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ABSTRACT: Laser-induced graphene (LIG) has emerged as a
highly versatile material with significant potential in the develop-
ment of electrochemical sensors. In this paper, we investigate the
use of LIG and LIG functionalized with ZnO and porphyrins-ZnO
as the gate electrodes of the extended gate field effect transistors
(EGFETs). The resultant sensors exhibit remarkable sensitivity
and selectivity, particularly toward ascorbic acid. The intrinsic
sensitivity of LIG undergoes a notable enhancement through the
incorporation of hybrid organic−inorganic materials. Among the
variations tested, the LIG electrode coated with zinc tetraphe-
nylporphyrin-capped ZnO nanoparticles demonstrates superior
performance, reaching a limit of detection of approximately 3 nM.
Furthermore, the signal ratio for 5 μM ascorbic acid relative to the same concentration of dopamine exceeds 250. The practical
applicability of these sensors is demonstrated through the detection of ascorbic acid in real-world samples, specifically in a
commercially available food supplement containing L-arginine. Notably, formulations with added vitamin C exhibit signals at least 25
times larger than those without, underscoring the sensors’ capability to discern and quantify the presence of ascorbic acid in complex
matrices. This research not only highlights the enhanced performance of LIG-based sensors through functionalization but also
underscores their potential for practical applications in the analysis of vitamin-rich supplements.

■ INTRODUCTION
L-Ascorbic acid, widely known as vitamin C, is a naturally
occurring water-soluble antioxidant renowned for its protective
properties against diseases induced by free radicals.1 While
plants and most animals can synthesize ascorbic acid, humans
and other primates lack this capability and must obtain it
through their diet. Due to its beneficial effects, ascorbic acid is
an almost ubiquitous additive in various products, including
pharmaceuticals, food, and beverages. Thus, the increasing
significance of ascorbic acid in both medical and technological
realms necessitates the development of dedicated analytical
methods and sensors.2,3

The electron-donor characteristics of ascorbic acid facilitate
its detection with amperometric sensors at an appropriate
oxidation potential.4 Alternatively, biosensors based on the
ascorbate oxidase enzyme on metal oxides also make
potentiometric detection possible.5 In recent years, there has
been a growing interest in the development of nonenzymatic
sensors to improve robustness, stability, and cost with respect
to conventional biosensors. For instance, the detection of

glucose with inorganic nanostructured materials has shown
comparable properties with respect to enzymatic sensors.6−9

This paper introduces a potentiometric nonenzymatic
method for the detection of ascorbic acid employing an
extended gate field effect transistor (EGFET) with the gate
electrode fabricated from laser-induced graphene (LIG) on
polyimide.
LIG is a simple and convenient method to produce

patterned graphene from ordinary polymers.10 Laser exposure
induces localized temperatures above 2000 K, leading to the
breakage of C−N, C−O, and C�O bonds and resulting in the
formation of a porous 3D graphene structure with a high
density of surface defects and pores, making it ideal for sensing
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purposes.11 While LIG electrodes have been predominantly
utilized as working electrodes in amperometric arrangements
for various applications, their use in potentiometric sensing has
been less explored.12−14

The inherent sensitivity of LIG electrodes can be further
enhanced and diversified by surface functionalization.15 For
example, LIG in combination with a proper ionophore
membrane detects ammonia and potassium in urine samples.16

To investigate this possibility, we chose metalloporphyrins as
functional materials due to their remarkable sensitivity in
detecting compounds in the atmosphere and solutions.17 The
affinity of porphyrins for ascorbic acid has been previously
used in colorimetric and fluorescent sensors.18,19

Since previous studies have shown that the sensitivity and
selectivity of porphyrins increase when they are arranged at the
surface of ZnO nanostructures instead of a compact molecular
film, the LIG electrodes were functionalized by a film of
porphyrin-capped nanoparticles.20,21 On the other hand, ZnO
itself can contribute to the detection, as suggested by the fact
that ZO nanocrystals immobilized on the TiO2 surface
enhance the detection of vitamins in electrochemical sensors.22

Potentiometric detection allows the exploitation of a broader
range of interaction mechanisms, enabling a thorough
exploitation of the interactions between porphyrins and
analytes.23 In potentiometry, the voltage difference between a
working electrode and a reference electrode is measured with a

potentiostat circuit.24 This standard approach has been
challenged since the seventies by the ion-sensitive field effect
transistors (ISFETs), where the gate material is replaced by the
electrolytic solution in which the compound of interest is
dissolved.25 ISFETs still require a reference electrode but offer
the advantage of transamplification properties of the field effect
transistors.
Modern evolutions of the ISFET concept include transistors

where the semiconductive channel is made of carbon
nanotubes, graphene, or silicon nanowires.26 These devices
require the development of both the transducer (the FET
itself) and the sensitive material. EGFETs, a further evolution
of ISFETs, use a standard silicon metal-oxide-semiconductor
field-effect transistor (MOSFET) to transduce the surface
potential of a sensitive electrode connected to the gate
terminal, offering advantages in terms of reliability, stability,
and conventional electronics interface.27

In this paper, we investigate the sensitive properties of
EGFETs with electrodes made of LIG, ZnO nanoparticles on
LIG, and porphyrin-capped ZnO on LIG. The resulting
sensors exhibit high sensitivity and selectivity to ascorbic acid,
leveraging the reducing properties of ascorbic acid and the high
sensitivity of porphyrins toward electron-donor species.
Detection down to the nanomolar range is achieved, surpassing
responses to common interferents, such as dopamine, citric
acid, and malic acid. This mitigates the cross-selectivity

Figure 1. Scheme of the production procedure of functionalized electrodes. Hydrothermal growth of nanoparticles starts from a solution of
porphyrins and the ZnO precursor in ethanol. After drying, powders are collected, dissolved in a solvent, and drop-cast onto the LIG electrodes.
(Adapted with permission from ref 20 Copyright 2021, American Chemical Society.)
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observed with LIG electrodes in amperometric setups.28 The
obtained results rival those achieved by enzymatic potentio-
metric sensors5 and represent an improvement over previous
nonenzymatic ascorbic acid sensors.

■ MATERIALS AND METHODS
LIG Electrodes. LIG electrodes were created on a 125 μm-

thick Kapton sheet by using a Trotec Speedy 100 CO2 laser
cutter (Trotec Laser Inc., Marchtrenk, Austria). LIG was
produced with a laser illuminance of 10 W/cm2, at a rate of 20
cm/s, and with a resolution of 1000 points per inch. Laser
engraving was performed in ambient air to achieve a
hydrophilic carbonaceous surface suitable for the subsequent
deposition of the sensitive material.11

The electrodes were fabricated with an active sensing area of
approximately 7 mm2. After laser scribing, the electrodes were
cleaned in a solution of water and 2-propanol to remove
surface residues and then left to dry at room temperature. A
commercial nail polish was applied to passivate the portion of
the electrode not in contact with the electrolytic solution.
Functional Sensitive Material. ZnO nanoparticles were

synthesized using a hydrothermal method as previously
described.29

Porphyrin-capped nanoparticles were prepared using a one-
pot method in which porphyrins and zinc acetate dihydrate,
the ZnO precursor, were mixed, and the material was grown
with a hydrothermal procedure.20 The organic molecules used
are 5-(4′-carboxyphenyl)-10,15,20-triphenylporphyrin zinc
(referred to as ZnTPP) and 5-(4′-carboxyphenyl)-10,15,20-
triphenylporphyrin copper (referred to as CuTPP). These
porphyrins have A3B structures with three equal substituents in
the meso position, while the fourth position carries the
carboxyl group necessary to bind the molecule to the ZnO
surface. The synthesis of free-base porphyrins was carried out
through a mixed aldehyde condensation in a 10:1 proportion
with 10 equiv of pyrrole in boiling acetic acid. This procedure
yields to the A3B-porphyrin in good yield.

30 Zinc and copper
complexes (CuTPP and ZnTPP) were then prepared by
following standard metalation protocols used for these
macrocycles.31

Sensor Preparation. ZnO nanoparticles, whether pure or
functionalized, were deposited on LIG by drop-casting from a
solution of nanoparticles in N-methylpyrrolidone. The sensor
array consisted of four sensors: Bare LIG, LIG/ZnO, LIG/
ZnO/ZnTPP, and LIG/ZnO/CuTPP.

Figure 2. Experimental setup. Each electrode is connected to the gate terminal of a ALD210800A MOSFET. The reference voltage is applied to the
saturated calomel reference electrode, and the actual gate voltage is the sum of the potentials of the reference electrode and the sensitive electrode.
In the inset, the VTC of the MOSFETs are shown. Since the actual gate voltage is not accessible, the curve is plotted with respect to the reference
electrode potential. The effects of the functionalization on LIG electrodes are manifested by the different characteristics of the bare LIG electrode
with respect to the others.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c09141
ACS Omega 2024, 9, 10650−10659

10652

https://pubs.acs.org/doi/10.1021/acsomega.3c09141?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09141?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09141?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09141?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09141?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The schematic of the four-electrode preparation is shown in
Figure 1.
Morphological, Structural, and Electrochemical Anal-

yses. The crystallinity of ZnO nanoparticles was studied using
an X-ray diffractometer (XRD) [Bruker, D8 Advance using Cu
Kα nm radiation, λ = 1.5406 nm]. The morphological
characterization of electrodes was carried out with a field
emission SEM (FESEM) SUPRA 35 instrument (Carl Zeiss
SMT, Oberkochen, Germany). Raman spectroscopy was
conducted using a Jobin−Yvon−Horiba micro-Raman system
(LabRAM ARAMIS) equipped with Ar+ ion laser (514/488
nm) as excitation source (100 mW).
Cyclic voltammetry (CV) upon potassium ferrocyanide

addition was performed by using a PalmSens3 potentiostat/
galvanostat. Measurements were carried out at room temper-
ature in a conventional three-electrode system, composed of
LIG and functionalized LIG electrodes as the working
electrode, a platinum wire as the counter electrode, and a

saturated calomel electrode (SCE, 303/SCG/12, AMEL, Italy)
as the reference electrode. CV was performed at a scan rate of
10 mV/s.
Sensor Measurement Setup. Figure 2 illustrates a sketch

of the sensor arrangement. The EGFETs were obtained
connecting each electrode to the gate terminal of a commercial
MOSFET device (ALD210800A, Advanced Linear Devices
Inc.) with Vth = 0 V and transconductance gm = 1.4 mS. The
interface circuit of MOSFETs is designed in order to consider
the drain-source voltage (VDS) as the output signal. The same
supply voltage (Vcc = 3.3 V) and drain resistance (R0 = 270 Ω)
are used for all MOSFETs.
The saturated calomel electrode used for CV was used as a

reference electrode. The voltage of the reference electrode was
fixed using a 12 bit DAC configurable output amplifier
(MAX5352, Analog Devices Inc.). EGFETs have been
characterized with the electrode immersed in a buffer solution
through the voltage-transfer characteristic (VTC) curve shown

Figure 3. Physical characterization of the sensitive materials. (A) FESEM image of the LIG surface. (B) Raman spectra of LIG powder. (C)
FESEM image of ZnO nanoparticles. (D) XRD pattern of ZnO nanoparticles. (E) FESEM image of ZnO-coated LIG. (F) CV measure of 10 mM
potassium ferrocyanide in 1× phosphate-buffered saline (1× PBS).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c09141
ACS Omega 2024, 9, 10650−10659

10653

https://pubs.acs.org/doi/10.1021/acsomega.3c09141?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09141?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09141?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09141?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09141?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


in the inset of Figure 2. The actual gate voltage is the sum of
the reference electrode potential and the electrode potential.
The inset of Figure 2 shows the change in surface potential
resulting from the functionalization with ZnO and porphyrin-
coated ZnO. Measurements were conducted by biasing the
transistors in the saturation region while fixing the reference
potential at Vref = 0.85 V, as this condition corresponds to the
optimal sensitivity of VDS with respect to changes in the gate
voltage.32 To avoid the influence of visible light on porphyrin-
coated ZnO, all measurements were performed in dark
conditions.

■ RESULTS AND DISCUSSION
Materials Characterization. Figure 3 depicts the physical

characterization of LIG, ZnO nanoparticles, and functionalized
LIG. The FESEM image of the LIG electrode (Figure 3A)
reveals the typical foam-like structure.33 The presence of
graphene in the electrode is confirmed by Raman spectra
(Figure 3B). The first-order D peak at 1345 cm−1 indicates
lattice defects in the sigma bonds, while the first-order G peak
at 1573 cm−1 corresponds to the lattice vibrations of the sp2
carbon atoms. The second-order 2D peak at 2683 cm−1 is
related to the graphene structure.10,34

ZnO nanoparticles were characterized by FESEM and XRD.
The synthesized ZnO nanoparticles exhibited a typical
hexagonal structure with an average size of 70 nm (Figure
3C) and high crystallinity (Figure 3D). The XRD pattern was
indexed with the JCPDS card no. 36-1451. Figure 3E displays
the FESEM image of the ZnO-coated LIG surface; the
noticeable differences compared to Figure 3A indicate a
complete coverage of the electrode.
The effects of the functionalization on the electrochemical

properties of the LIG surface were studied with CV, measuring
the redox reaction with potassium ferrocyanide (10 mM in 1×
PBS solution). CV curves are shown in Figure 3F. With respect
to the bare LIG electrode, the functionalized electrodes show a
reduction of the peak current and a shift of the redox
potentials. The reduction of current suggests that the
functionalization layer increases the resistivity of the electrode,
while the changed nature of the electrode surface is
demonstrated by the variation in the redox potentials. The
current peak of porphyrin-coated LIG is about 3 times larger
with respect to the coating with only ZnO nanoparticles.
Chemical Sensitivity and Selectivity. The chemical

sensitivity was tested by adding ascorbic acid to an electrolytic
solution buffered at pH 7.2 with 1× PBS. To homogenize the

Figure 4. Sensor’s response to ascorbic acid. (A) Time progression of sensor’s signals at consecutive addition of ascorbic acid in solution. (B)
Sensor’s response curve obtained calculating the total change of output signal as a function of the concentration. Experimental data are fitted by the
Langmuir isotherm function. (C) Affinity constant of the Langmuir isotherm function. (D) Low-concentration sensitivities calculated as the
derivative of the fitted Langmuir isotherm function evaluated around the origin.
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analyte concentration, the solution was kept stirred by a
magnetic bar rotating at 100 rpm.
Figure 4 illustrates the sensor response to ascorbic acid.
Considering the circuit in Figure 2, the relationship between

VDS and the electrode potential can be written as

V V R I V R g V V( )DS CC 0 DS CC 0 m GS th
2= = (1)

where VGS is the voltage of the gate with respect to the drain,
VCC is the MOSFET voltage supply, R0 is the load resistor, and
gm and Vth are the transconductance and the threshold voltage
of the MOSFET.
The sequence gate “electrode−electrolyte−reference elec-

trode” can be modeled as a voltage divider circuit where the
voltage applied to the reference electrode is portioned between
the electrolyte and the sensitive electrode.35 In the presence of
the analyte, each electrode is further charged with an additional
potential (Δϕ) proportional to absorbed molecules. Then, VGS
can be written as

V
V

1R
R

GS
ref

S

G

= +
+ (2)

where Vref is the voltage applied to the reference electrode and
RS and RG are the resistances of the solution and the gate
electrode, respectively. Thus, VDS is inversely proportional to
the electrode resistance. This relationship is particularly
evident in baseline conditions where the sensor with the
smallest electrode resistance (the nonfunctionalized LIG)
shows the largest VDS.
Figure 4A shows the variation of VDS resulting from the

progressive addition of ascorbic acid, ranging from 300 nM up
to 220 μM. At each concentration, the sensor response was
evaluated as the difference between the steady value of VDS and
the baseline value obtained in the absence of ascorbic acid and
corresponding to the first 1000 s in Figure 4A. Figure 4B plots
the sensor response vs the concentration of ascorbic acid.
The sensor responses are fitted well by the Langmuir

isotherm function.

V V
C

K CDS max=
+ (3)

Here, ΔVmax is the theoretical saturation value, and K is the
affinity constant defined as the concentration at which half of
the saturation signal is obtained. The Langmuir isotherm
function appropriately fits the experimental data, indicating
that the accumulation of ascorbic acid consumes the available
adsorbing sites. While the saturation value (ΔVmax) may
strongly depend on the practical manufacturing of the sensor,
constant K in eq 1 is expected to be representative of the
interaction between the sensitive material and the analyte.
Smaller K values indicate higher affinity of the sensor for the
analyte. Affinity constants are compared in Figure 4C. The

presence of ZnO and ZnO/CuTPP does not alter the affinity
of the sensor, while a clear improvement is obtained,
functionalizing the LIG surface with a layer of ZnO/ZnTPP
nanoparticles.
The different behavior of sensors with CuTPP and ZnTPP

functionalization is a further demonstration of the influence of
the metal ion in metalloporphyrins on the sensitivity of
sensors. Metals not only affect the coordination, but they also
shape the whole environment of the porphyrin changing the
intensity of additional sensing mechanisms such as hydrogen
bonds, π−π, and van der Waals interactions. Furthermore, the
metal affects the mutual interaction of porphyrins and then
their molecular arrangement onto the ZnO surface.23 Previous
investigations about gas sensing properties have shown that
ZnO/ZnTPP outperforms ZnO/CuTPP in terms of sensitivity
and selectivity with respect to amines and aromatic
compounds.36

A useful quantification of the performance of the sensors can
be obtained by calculating the sensitivity which is defined as
the derivative of the sensor response with respect to the
concentration of the analyte.37 Since the response curve is not
linear, the sensitivity is a function of the concentration and is
maximum at the origin, decreasing as the concentration
increases. A convenient figure of the sensitivity is achieved at a
low concentration where it is

S
V
C

V
K

lim
d

dc
c

0
0

DS max= =
(4)

Figure 4D compares the low-concentration sensitivity of the
four sensors calculated in five sensors obtained from the same
batch production. Although all sensors exhibit good sensitivity
with respect to ascorbic acid, those coated with ZnO and
porphyrins demonstrate the highest sensitivity. The sensor
with the highest affinity (LIG + ZnO + ZnTPP) is also the
most sensitive. The other sensors, even with similar affinity
constants, exhibit different sensitivities.
Lack of correlation between the Langmuir affinity constant

and the low-concentration sensitivity can be observed when
sensors of different morphologies are compared. For instance,
it is found in heterojunctions of phthalocyanines with polymers
of corroles growth with different thicknesses and the
morphologies.38

Sensitivity plays a crucial role in determining the limit of
detection (LOD). The LOD has been calculated using the
following relationship37

S
LOD

c

VDS

0
=

= (5)

where σVds is the standard deviation of the sensor signal and
Sc=0 is the sensitivity at the origin. The standard deviation has
been calculated on the signal before the injection of the
smallest concentration of ascorbic acid; this corresponds to the

Table 1. Comparison of Performance of Recent Non-enzymatic Sensors of Ascorbic Acid

material technique range (μM) refs

LIG CV 30−1100 28
poly(furfuryl-alcohol)/graphene oxide chronoamperometry 50−5000 39
LIG/molecularly imprinted polymer CV and square wave voltammetry 1000−3500 40
multiwalled carbon nanotube/Ti doped ZnO CV 100−10,000 41
ZnO nanocrystals on mesoporous TiO2 differential pulse voltammetry 7−124 22
Zinc oxide/polyaniline nanocomposites CV 100−1300 42
LSGE/ZnO-porphyrins EGFET 0.3−220 this work

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c09141
ACS Omega 2024, 9, 10650−10659

10655

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09141?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


first 1000 s in Figure 4A. The average standard deviations of
the signals in a cohort of five replicated sensors are estimated
in the range from 0.4 mV for the LIG + ZnO + ZnTPP sensor
to 31.3 mV for the LIG-based sensor. Thus, considering the
low-concentration sensitivity shown in Figure 4C, the sensor’s
LODs range from 3 ± 0.7 nM for LIG + ZnO + ZnTPP to 31
± 2 nM for LIG. In Table 1, the results are compared with the
literature results achieved by diverse electrochemical sensors.
The sensitivity of LIG to ascorbic acid is not surprising

because it is known that the density of electronic states at the
edge sites of LIG enhances the electron-transfer kinetics
compared to other carbon materials.12 Furthermore, since
porphyrins are well-known electrocatalysts, their presence on
the sensor surface likely improves its basic performance.
To study the selectivity, the sensors were exposed to a

sequence of possible interferent compounds, including sugars
(glucose and fructose), organic acids (L-malic acid, D-malic
acid, and citric acid), and dopamine.
Glucose and sucrose are simple carbohydrates commonly

found in physiological systems. On the other hand, dopamine
is associated with ascorbic acid, so that they can interfere with
each other. These two compounds can be simultaneously
identified in amperometric sensors exploiting the different
oxidation potential on the same inorganic surfaces, such as
metal oxides and graphene.43,44

Selectivity tests were performed at different analyte
concentrations. Glucose and sucrose were tested at 200 μM,
L-malic acid, D-malic acid, and citric acid at 50 μM and ascorbic
acid and dopamine at 5 μM.
The results of the selectivity tests are reported in Figure 5.

Figure 5A displays the signals of sensors during the consecutive
addition of analytes, while Figure 5B compares the responses
of sensors to each analyte. The response to ascorbic acid
dominates over the interferents. The ratio of signals to ascorbic
acid compared to dopamine ranges from 38, for LIG and ZnO-
coated LIG, up to 150 and 270 for sensors coated with CuTPP
and ZnTPP, respectively. The ratio of signals is even larger
compared to dopamine even considering that citric and malic
acid are tested at a concentration of 50 μM, 1 order of
magnitude higher than ascorbic acid. Finally, the response to
sucrose and glucose is barely detectable.

Notably, the response of sensors to malic and citric acids is
negative compared to ascorbic acid. Citric acid and malic acid
are triprotic and diprotic species, respectively; in the buffered
conditions, they are present as citrate and malate ions, and
consequently, they give a small anionic, negative potentio-
metric response. Ascorbic acid is a weaker acid, and in the
solution conditions, the interaction mechanisms with the
sensor surface should probably follow different pathways,
inducing the high positive response, which has the same
positive character of the small response to dopamine, which is
positively charged in the solution conditions. As an additional
argument, the binding of ascorbic acid is particularly strong,
and the sensors, even when exposed back to the PBS solution,
do not recover back to the initial conditions (data not shown).
The sensors maintain their dynamic response, but as the
concentration of absorbed ascorbic acid increases, the sensor
surface tends to be permanently saturated. The noncomplete
reversibility of the sensor signal suggests that in the case of
ascorbic acid, more efficient and peculiar interactions take
place.
Tests on Real Samples. Finally, the detection of ascorbic

acid in real samples was tested. For this purpose, a commercial
food supplement of L-arginine was considered (Bioarginina,
Damor Farmaceutica, Napoli, Italia). L-arginine is an amino
acid expected to have beneficial effects on several physiological
processes.45

The tested product contained 8.3 g per 100 mL of L-
arginine. A vitamin C-enriched version of Bioarginina is also
available (Bioarginina C, Damor Farmaceutica, Napoli, Italia).
Sucrose and citric acid are the major excipients in both
products, and as mentioned earlier, the sensitivity of the
sensors to these compounds is negligible. The products are
liquid and contain the same amount of L-arginine, while 2500
mg per 100 mL of ascorbic acid is added to the buffered
solution. The products were purchased from a local pharmacy
and stored at room temperature.
Both products were measured by adding a drop to 10 mL of

1× PBS at pH 7.2. From the composition declared by the
producer, the added products correspond in one case to 23.8
μM L-arginine and, in the other case, to 23.8 μM L-arginine and
7 μM ascorbic acid.

Figure 5. Selectivity tests. (A) Sensors’ signal in consecutive addition of interferents. (B) Net response of the sensors to ascorbic acid and
interferents.
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Figure 6 displays the response of the four sensors to the
basic formulation and to the product added with ascorbic acid.

None of the sensors is sensitive to the basic formulation, but
they show a substantial signal when exposed to the L-arginine
plus vitamin C.

■ CONCLUSIONS
In this paper, we have successfully demonstrated the
nonenzymatic detection of ascorbic acid using a LIG electrode
configured as an EGFET. The LIG electrode exhibits
remarkable sensitivity and selectivity to ascorbic acid with an
estimate LOD on the order of 31 nM. The sensor’s
performance is significantly enhanced by coating the LIG
with ZnO nanoparticles and porphyrin-capped ZnO nano-
particles. The sensor functionalized with ZnTPP-coated ZnO
achieved a LOD of 3 nM. The combinations of these materials
demonstrate excellent selectivity, especially in the presence of
common interferents like dopamine. The interaction with
ascorbic acid follows different pathways with respect to the
interaction with other organic acids. A deeper investigation of
the nature of the interaction will help to optimize the sensor
and elucidate the sensing properties of LIG and functionalized
LIG.
The signal to 5 μM ascorbic acid compared to the same

concentration of dopamine is 38 times larger in LIG and LIG−
ZnO. However, the porphyrin-functionalized electrodes exhibit
even more large response ratios, with values of 153 and 278 for
CuTPP and ZnTPP, respectively. Thus, the functionalization
with porphyrins not only enhances sensitivity but also greatly
improves selectivity.
Furthermore, we have also demonstrated the detection of

ascorbic acid by measuring the response to a commercial food
supplement containing L-arginine and vitamin C-enriched L-
arginine.
Ultimately, this article provides further evidence of the

exceptional sensing properties of LIG-based sensors. In this
case, the binding of analytes has been transduced using an
EGFET configuration with a standard commercial MOSFET.
The combination of LIG electrodes on polyimide surfaces with
widely available electronic devices offers the potential to
develop low-cost, reliable, and stable sensors for a wide range
of applications.
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