoveries (88.89-99.50%) are shown in wastewater
samples. In another study involving a facile approach to form
laser-induced graphene electrodes, Kucherenko and co-workers
used this as a solid-state ion-selective electrode for the simul-
taneous measurement of potassium and ammonium ions using
an ionophore membrane.®® This sensor provided a linear range
of 0.3-150 mM and LoD of 100 pM and 30 pM for potassium and
ammonium ions respectively. The authors used their sensor for
the measurement of potassium and ammonium ions in urine to
help monitoring hydration levels in different patients.

Others have shown that laser-induced graphene can be
realised using paper-based electroanalytical devices. As shown

644 | Anal Methods, 2025, 17, 635-651

in Fig. 4A, one can see that they can readily produce laser-
induced graphene upon paperboard.® This approach allows
the researchers to produce laser-induced graphene on paper-
board using a CO, laser, after which, they painted a reference
electrode with conductive silver ink. This was used as a proof-of-
concept approach, which they tested towards the sensing of
picric acid. The electrochemical reduction of this compound
provides three distinct reduction processes at —0.35, —0.47, and
—0.62 V (vs. silver) corresponding to the electroreduction of the
nitro groups of picric acid, where the reduction wave at the
lowest potential (—0.15 V) corresponds to the formation of
a radical anion species.®® This approach has been extended to
develop a laser-induced graphene electrode for the sensing of
uric acid, which gave a linear range of 10-250 pM with a LoD of
3.97 uM which was tested using spiked human urine.* The use
of laser-induced graphene electrodes has been also investigated
for the measurement of nitrite, as shown in Fig. 4B.** In this
work, the use of a bare laser-induced graphene electrode has
been initially explored using a redox probe of potassium
ferricyanide/ferrocyanide with a reported electrochemical area

This journal is © The Royal Society of Chemistry 2025
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Fig. 4

(A) The use of laser-induced graphene formed upon paperboard. Also shown are the differential pulse voltammograms obtained towards

the measurement of picric acid in the presence of 0.48, 0.91, 1.30, and 2.0 mM. Figure reproduced from ref. 65. Copyright 2017 Wiley. (B) An
image showing the proposed mechanism of the electro-oxidation of nitrite using a laser-induced graphene electrode modified with COOH-
MWCNT and with gold nanoparticles (all drop cast). Figure reproduced from ref. 64. Copyright 2021. (C) Cyclic voltammograms of laser-induced
graphene and platinum laser-induced graphene electrodes in a pH 7.0 buffer containing (i) 1 mM dopamine (DA), (ii) 1 mM uric acid (UA) and (iii)
1 mM ascorbic acid (AA). Scan rate: 50 mV s 1. Differential pulse voltammetry curve (iv) of laser-induced graphene and platinum laser-induced
graphene electrodes, pH 7.0, containing 1 mM AA, 40 uM DA and 40 uM UA. All measurements were performed relative to an external Ag/AgCl
(3 M KCl) reference electrode. Figure reproduced from ref. 45 Copyright 2016 Wiley. (D) Schematic illustration of the ZnFe,O, modified laser-
induced graphene cTn-| aptasensor. Fabrication of laser-induced graphene electrodes using the laser-scribing method and modification with
ZnFe,O4 by drop-casting to prepare a laser-induced graphene/ZnFe,O4 electrode. A mixture of a thiol-modified DNA aptamer specific to cTn-|
and mercaptohexanol (MCH) was immobilized on the electrode surface. MCH helps in the proper folding of the DNA aptamer. Incubation of BSA
solution for 45 min to reduce non-specific adsorption. Different concentrations of cTn-| solution were incubated on the cTn-| aptasensor. The
electrochemical signal was measured before and after the binding of cTn-I. Due to the attachment of cTn-I, the diffusion of the redox probe to
the electrode surface was hindered, resulting in a decrease in the peak current values, directly correlated with the amount of cTn-I molecules
attached to the aptasensor surface. Figure reproduced from ref. 50. Copyright 2021 Elsevier.

of 7.62 mm®. The use of gold nanoparticles (12.9 nm diameter),
MWCNTs and gold nanoparticles/fCOOH functionalised
MWCNTs (drop cast) increase the electrochemical area to 9.27,
9.45 and 13.60 mm?, respectively. Furthermore, the authors
report that the charge transfer resistance decreased from 2911
Q using a bare laser-induced graphene electrode to 448 Q with
gold nanoparticles/fCOOH functionalised MWCNTs. These
electrode configurations are explored toward the electro-
chemical oxidation of nitrite, where the bare induced graphene
electrodes gave rise to a peak observed at +0.68 V which moved
to +0.75 V using the gold nanoparticles/COOH functionalised
MWCNTSs, but results in a larger peak height which will provide
a useful response for the sensing of nitrite. The COOH-
MWCNTs/gold nanoparticle modified laser-induced graphene
electrodes are shown to report a linear range of 10-140 pM
towards nitrite and an LoD of 0.9 uM. They applied this to

This journal is © The Royal Society of Chemistry 2025

spiked tap water samples reporting recoveries of 91.5-96.1%,
the mechanism of the electrochemical oxidation of nitrite is
summarised in Fig. 4B.

Fig. 4C shows the use of laser-induced graphene and plat-
inum nanoparticle laser-induced graphene electrodes in the
presence of 1 mM dopamine (DA), 1 mM uric acid (UA) and
1 mM ascorbic acid (AA) recorded separately.*” Analysis by the
authors showed that the electrochemical area corresponds to
9.177 mm?® for laser-induced graphene and in comparison
a value of 10.383 mm? is reported for the platinum nanoparticle
laser-induced graphene electrodes, which increased the area by
13.14%.* There is very little difference between the laser-
induced graphene and platinum laser-induced graphene elec-
trodes, which questions the need of carrying out such surface
functionalisation with platinum. Interestingly, the separation
between dopamine, uric acid and ascorbic acid is feasible where

Anal. Methods, 2025, 17, 635-651 | 645
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the peaks are well-resolved with and without Pt, as shown in
Fig. 4C. This approach is summarised by the authors due to (i)
rapid electron transport properties of a porous graphene
network, (ii) rich in edge plane like sites/defects, which can
provide catalytic activity, and (iii) the 3D hierarchical and
porous network providing enough accessibility to
biomolecules.*

Another notable study is reported by Zeng and co-workers®”
who produced a laser-induced graphene surface modified with
2D-hexagonal boron nitride via drop-casting. This sensor has
been used in the measurement of sulfamethoxazole, which
occurs via an electrochemical oxidation mechanism and
undergoes one electron and one proton loss, giving a linear
range of 0.5-362.5 uM and an LoD of 0.11 uM. The repeatability
has been explored using 20 successive measurements, and the
RSD was found to be 4.01%. In terms of the number of elec-
trodes, the authors explored 10 different electrodes, which gave
a relative standard deviation (RSD) of 4.65%. The selectivity
towards the measurement of sulfamethoxazole is explored
where they added in NaCl, KCl, MgCl,, and CacCl, at 100-fold
excess concentration and glucose with 10-fold excess concen-
tration to 50 pM sulfamethoxazole. Also, they studied glutamic
acid, arginine, and hypoxanthine with 1-fold excess concentra-
tion. All these compounds did not affect the measurement of
sulfamethoxazole with RSD values less than 5%. This sensor
was shown to be successful in the measurement of lake water
and milk samples. In this work, while water samples collected
from Jiangxi Agricultural University were processed using a 0.22
pum filter to remove the suspended particles, the commercial
milk underwent an extraction procedure in a buffer/acetonitrile
50% (v/v) solution before analysis. Subsequent samples spiked
with 27 and 55 pM sulfamethoxazole were analysed by HPLC
and electrochemistry. Both produced recoveries in the range of
97.5-108.2%, with RSD values below 5% which showed there
was no significant difference between the two methods, which
also suggests a promising practical application in spiked
sample analyses of the sensor.®” It is important to highlight that
validation of electrochemical sensors using laboratory-based
instrumentation is of critical importance when such sensing
devices are applied for real sample analysis.

Laser-induced graphene biosensors

Laser-induced graphene biosensors have been extensively re-
ported, where the laser-induced graphene does not contribute
to the sensing of the biomolecules under investigation but
instead supports the use of nanoparticles which can increase
active sites, enhance the number of immobilised biomolecules,
and improve the electroanalytical response of the sensor. For
example, a laser-induced graphene surface has been utilised as
the basis of an aptasensor directed toward the sensing of
cardiac troponin-I (cTn-I) proteins that are a clinically validated
biomarker for the detection of acute myocardial infarction - as
shown in Fig. 4D which shows how they fabricated the sensor.”®
In this approach, ZnFe,0, is synthesised using a wet chemical
methodology and drop cast onto the laser-induced graphene
surface which is allowed to dry. Next, DNA aptamer (thiol
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modified Anti-cTn-I: CGTGCAGTACGCCAACCT TTCTCATGCG
CTGCCCCTCTTA) and mercaptohexanol are incubated for 16 h,
after which bovine serum albumin is applied for 45 min to
reduce non-specific adsorption. This approach uses the redox
probe potassium ferricyanide/ferrocyanide, where the cTN-I
binds with the surface DNA aptamer and blocks the surface
sites causing the signal to decrease. A linear range of 0.001-200
ng mL~ " and an LoD of 0.001 ng mL " are shown to be feasible.
Note that ¢Tn-I levels below 0.6 ng mL ™" present in serum are
considered normal, while 0.7-1.4 ng mL™" suggest a minor
myocardial injury and over 1.5 ng mL ™" indicate myocardial
necrotic damage suggesting that this sensor can discriminate
between a normal situation and myocardial necrotic damage.
This sensor was explored in the presence of potential interfer-
ence from cholesterol, glucose, myoglobin, ¢Tn-T, and c¢Tn-C
and compared to the response for cTn-I. The sensor was
explored toward 8.8, 8.2, 7.3, 6.5 and 5.9 fold excess for the same
concentration (50 ng mL™") of each analyte, respectively.*® The
only interferents were ¢Tn-C and c¢Tn-T, which showed more
adsorption onto the sensors, but the authors assure us that
their sensor is highly selective for the measurement of cTn-J;
potentially a change in blocking solution would benefit this
work. This sensor was shown to be used for the measurement of
cTn-I in spiked human serum using different amounts of cTn-1
of 0.001, 0.01, 0.1, 1, 10 and 100 ng mL '. The authors
concluded that the performance of their sensor is a result of the
use of ZnFe,0, increasing the electroactive surface area and
electrocatalytic activity where the laser-induced graphene elec-
trode surface acts as “electrically wiring”, where presumably
other electrodes could be used; as shown by the authors® there
are more sensitive approaches with very low linear ranges ~pg
mL " levels using other carbon substrates (e.g., screen-printed
carbon electrodes).”

Other approaches have developed biosensors for the
measurement of glucose using laser-induced graphene elec-
trodes, as shown Table 2. There is still an obvious need for the
measurement of glucose that can provide rapid, on-the-spot
readings within human blood. The concentration of glucose
needs to be in the normal human body range, where a reduction
and excess can lead to hypoglycemia and hyperglycemia,
respectively. For example, a linear range of 5 ptM-2 mM and an
LoD of 2 uM using poly(3,4-ethylene dioxythiophene) (PEDOT)
and gold nanoparticles (20 nm diameter) with glucose oxidase
upon a laser-induced graphene electrode have been reported.*
As shown in Fig. 5A, 3,4-ethylene dioxythiophene (EDOT)
monomers are electrochemically polymerized on the laser-
induced graphene electrode surface to form a PEDOT film.
Next, gold nanoparticles are electrochemically deposited on the
laser-induced graphene electrode surface by potentiostatic
deposition.** This is then modified with 11-mercaptoundeca-
noic acid (MUA) onto which a mixed solution of glucose oxidase
(GOx) and glutaraldehyde (GA) is drop cast. Using the Randles-S
evcik equation they deduced the effective electrochemical area
to be 4 times greater than the geometric area, which gave rise to
the performance of the sensors. This sensor was used to sense
glucose in artificial urine, fetal bovine serum and artificial
where the of glucose with different

sweat, recoveries
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(A) An overview of the glucose sensing analysis. Figure reproduced from ref. 52. Copyright 2024 Royal Society of Chemistry. (B) Schematic

illustration of the biosensor modification process showing how the sensor works. Figure reproduced from ref. 62. Copyright 2024 Royal Society
of Chemistry. (C) Electrode fabrication and functionalization process. (D) Schematic of the electrochemical thrombin detection mechanism with
increasing concentrations of thrombin, and the diffusion of the redox marker hexacyanoferrate(i) to the electrode surface is hampered. This
results in a decrease in the peak currents obtained from voltammetric measurements. Figures reproduced from ref. 11. Copyright 2017 American

Chemical Society.

concentrations are 61.34-111.93%, 81.72-159.66% and 72.68-
125.00% respectively.*> Non-enzymatic glucose-based laser-
induced graphene sensors outperform enzymatic ones when
one considers the cost, sensitivity, stability, and of course,
operating duration. To this end, laser-induced graphene
modified with copper nanoparticles gives rise to the measure-
ment of glucose reporting a sensitivity of 2665 pA mM ™' cm ™2,
a limit of detection of 0.023 pM and a linear range of 0.03-
4.5 mM.*® Another notable study reported laser-induced porous
graphene which has been fabricated and decorated with nickel
and gold nanoparticles towards the sensing of glucose, report-
ing a high sensitivity of 3500 yA mM ™" ¢cm >, a linear range of
0-30 mM, a LoD of 1.5 uM and a response time of less than one
second.” Interestingly, the authors applied their sensor to the
measurement of glucose through sweat providing a flexible
sensor attached to the arms of a human subject. The authors
consider the response of sensing in a flat or bending state
reporting excellent mechanical durability using up to 500 cycles
of bending and electrochemical stability through immersion in
phosphate buffer solution for up to 30 days. Using a commercial
sensor, they validated their laser-induced graphene-based
sensor within sweat, demonstrating that their non-enzymatic
laser-induced graphene glucose sensor could also be inte-
grated with wireless measurement units to provide real-time
monitoring capabilities.”

This journal is © The Royal Society of Chemistry 2025

The use of laser-induced graphene biosensors has also been
reported for the detection of methylation in DNA and RNA
which is essential for the diagnosis and treatment of a wide
range of diseases.”” As shown in Fig. 5B, a biosensor for the
measurement of N°methyladenosine (m6A-RNA) and 5-
methylcytosine-single strand DNA (5mC-ssDNA) is designed
and implement in HeLa cells. This approach utilised electro-
chemically deposited gold nanoparticles, sulthydryl-modified
nucleic acid chains, biotin-modified antibodies, and
streptavidin-modified horseradish peroxidase (SA-HRP), where
the peak current/signal is proportional to the concentration of
m6A-RNA and 5mC-ssDNA in the hydrogen peroxide-hydro-
quinone (H,0,-HQ) system. This sensor allowed the measure-
ment across the linear range of 0.01-10 nM with an LoD of 2.81
pM for m6A-RNA and 9.53 pM for 5mC-ssDNA. It is reported by
the authors that the method utilises gold-sulfur bonding to
immobilise the detection target, which improves the conduc-
tivity of the laser-induced graphene electrode and introduces an
amplified portion of the signal by taking advantage of antigen—
antibody specific binding.®> The stability of the biosensor was
explored when they stored their sensor in a refrigerator (4 °C)
for 0, 3 and 5 days and showed that the %RSD decreased by 9.42
for the 5-day detection, suggesting that the biosensor should
not be stored for more than 5 days. This sensor was evaluated
for the measurement of m6A-RNA and 5mC-ssDNA within
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spiked HeLa cells where they report recoveries of 105.4-111.0%
and 95.3-98.8% respectively with a low %RSD of 0.8-1.3% and
0.7-1.3% respectively. This approach has potential to be
explored further for point-of-care techniques for nucleic acid
methylation detection in clinical applications.®

An outstanding approach using laser-induced graphene
electrodes involves the use of an X-660 laser cutter platform
with a wavelength of 10.6 pm - see Fig. 5C."* These electrodes
are modified with 1-pyrenebutyric acid for 1 h, which forms via
m-stacking interactions. This then provides COOH-groups upon
the electrode surface which allows covalent coupling using
EDC/NHS with the antithrombin aptamer (5-H,N-Cé6-
GGTTGGTGTGGTTGG-3') - see Fig. 5D. This sensor is used for
thrombin detection, where increasing concentrations of
thrombin stop the diffusion of the redox marker potassium
hexacyanoferrate(ur) to the electrode surface and produce
a decrease in the peak currents. This sensor is shown to report

View Article Online
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a linear range of 1-100 pM with a low LoD of 1 pM in buffer and
5 pM in fetal calf serum. The sensor has a reported incubation
time of 30 min which is shorter than others reported and the
LoD compares favourably.™

Comparison of laser-induced
graphene electrodes with screen-
printed and additive manufactured
electrodes

Screen-printed electrodes are a consolidated technology applied
to the development of electrochemical sensors while additive
manufacturing has emerged in the last ten years as a potential
technology for the same purpose with additional advantages,
which is also valid for laser-induced graphene electrodes.
Table 3 summaries the advantages and disadvantages of laser-

Table 3 A summary of the advantages and disadvantages of laser-induced graphene electrodes compared with other relevant electrodes

Laser-induced graphene electrodes

Additive manufactured electrodes

Screen-printed electrodes

Advantages

Disadvantages

e Economical

e No need for screens to define the
working electrode and associated
electrodes

e Flexible/bendable electrodes

e Control of surface morphology

o Abundant edge plane sites/defects
e Multiple sensing

e Highly reproducible

e Comparable to gold standard
laboratory approaches
e Portable

e Comparable to solid carbon
electrodes

e They are generally fabricated
under ambient conditions;
however, the inner gas environment
can generate new morphologies and
insert functional groups

e It cannot be bulk modified, so it
needs surface-modification with
nanoparticles, electrocatalysts/
mediators, metallic films (e.g., gold,
mercury, and bismuth), which can
potentially limit their use

e Difficult standardisation across
groups/methods and batch-to-batch
variation and power, speed and
beam defocus need to be adjusted
and depend on the laser source

e Conductive graphene tracks are
easily removed by mechanical
contact (electric contact requires
extra attention)

648 | Anal. Methods, 2025, 17, 635-651

e Economical

e No need for screens to define the
working electrode and associated
electrodes

e Can provide flexible/bendable
electrodes based on the filament
that is used

e 3D electrodes can be easily
realised

e Bulk modified

e Control of surface morphology

o Abundant edge plane sites/defects
e Multiple sensing

o Different electrodes surface can be
easily made (e.g., bulk modified
metal nanoparticles)

e Comparable to gold standard
laboratory approaches

e Portable

e Comparable to solid carbon
electrodes

e Filaments need to be made to

optimise for every application

e 3D printer parameters need to be
evaluated for every filament

e In some cases, electrochemical
surface activation is required

e Economical
e Flexible/bendable electrodes

e Bulk modified

e Abundant edge plane sites/defects

e Multiple sensing

o Different electrodes surface can be
easily made (gold, silver, CNTs etc)
e Comparable to gold standard
laboratory approaches

e Portable

e Comparable to solid carbon
electrodes

e Commercially available inks
(standardisation is feasible)

e Screens are needed and need to be
maintained

e Longer time for preparation due to
ink curing time; every different
material needs to be cured
separately (e.g., silver, carbon and
insulating inks)

This journal is © The Royal Society of Chemistry 2025
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induced graphene electrodes in comparison to screen-printed
electrodes®”* and additive manufactured electrodes.”””® We
take every point in turn, and we comment upon each approach
summarising the advantages and disadvantages of laser-
induced graphene, screen-printed and additive manufactured
electrodes.

Laser-induced graphene, additive manufactured and screen-
printed electrodes are shown to be economical, reproducible,
comparable to those obtained by standard laboratory
approaches, and allow one to control the surface morphology.
They are easy to combine with portable electroanalytical setups,
and therefore allow one to transfer the laboratory approach into
the field. They all have abundant edge plane sites/defects, which
promote fast electron transfer and results in sensitive electro-
analytical approaches. Furthermore, they can all be fabricated
onto flexible materials and they are all electrochemically
comparable to solid carbon electrodes. Additionally, new
designs, such as microbands, microdiscs, microdisc arrays, etc.
using a stencil can be manufactured and also they can be used
for multi-analyte sensing. One downside of laser-induced elec-
trodes is that these need to be modified with gold nanoparticles,
and with electrocatalysts/mediators as a post-processing
approach, which may limit their use, such as on using electro-
chemical deposition. In comparison, bulk modified additive
manufactured and screen-printed electrodes can be readily
produced where screen-printed inks are modified with the
desired micro/nanomaterial (e.g., macro/nanosized silver, gold,
palladium, CNTs, graphene) which reduces the resistance
between the material and the electrode surface and improves
electron transfer properties.** Such an approach provides
a simple but effective strategy allowing one to create mass-
produced electrochemical platforms.*® Furthermore, screen-
printed metallic electrodes can be realised through changing
the ink, and one can readily manufacture different electrode
types, for example silver, gold, palladium, etc. The downside
with screen-printed electrodes is that one needs to design and
use a screen which needs to be maintained,* while in the case
of laser-induced graphene and additive manufactured elec-
trodes, one does not need a screen. One aspect that also limits
the use of additive manufactured electrodes, is that in some
cases, electrochemical surface activation is required. Lastly, in
all cases, these electrode configurations are comparable to solid
carbon electrodes (~107> cm s~ ) where the k° compares well,
suggesting that these fabrication approaches should be
routinely used for sensing.

Conclusions

We have overviewed the use of laser-induced graphene elec-
trodes as the basis of sensors and we can summarise as follows:

(1) The rapid and easy fabrication of laser-induced graphene
sensors is an interesting approach for use as the basis of elec-
troanalytical sensors. The electrodes are highly conductive,
flexible, cost-effective, and have unique micro- and macro-
features and eco-friendly production and the manufacturing
of laser-induced graphene typically uses fewer chemicals and
produces less waste than traditional graphene fabrication

This journal is © The Royal Society of Chemistry 2025
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methods, making laser-induced graphene sensors more envi-
ronmentally friendly, aligning well with sustainable
manufacturing goals. Most importantly, these are multi-layer
graphene, which contain using C-O/C=O0O etc. functional
groups where edge plane sites/defects are favourable for
electroanalysis.

(2) As shown throughout, there are many types of laser-
induced graphene and there can be variability between
different research groups and batch-to-batch variations.>* The
graphene is dependent upon the material/substrate, laser type
and associated parameters and in future manufacturing laser
maintenance, operational frequency and batch size should be
considered.* In each case, these need to be physicochemically
characterised using SEM, Raman spectroscopy, XPS and elec-
trochemistry, helping to benchmark the performance of the
laser-induced graphene electrodes. Another area is to vary the
length of the electrical connection of laser-induced graphene
electrodes, which has shown that a shorter connection give rise
to improvement in the electrochemical response using screen-
printed electrodes.*’

(3) The use of laser-induced graphene sensors is comparable
with that of screen-printed and additive manufactured elec-
trodes, but they have advantages and disadvantages which need
to be considered - see Table 3 (e.g., they cannot be bulk modi-
fied with catalysts). Laser-induced formation of catalyst-
modified graphene occurs through a single laser step; metal
nanostructures have been incorporated as a post-treatment
protocol by different strategies and steps to improve sensing
properties of laser-induced graphene, which increases the time
of preparation and decreases reproducibility.

(4) The use of laser-induced graphene sensors has been
explored toward a range of useful analytes, but many do not
validate their sensors with laboratory-based instrumentation
which stops uptake and commercialisation.

(5) One needs to consider how do the different laser-induced
graphene sensors compare with each other and how to choose
the appropriate ones for a specific target application? The
answer lies in the fabrication of laser-induced graphene sensors
which is varied, providing different electrochemical based
responses (see Table 1) where researchers need to physico-
chemically characterise and decide whether their sensor is
useful for direct electron transfer processes, or they need to
modify the surface using catalytic nanoparticles and enzymes/
proteins, for instance.

Laser-induced graphene sensors have an optimistic future
where researchers need to develop their sensors further
exploring more challenging analytes in difficult media, e.g., real
blood, saliva, sewage, etc. New strategies to incorporate
different metal-based catalysts within graphene through
a single laser irradiation procedure (one-step laser protocol)
may enable the formation of next generation electrochemical
laser-induced sensing materials with improved selectivity and
sensitivity. Polyimide has been the main substrate used to
generate laser-induced graphene sensors; however, other
substrates can be investigated and paper is likely a promising
material considering the generation of sustainable electro-
chemical sensors. On the other hand, paper as a substrate for

Anal. Methods, 2025, 17, 635-651 | 649
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laser-induced graphene sensors brings additional challenges to
be overcome, aiming at high-performance benchmarked
sensors. Lastly, the use of integration of laser-induced graphene
sensors with internet of things (IoT) extends their use in smart
infrastructure for real-time data gathering and responsive
systems. Overall, we can state that laser-induced graphene
sensors are likely to become increasingly versatile and acces-
sible, supporting innovative solutions across health, environ-
mental monitoring and smart infrastructure, to name just a few.
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