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Graphene-Paper-Based Electrodes on Plastic and Textile 
Supports as New Platforms for Amperometric Biosensing

Fabrizio Poletti, Alessandra Scidà, Barbara Zanfrognini, Alessandro Kovtun, Vitaliy Parkula, 
Laura Favaretto, Manuela Melucci, Vincenzo Palermo,* Emanuele Treossi,*  
and Chiara Zanardi*

The possibility of exfoliating graphite into graphene sheets allows the researchers 
to produce a material, termed “graphene paper” (G-paper), conductive as 
graphite but more flexible and processable. G-paper is already used for electronic 
applications, like conductors, antennas, and heaters, outperforming metal con-
ductors thanks to its high flexibility, lightness, chemical stability, and compat-
ibility with polymeric substrates. Here, the effectiveness in the use of G-paper 
for the realization of electrodes on flexible plastic substrates and textiles, and 
their applicability as amperometric sensors are demonstrated. The performance 
of these devices is compared with commercial platforms made of carbon-based 
inks, finding that they outperform commercial devices in sensing nicotinamide 
adenine dinucleotide (NADH), a key molecule for enzymatic biosensing; the 
electrodes can achieve state-of-the-art sensitivity (107.2 μA mm−1 cm−2) and limit 
of detection (0.6 × 10−6 m) with no need of additional functionalization. Thanks to 
this property, the stable deposition of a suitable enzyme, namely lactate dehydro-
genase, on the electrode surface is used as a proof of concept of the applicability 
of this new platform for the realization of a biosensor. The possibility of having 
a single material suitable for antennas, electronics, and now sensing opens new 
opportunities for smart fabrics in wearable electronic applications.
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1. Introduction

Disposable electrochemical platforms are 
widely employed in scientific research 
as well as in practical applications, since 
they allow a simple, fast, low-cost, and 
reproducible analyte detection using low 
amounts of solution. Nowadays, to suit a 
wide range of applications, there are sev-
eral disposable devices available on the 
market, possessing different geometries, 
made on flexible or solid supports, and 
typically built with conventional con-
ducting materials (e.g., carbon-based 
inks or Au thin films). They are generally 
produced on industrial scale by inkjet, 
gravure, and screen printing. These tech-
niques allow the realization of devices 
possessing best performance in terms of 
resolution, reproducibility, low production 
costs and time, flexible manufacturing, 
and low amount of waste generated.[1,2] 
This notwithstanding, there is the growing 
interest in innovative printing techniques, 

e.g., 3D printing,[3] laser ablation,[4] and the use of cutting 
printers.[5]

Disposable platforms present on the market are commonly 
obtained using conventional graphite-based inks;[6,7] the resulting 
devices possess the right conductivity for the use in the electro-
chemical field. However, their analytical performance in the detec-
tion of several species of industrial and clinical interest (e.g., urea, 
glucose, lactate, dopamine, ascorbic acid, uric acid, and H2O2) 
is often very scarce, since high overpotentials normally affect 
charge-transfer processes at these electrochemical platforms, 
thus limiting the sensitivity and selectivity of the detection, and 
by-products of electrochemical reactions passivate the electrode 
surface, thus affecting the repeatability of the sensor response.[8,9] 
To overcome these drawbacks, the surface of the working elec-
trode is generally modified by different coating materials, e.g., 
conducting polymers, metal or carbon nanomaterials, or redox 
active metal complexes.[8] They are mainly responsible for the acti-
vation of electrocatalytic processes, i.e., a decrease of the poten-
tial values required to achieve oxidation or reduction of the target 
analyte with respect to conventional electrode surfaces; this effect 
increases the selectivity of the sensor when applied in analyses of 
complex real matrices, since the number of species that can be 
oxidized or reduced at the same potential values decreases, and 
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the sensitivity of the sensor response increases since voltametric 
peaks result sharper; film coatings modifying the electrode sur-
face could also induce antifouling properties, thus improving the 
stability of the sensor response.

Deposition of these coatings is generally performed by 
drop-casting, spin-coating, or electrodeposition methods;[9,10] 
approaches based on a preliminary electrochemical reduction[11] 
or oxidation[12] of the surface to modify the number of func-
tional groups present[13] were also proposed. However, the dep-
osition of a coating in a step following the sensor fabrication 
increases the production costs, and may decrease the stability, 
i.e., repeatability, and the reproducibility of the sensor response 
due to a poor mechanical stability.

An alternative, less exploited, route to easily produce effec-
tive electrochemical sensors implies a preliminary modification 
of the printing inks by the addition of selected nanomaterials 
or redox mediators.[7] A few examples from the literature are 
the addition of MnO2 to detect coenzyme Q10 and α-lipoic acid, 
simultaneously;[14] of Prussian blue (PB) to detect H2O2 pro-
duced by an enzymatic reaction,[15] of ferrocene to detect Cd(II), 
Cu(II), and Pb(II);[16] and carbon black for the analysis of phenol 
derivatives and H2O2.[17] However, only a low amount of the 
active element can be added, since the ink should possess spe-
cific viscosity and surface tension, fitting a narrow window of 
allowed variability, which depends on the printer employed. In 
addition, solvents, viscosity modifiers, and surfactants, which 
should be added to assure the required stability of the ink, 
may negatively impact the performance of the resulting sensor, 
especially considering nonvolatile additives, which remain on 
the substrate after the deposition, and cannot be removed by 
washing.[1] To overcome these drawbacks and achieve good and 
reproducible results, a possible solution could be the develop-
ment of a sensor entirely fabricated with the active element, 
thus simplifying the productive process, and increasing the sta-
bility and the analytical response of the sensor.

In recent years, graphene and its related materials (GRM) 
have attracted a growing interest in the scientific community, 
thanks to remarkable structural and electronic properties, 
and to the actual use of very simple and scalable synthetic 
methods.[18] GRM now find application in various technological 
fields, thus receiving attention also from industrial research.[19] 
They are increasingly exploited in electrochemical (bio)sensing 
thanks to their nanosized dimensions, which allow a great 
number of oxidized residues on the surface to be well exposed 
to the surrounding environment; specific oxygen-containing 
moieties are responsible for the activation of electrocatalytic 
processes toward several species[20–23] or they can be exploited 
to act as binding sites of (bio)molecules.[24–26] Thanks to these 
properties, inks based on GRM were also developed.[27,28]

All GRM have different amounts and types of moieties on 
the surface, depending on the starting material and on the 
procedure employed for their synthesis;[29,30] it is important 
to know which moieties are present, in order to use the most 
suited material for each application. Typically, in electrochem-
ical (bio)sensing applications, reduced graphene oxide (rGO) 
is preferred to pristine graphene, as it contains a significant 
number of oxidized functional groups to activate effective elec-
trocatalytic processes; it is soluble in water; and it can be easily 
functionalized by defined (bio)molecules. However, pristine 
graphene possesses higher conductivity, which makes it easier 

to be employed without any preliminary reduction. Trying to 
combine the advantages of both these materials, we focused 
our attention on graphene paper (G-paper), a particular GRM 
featuring planar shape and good processability, only seldom 
employed in electroanalysis. Depending on the specific GRM 
used for the preparation (e.g., reduced graphene oxide or 
graphite nanoplatelets) or on the production technique adopted 
(e.g., vacuum filtration, spray coating, or electrophoretic depo-
sition),[31–33] this material can have good mechanical and elec-
trical properties, excellent chemical stability and, according to 
our previous work, can withstand more than 10  000 bending 
cycles without variation of its electrical conductivity.[34] It is also 
highly versatile, and various functional guest nanomaterials 
can be included, namely metals, semiconductors, and poly-
mers, allowing G-paper to be employed in numerous applica-
tions. In particular, self-standing G-paper was studied for the 
development of Li-ion batteries and supercapacitors,[35] flexible 
electronics,[34] heat transfer materials,[33] also by improving its 
electrical properties with the inclusion of TiO2,[36] Co3O4,[37] 
MnO2,[38,39] carbon nanotubes and NiS,[40] polyaniline,[41–44] and 
VO2.[45] Other explored applications of G-paper are electrodes 
for dye-sensitized solar cells[46–48] and gas barriers,[49] after mod-
ification with polyethyleneimine as well.[50,51]

G-paper was also studied for the development of amperometric 
sensors, but only acting as a free-standing support for redox medi-
ators or nanoparticles (NPs). Some examples include the addition 
of Prussian blue nanoparticles to detect glucose and H2O2,[52] Pt 
nanoparticles,[53] and MnO2 nanowires[54] to detect H2O2, and of 
Ag nanoparticles and of poly(methylene blue) (PMB) for nicotina-
mide adenine dinucleotide (NADH) oxidation.[55] There are also 
a couple of examples of sensors, where G-paper is used without 
any modification to detect urea;[56,57] however, in these cases, 
the material is employed as a coating of commercial electrodes, 
with the drawbacks being previously listed. Studies concerning 
the electrocatalytic properties of this material toward analytes of 
biological interest were only performed on graphite nanoplatelets 
deposited on a bulk carbon electrode.[58]

In this work, we discuss the performance of a newly devel-
oped three-electrode cell made of commercial G-paper pre-
pared from graphite nanoplatelets,[34] fixed on a flexible plastic 
support, namely poly(ethylene terephthalate) (PET), Kapton, 
or cotton textiles (Figure 1). We demonstrate that our G-paper 
electrode platforms (GPPs) can be successfully employed 
as an electrochemical sensor in smart fabrics without any 
further modification of the surface; tests with redox active 
species undergoing a reversible charge-transfer, namely 
1,1′-ferrocenedimethanol (Fc), electrochemical impedance spec-
troscopy (EIS), and four-point probe (FPP) resistivity measure-
ments showed that the material possesses suitable conductivity 
for the use in the electrochemical frame. Tests with NADH, a 
co-factor for many dehydrogenase-type enzymes, indicated that 
the material features suitable electrocatalytic properties for the 
realization of effective biosensors, resulting in a sensitivity of  
107.2 μA mm−1 cm−2 and a limit of detection (LOD) of 0.6 × 10−6 m;  
this can be ascribable to oxidized moieties naturally present on 
the surface of GRMs.[21] The unprecedented electroanalytical 
performance of this novel electrochemical device was compared 
with that of two commercial screen-printed electrodes (SPEs) 
with a similar cell geometry, made of a carbon-based ink (C-SPE) 
and of a graphite-based ink (Gr-SPE), respectively; we should 
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remark that inks for screen printing are not entirely composed 
of conductive carbon, but they also contain a significant fraction 
of binders and other additives to allow processability.[2,59] Finally, 
an enzyme, namely lactate dehydrogenase (LDH), was anchored 
to prove the applicability of the electrochemical platform in 
biosensing, with an enzyme requiring the use of NADH as the 
co-factor. The technological advances shown in this work, also 
considering the well-established uses of G-paper, open new pos-
sibilities for wearable electronic applications.

2. Results and Discussion

2.1. Spectroscopic Characterization of GPP Surface

GPPs were fabricated starting from commercial G-paper 
(obtained from Nanesa), as detailed in the “Experimental Sec-
tion” and schematized in Figure 1.

The composition of the surface was defined by X-ray photo-
electron spectroscopy (XPS). Figure S1 (Supporting Information) 

reports the whole XPS spectrum acquired, whereas Figure 2  
considers the single contributions ascribable to the atoms pre-
sent on the surface. They show that GPP is composed of carbon 
(96 at%), oxygen (2 at%), and silicon (<2 at%), in strict analogy 
with pristine G-paper (Table S1, Supporting Information), thus 
confirming that the fabrication processes of the electrochem-
ical platform did not affect the composition of the material. No 
metallic contaminations were observed within the XPS sensi-
tivity range.

We observed some traces of silicon in the oxidized form 
(RSiO2 or RSiOR), evidenced by the Si 2p peak at 
102.4 eV,[60] suggesting the use of silicon-based supports for the 
manufacture or the packaging of G-paper. Si, in fact, is only 
present in the external surface of the sample, as concluded by 
considering analogous XPS spectra recorded on G-paper after 
the mechanical peeling of the surface with scotch tape, which 
resulted completely free from any contribution ascribable to Si 
(Table S1, Supporting Information). However, traces of Si do not 
affect the electrochemical performance of the GPP (see here-
after), so that the material can be used without any pretreatment.

Figure 1.  Two different strategies used for the preparation of flexible GPPs on plastic substrates and on textile: strategy (A) by cutting and strategy (B) 
by laser ablation. The scheme of the resulting three-electrode platform is reported in the right bottom box.

Figure 2.  XPS spectra of Gr-SPE (black), C-SPE (red), and GPP (blue): a) O 1s, b) C 1s, c) Cl 2p, and d) Si 2p signals.
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The fitting of the C 1s peak[61] after peeling revealed that ≈97 at%  
of carbon is in the aromatic form (CC sp2, 284.4  eV), while 
the sum of residual defects, as aliphatic carbon (CC sp3,  
285.0  eV), hydroxyl (COH, 285.7  eV), epoxy (COC, 
286.7  eV), carbonyl (CO, 288.0  eV), and carboxyl (OCO, 
289.1  eV) was ≈3 at% (Figure S2 and Table S2, Supporting 
Information). Although the exact composition of G-paper is 
proprietary and undisclosed by the producer, XPS results did 
not show the presence of other additives or binders, indicating 
that the material totally consists of graphite nanoplatelets.

Similar fitting was also performed for two commercial SPEs 
possessing similar geometry and chemical composition, since 
screen-printed platforms are the most widely exploited dis-
posable electrochemical platforms; they consisted of C-SPE 
(obtained from Metrohm-Dropsens) and Gr-SPE (Sense4Med) 
(see the “Experimental Section” for details). In both cases, XPS 
spectra showed the presence of Cl and Si bonded to C, probably 
due to some component used as binder to allow processability 
of the ink for screen printing, as shown in our previous work.[21] 
These contributions did not allow us to assign specific peaks to 
the sp3 components; thus, the only reliable result of the fit in 
these cases was the estimation of the sp2 fraction, which is uni-
vocally assigned by the asymmetric peak at 284.4 eV. We could 
observe that C-SPE and Gr-SPE surfaces possess a significantly 
lower fraction of aromatic carbon, 82.3  ± 0.8 and 60  ± 3 at%, 
respectively. Furthermore, the amount of oxygen is significantly 
larger (4.4 at% in C-SPE and 10 at% in Gr-SPE) while, as stated 
before, they both contain a considerable amount of Cl.

2.2. Electrochemical Behavior of GPP

Preliminary electrochemical tests in the absence and pres-
ence of a reversible redox probe, namely Fc, were performed 
to understand if the newly developed GPPs can be effectively 
used as an electrochemical platform for the realization of 
amperometric sensors; the first set of tests was performed on 

electrochemical platforms realized on PET, being the most 
similar substrate to devices actually present on the market. 
A repeatable response, not affected by Ohmic resistance, was 
obtained from cyclic voltammetry (CV) responses recorded in 
the pure electrolyte solution (Figure 3a, dashed line). GPPs 
showed a fairly high background current mainly ascribable to a 
capacitive component. It is even higher than that typical of sim-
ilar systems; current measured with GPP was ≈200% that of a 
commercial C-SPE coated with graphene[62] and 500% that of a 
C-SPE electrode coated with electrochemically reduced GO.[21]

We could have a better understanding of the electrochem-
ical behavior of GPPs by testing their resistance to charge 
transfer with respect to a species undergoing a reversible oxi-
dation process, namely Fc. The CV response (Figure  3a, solid 
line) showed the typical shape of a reversible Faradic process 
controlled by diffusion. A difference between oxidation and 
reduction potentials of 80 mV, a linear correlation between the 
intensity of the oxidation peak and the square root of the poten-
tial scan rate (Figure S3, Supporting Information) according to 
the Randles–Sevcik equation, and a ratio between the anodic 
and the cathodic peak heights close to 1. These results indicated 
that GPP behaves similarly to conventional metal- or carbon-
based electrodes normally used as sensor platforms; thus, it 
is suitable to be used as an electrochemical device. This is in 
agreement with XPS analysis of the starting G-paper, which 
showed a material mostly composed of a sp2 hybridized carbon 
and a low amount of oxidized moieties. According to a previous 
work,[21] in fact, a low amount of oxygen-containing groups 
guarantees the high conductivity of the material without any 
preliminary reduction.

Sheet resistance of the working electrode of GPP was 
compared to those of commercial C-SPE and Gr-SPE by FPP 
measurements (Figure S6, Supporting Information), resulting 
0.095  ± 0.025, 20  ± 10, and 50  ± 10 Ω sq−1, respectively. The 
different behaviors of the three-electrode platforms were con-
firmed by EIS measurements, performed at open-circuit poten-
tial (+0.20  V for all electrode surfaces) in a 1:1 molar ratio 

Figure 3.  a) CV scans recorded at GPP on PET in 0.1 m LiClO4 and 0.1 m KCl, in the absence (dashed line) and in the presence (solid line) of 0.5 × 10−3 m  
Fc, 0.05 V s−1 potential scan rate. b) Calibration plot obtained for analysis of Fc in 0.1 m LiClO4 and 0.1 m KCl in FIA (1.0 mL min−1, E = +0.30 V) at six 
concentration levels on GPP on PET (blue symbols), C-SPE (red symbols), and Gr-SPE (black symbols). Dashed lines show the fitting obtained by the 
least squares method (in all cases R2 > 0.99); each solution was injected at least ten times and the standard deviation is reported in the calibration. 
An exemplificative FIA response at +0.30 V for 30 consecutive injections of 0.1 × 10−3 m Fc at a GPP is reported in the inset.
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[Fe(CN)6]3−/4− solution in the 0.05–10 000 Hz frequency range. 
In all cases, the Nyquist plots (Figure S7, Supporting Infor-
mation) in the high-frequency region evidenced the typical 
semicircle, whose diameter gave us a measure of the charge-
transfer resistance (Rct) of the material. Fitted values resulted in 
0.27 ± 0.05, 1.58 ± 0.02, and 49.7 ± 5.0 kΩ for GPP, C-SPE, and 
Gr-SPE, respectively.

The occurrence of a reversible charge transfer involving Fc 
oxidation at all the electrode surfaces allows us to calculate the 
electroactive surface, according to the Randles–Sevcik equa-
tion. In the case of GPP, the active surface resulted 2.6 times 
higher than the mere geometric area of the working electrode, 
while both Gr-SPE and C-SPE show a ratio of ≈0.7, probably 
due to the presence of insulating agents added to the ink 
formulations to make the material printable and to achieve 
mechanical stability of the electrodes. To better understand the 
origin of the high electroactive surface observed for GPP, we 
measured the adsorption isotherm of N2 at G-paper and per-
formed Brunauer–Emmett–Teller (BET) analysis. This allowed 
us to estimate a specific surface area (SSA) of 15 m2 g−1 due 
to the presence of pores with a dimension ranging between 
2 and 50 nm, except some with a dimension of 100 nm (see  
Section S4 in the Supporting Information). The obtained SSA 
of GPP has the same order of magnitude as graphite nanoplate-
lets employed in the production of G-paper (25–30 m2 g−1),[63]  
and we could also calculate that the area of the working elec-
trode exposed to the N2 atmosphere is >800 times higher than 
the mere geometric area. This is, obviously, an overestimation 
of the actual electroactive surface, but indicates that the high 
values of both capacitive current and electroactive surface 
could find a physical explanation in the mesoporous structure 
of G-paper.

A further confirmation of the rough surface of G-paper was 
obtained from scanning electron microscopy (SEM) images 
(Figure 4). The surface resulted very wrinkled and, most 
notably, the different graphene foils composing the material 
were still well evident; they can contribute to increase the elec-
troactive area of the working electrode, when exposed to the 
solution. Even after the fabrication process of GPP, G-paper 
retains the same morphology (Figure S10, Supporting Informa-

tion), which is quite different from that of Gr-SPE and C-SPE 
(Figure S11, Supporting Information).

Therefore, G-paper has a chemical purity and an excel-
lent surface quality, comparable to bulk graphite, but with a 
mesoporous structure and sheets not perfectly stacked or even 
partially folded. The large graphene foils composing the nano-
structure of GPP and the high fraction of carbon in aromatic 
form are the main elements, which can contribute to the high 
electroactive surface observed. On the contrary, C-SPE and 
Gr-SPE present a high amount of a chlorine-based polymeric 
binder that partially hinders the conductivity of the carbon-
based ink; the fraction of the insulating binder present in these 
formulation can be roughly estimated from XPS results and 
on considering polyvinyl chloride structure (C2H3Cl), i.e., 
a species with a Cl:C ratio of 1:2, as a possible component. It 
resulted about 24% of geometrical surface in C-SPE and 41% 
in Gr-SPE.

While most of electrochemical tests are performed in batch, 
stationary conditions, we decided to test the analytical perfor-
mance of GPPs in a flow system, to check the suitability of 
the device for on-line measurements, e.g., for the real-time 
monitoring of biomarkers in a complex matrix.[64] In this case, 
a potentiostatic technique was adopted after inserting the 
device in an instrumental configuration typical of flow injec-
tion analysis (FIA). Preliminary tests were once more obtained 
with injections of Fc, as a benchmark species undergoing an 
ideal charge-transfer process; 30 consecutive injections of  
0.1 × 10−3 m Fc solution (Figure 3b, inset) demonstrated that the 
obtained responses were highly repeatable, as testified by the 
value of relative standard deviation (RSD), resulting in 3.1%. In 
addition, the baseline was stable for a considerable amount of 
time (over 30 min), highlighting the possibility of using GPP 
to detect analytes online, i.e., in a continuous flow of sampling 
solution. This analysis was repeated for five more concentration 
levels, ranging from 1 × 10−6 to 0.50 × 10−3 m, obtaining a linear 
correlation between the peak current and the concentration of 
Fc (Figure 3b), with a sensitivity of (100.6 ± 2.1) µA mm−1 cm−2. 
The electrochemical performance of GPP was compared with 
that of commercial C-SPE and Gr-SPE devices, whose sensi-
tivity values to Fc at the same potential were (48.4  ± 0.7) and 
(95.1 ± 3.3) µA mm−1 cm−2, respectively, indicating that the sen-
sitivity in the detection of redox active species is comparable, or 
even superior, to that of commercial electrode platforms. The 
performance of GPP for Fc oxidation (see Table S3 in the Sup-
porting Information) suggests that this new electrode platform 
can be successfully adopted for the determination of species 
of analytical interest even in a flow system. In particular, the 
sensitivity and the precision of the calibration (measured as the 
standard deviation of the calibration, sy,x) are high irrespective 
of the background currents previously observed in the absence 
of redox active species, normally constituting a source of fluc-
tuation of the amperometric signal. The negligible effect of the 
background currents obtained at GPP was also confirmed by 
the LOD, calculated as three times the standard deviation of the 
blank signal. It resulted well comparable to that of commercial 
electrochemical platforms tested under the same experimental 
conditions.

Quite interestingly, GPPs can also be employed in 
pulsed electrochemical techniques, since Fc led us to record Figure 4.  SEM image collected on the surface of G-paper.
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well-resolved voltammetric traces also in differential pulse vol-
tammetry (DPV) (Figure S5 and Table S4, Supporting Infor-
mation), thus increasing the possible applications of these 
electrodes in the sensor frame, toward analytical detections 
requiring a voltammetric approach.

These results were repeated on GPPs realized on both cotton 
and Kapton supports, demonstrating that the underlying mate-
rial does not affect the properties of the active electrodes (see 
Figure S4 in the Supporting Information) and that G-paper-
based devices can be used as platforms for the realization of a 
wide plethora of flexible electrochemical sensors.

2.3. Electrocatalytic Determination of NADH

The NAD+/NADH system is the co-factor for many dehydro-
genase-type enzymes; for this reason, it constitutes the actual 
electroactive species finally detected by enzymatic biosensors 
developed for the quantification of various analytes. According 
to previous works concerning the use of GRM for the electro-
chemical detection of NADH,[21,26] oxidized moieties present 
on carbon nanosheets allow the activation of effective electro-
catalytic processes causing NADH oxidation, highly increasing 
the sensitivity of the sensor response with respect to graphite-
based electrodes; as obtained from XPS results (see Table S2 
in the Supporting Information). These moieties are also pre-
sent on the surface of GPP. Figure 5a reports the voltammetric 
response recorded at GPP for 1.0  × 10−3 m NADH oxidation, 
in comparison to responses obtained in the same solution at 
C-SPE and Gr-SPE (original CV traces in the absence and in 
the presence of the analyte are reported in Figure S12 in the 
Supporting Information). This highlights that G-paper is effec-
tive in inducing electrocatalytic oxidation of NADH without 
any pretreatment of the surface; oxidation of this species starts 
occurring at ≈+0.1 V at GPP, i.e., 0.30 and 0.35 V before than 

that obtained at C-SPE and Gr-SPE, respectively. A well-defined 
oxidation peak, previously ascribed to electroactive alcoholic 
residues present on the surface,[21,26] is observed at ≈+0.25  V. 
Similar electrocatalytic activity was also observed after coating 
commercial electrochemical platforms with GRM films;[21] how-
ever, functionalization of commercial conductive platforms 
complicates the production of effective sensors and reduces, at 
the same time, the reproducibility of the response. As already 
stated, the presence of well-resolved oxidation peak at ≈+0.25 V 
is maintained even after peeling the outermost few layers of the 
GPP surface (Figure S13, Supporting Information), indicating 
that the evident electrocatalytic process observed is ascribable to 
the very low number of oxidized functional groups present on 
G-paper and not to oxidized Si moieties present on the surface 
(see XPS analysis). On the other hand, any attempt to compare, 
in more detail, the performance of the three-electrode platforms 
considered on the basis of the surface functional groups is not 
possible, since the presence of CCl residues in commercial 
devices completely hinders the contribution of oxidized carbon 
residues in the C 1s spectra. Similar electrocatalytic properties 
are retained even changing the underlying electrode support, 
since GPP built both on textile and on Kapton showed a similar 
response (see Figure S14 in the Supporting Information).

The possible application of GPPs as reliable sensors for 
NADH, i.e., for the realization of biosensors, was also testi-
fied by the very good repeatability of consecutive voltammetric 
responses recorded on the same GPP, showing an RSD of 5.4% 
calculated for the value of peak current at +0.25 V (Figure S15,  
Supporting Information). This demonstrates that fouling 
effects, commonly affecting the voltammetric response of this 
analyte,[65–67] are almost absent on GPP.

The analytical performance of GPP for NADH detection was 
once more studied by FIA; the working electrode was polar-
ized at +0.35 V, obtaining the response reported in Figure 5b. 
The relevant calibration plot (inset of Figure 5b) shows a good 

Figure 5.  a) CV responses of 1 × 10−3 m NADH in 0.1 m PBS and 0.1 m KCl recorded at GPP on PET, C-SPE, and Gr-SPE; each curve shows the forward 
voltammetric scan after subtraction of the relevant blank signal (full curves with the original data are reported in Figure S9 in the Supporting Informa-
tion). b) FIA response for NADH detection obtained at GPP by polarizing the working electrode at the fixed potential of +0.35 V and by injecting NADH 
at concentration levels ranging from 1 × 10−6 to 0.6 × 10−3 m; the concentration (in × 10−3 m) of NADH in the solutions injected is reported in correspond-
ence of the relevant signals obtained; the inset reports the relevant calibration plot obtained at three different GPPs with standard deviation calculated 
at each point from at least three replicates of each solution. c) Calibration curves obtained in FIA for l-lactate at +0.50 V on GPP, and at +0.70 V on 
C-SPE and on Gr-SPE; relevant standard deviation is reported for each concentration level calculated from three injections of the same solution.
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linear correlation (R2 = 0.99) between the current peak and the 
concentration of analyte, as well as a high repeatability of the 
sensor response (RSD = 3.4%, calculated for eight injections at 
0.2  × 10−3 m). As already observed for Fc oxidation, the base-
line of the amperometric response is highly stable despite the 
values of background currents characterizing GPPs, once more 
demonstrating the electrochemical stability of GPPs. This prop-
erty has once more beneficial effect in the quite low limit of 
detection found (0.6 × 10−6 m), since it is calculated from the 
standard deviation of the signal in the absence of analyte.

We compared the analytical performance for NADH sensing 
on GPP with other nonenzymatic electrochemical sensors, 
only considering sensing elements that can be used in flexible 
devices and contain, or are entirely made of, carbon nanosized 
materials, eventually including organic moieties to further 
improve the sensitivity of the response (Table 1). As observed, 
to the best of our knowledge, GPP is the first example of flex-
ible electrochemical platform used as such, i.e., without any 
further modification of the electrode surface, to detect NADH. 
Moreover, it can give very high sensitivity, low LOD, and a good 
linear range, much better than electrodes based on nanomate-
rials; the sensitivity and LOD are comparable to what obtained 
instead with electrodes functionalized with additional steps, 
i.e., adding organic moieties. GPPs have a clear advantage on 
such electrodes because they do not require additional func-
tionalization steps.

The excellent sensitivity recorded at GPP is obtained despite 
the application of a low potential value, namely +0.35 V; similar 
results can be achieved at graphite-based electrodes only after 
modification of the surface. Sensitivity data for bare electrodes 

are not present in the literature, and we did not perform tests 
either with C-SPE or with Gr-SPEs in this work since the 
calibration plot should have been performed at higher poten-
tial values to be comparable, as well evident from responses 
reported in Figure 5a. In conclusion, despite the simplicity in 
the manufacturing of the device, GPP features a high sensi-
tivity for NADH detection, superior to all the other electrodes 
functionalized by nanomaterials, and only comparable to that 
of more complex electrochemical systems, fabricated via multi-
layer processing or including organic moieties.

2.4. Tests for the Applicability of GPP as a Biosensor

The versatility of the use of GPPs was proven by testing their 
behavior as biosensors; as a proof of concept for the applica-
bility of this electrode platform in this field, we anchored an 
enzyme requiring the NAD+/NADH redox system as the co-
factor (namely LDH) on the electrode surface using a diazo-
nium salt bearing a carboxylic functional group.[78] LDH 
allows the detection of lactate through the following enzymatic 
reaction

L lactate NAD Pyruvate NADH H
LDH

− + → + ++ + 	 (1)

According to this reaction, the amount of lactate present in 
the solution can be determined by the oxidation responses of 
NADH produced by the enzymatic reaction. As already out-
lined, the possibility of oxidizing this electroactive species at 
less positive potentials with respect to pristine carbon-based 

Table 1.  Analytical performance of GPP for NADH detection in amperometric detection compared to different electrode systems described in lit-
erature (GC: glassy carbon electrode; rGO: reduced graphene oxide; EGO: electrochemically exfoliated graphene oxide; PMB: poly(methylene blue); 
NPs: nanoparticles; APBA: 3-aminophenilboronic acid; PMS: phenazine methosulfate; MWCNT: multiwalled carbon nanotubes; PAH: poly(allylamine 
hydrochloride); AB: azure B; PB: Prussian blue; Gr: graphite electrode; SWCNT-Os: single-walled carbon nanotubes mixed to poly(vinylpyridine) 
[osmium-(N,N-methylated-[2,2]-biimidalzole)3]2+/3+; DI: diaphorase; PEGDGE: poly(ethylene glycol) diglycidyl ether; SWCNTE: single-walled carbon 
nanotube electrode; CFA: caffeic acid; CA: chronoamperometry).

Sensing system Detection technique Sensitivity [µA mm−1 cm−2] LOD [× 10−6m] Linear range [× 10−3m] Potential vs Ag/AgCl [V] Ref.

Functionalized with pristine nanomaterials

GC/rGO CA 39.41 10.0 0.04–0.8 +0.45 [68]

GC/C-nanofibers CA 3.64 11.0 0.03–2.14 +0.35 [69]

C-SPE/EGO CA 73.3 – 0.002–0.027 +0.20 [21]

Functionalized with nanomaterials and organic moieties

C-SPE/carbon black/caffeic acid CA 169.9 1.6 0.001–0.8 +0.25 [70]

GC/AuNPs/rGO-chitosan CA 318 1.2 0.002–0.320 +0.35 [71]

G-paper/PMB/AgNPs CA 161 0.07 0.00025–0.4 +0.54 [55]

GC/APBA-MWCNT/PMS CA 161 0.2 0.0005–1 −0.10 [72]

C-SPE/rGO–PAH CA 108.6 6.0 0.04–0.8 +0.45 [73]

Au(111)/AB–EGO CA 510 0.15 0.0005–0.5 +0.78 [74]

Gr-SPE/PB/PMS CA 336 0.5 0.001–0.1 −0.05 [75]

Gr/SWCNT-Os/DI/PEGDGE FIA 47 0.05 0.005–7.0 −0.18 [76]

SWCNTE/CFA CA 70.8 – 0.002–0.030 +0.30 [77]

Nonfunctionalized

GPP FIA 107.2 0.6 0.001–0.6 +0.35 This 
work

Adv. Funct. Mater. 2022, 32, 2107941



www.afm-journal.dewww.advancedsciencenews.com

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH2107941  (8 of 10)

electrodes would increase the selectivity of the developed 
sensor. To study the possibility of employing GPPs for enzy-
matic lactate detection, FIAs were performed by polarizing the 
working electrode at +0.50 V. These tests were also repeated on 
C-SPE and Gr-SPE functionalized in the same way; however, as 
stated before, these measurements were recorded by polarizing 
the electrode at a higher potential value, namely +0.70 V, due to 
the absence of electrocatalytic effects toward NADH oxidation 
at these electrode surfaces (Figure 5a). The obtained calibration 
plot (Figure  5c) highlights the possibility of employing GPPs 
for lactate detection at lower potential values with respect to 
other commercial carbon-based electrodes. These preliminary 
results confirm the possibility of detecting NADH also on the 
GPP functionalized with an enzyme and open to the possibility 
of using this device in enzymatic biosensing.

3. Conclusions

In this work, we developed a new, robust, flexible, three-elec-
trode device made of G-paper, showing its advantages with 
respect to bare carbon-based commercial SPEs. The GPPs, sup-
ported on plastic or on cotton, were successfully employed in 
electrochemical tests, confirming the possibility of using these 
devices as electrodes, also for on-line detection systems.

Exploiting the properties of graphene, mainly ascribable to 
surface functional groups and to the 2D morphology, electroca-
talysis of NADH is achieved with remarkable analytical perfor-
mance directly on the bare device, without the need for further 
functionalization of the surface, thus avoiding the drawbacks of 
a coating; this results in an electrochemical sensor for NADH 
detection possessing a sensitivity of 107.2 μA mm−1 cm−2 and a 
limit of detection of 0.6 × 10−6 m. The preliminary on-line tests 
performed after the anchoring of lactate dehydrogenase showed 
that the electrocatalytic properties of G-paper are maintained also 
in the final configuration, i.e., for NADH molecules enzymati-
cally produced, demonstrating that this material can be a robust 
and versatile substrate for a wide range of sensing applications.

As a further advantage in the use of G-paper-based platform, 
the mesoporous structure of the material may allow the inclu-
sion of additional components, e.g., redox active species or 
nanomaterials, to obtain effective electrochemical platforms for 
the detection of different species, e.g., the hydrogen peroxide 
produced from oxidase-type enzymes.

Since G-paper can be easily processed on rigid or flex-
ible substrates, including plastic, textiles, and clothing, the 
brand-new biosensing application demonstrated in this work 
opens new possibilities for comprehensive wearable electronic 
devices. The advantages also include the price of G-paper. For 
large-scale production the target price is around 250 euro m−2 
that means a few cents euro of material per electrode and the 
possibility of recycling the waste of material eliminated by the 
cutting approach for the production of new G-paper.

4. Experimental Section
Preparation of GPPs: G-paper (G2nan-sheet GS50), prepared from 

graphite nanoplatelets, was purchased by Nanesa (Italy).

GPPs were made using different strategies, as reported in Figure  1. 
Devices on cotton and PET were prepared by the cutting process 
(strategy A). G-paper was patterned with the desired shape by a 
robotic cutting plotter from Silhouette Cameo (blade level = 100  µm,  
grammage = 28 g m−2, and speed = 10 cm s−1) or a laser system Trotec 
Speedy 100 Flexx (pulsed fiber laser; cutting settings: power = 100%, 
speed = 10%, frequency = 20  kHz, and passes = 4). The negative part 
of the shape was removed, and the electrodes obtained were attached 
to a PET foil coated with a thermoplastic glue (laminating pouch film 
SIAM, thickness = 250 μm) or on cotton textile (cotton cloth Bellora, 
thickness = 170 μm) coated with thermoplastic polyurethane (Delstar 
International—EU29). The coupling between G-paper and the substrate 
was performed by hot lamination or by a hot press. GPPs on polyimide 
substrates were prepared by the laser ablation process (strategy B). 
G-paper was first attached to a Kapton tape (5 mil polyimide tape 
silicone adhesive from Caplinq) and then the GPPs were obtained by 
ablation of the negative part of graphene by laser (pulsed fiber laser; 
engraving settings: power = 60%, speed = 50%, frequency = 60  kHz, 
and passes = 10). The optimized manufacture of GPPs on several 
supports allowed them to be possibly exploited for on-skin or on-clothes 
(bio)sensing and even for electrochemical applications at extreme 
temperature conditions.

GPPs were used for electrochemical applications without any 
pretreatment. The geometric area of the working electrode, 0.126 cm2, 
was set by covering the conductive tracks with an insulating paint. The 
reference electrode was coated with Ag0 paste; to obtain a stable and 
reproducible potential, 0.1 m KCl was added to all the solutions used for 
electrochemical tests. Proofs of the potential shift when the Ag reference 
electrode was not employed are shown in Figure S16 (Supporting 
Information).

For l-lactate detection, the enzyme LDH (from Roche) was anchored 
on the working electrode of GPP through 4-carboxyphenyldiazonium(tet
rafluoroborate) (PhCOOH). This salt was synthesized according to a 
procedure previously reported,[79] and functionalization of the electrode 
surface was achieved by an electrochemical approach.[80] The potential 
was linearly varied from +0.4 to −0.80 at 0.1  V s−1, after dropping on 
the three-electrode platform for a solution of 2 × 10−3 m PhCOOH in 
0.1 m H2SO4. Activation of the carboxylic functional groups occurred 
by depositing on the working electrode a 5  × 10−3 m solution of N-(3-
dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) in 
0.1 m 2-(N-morpholino)ethanesulfonic acid (MES) buffer (pH 6.0) for 
10  min, followed by the addition of an equal volume of a 5  × 10−3 m 
solution of N-hydroxysuccinimide (NHS) in 0.1 m MES (pH 6.0). After 
further 10 min, the surface was abundantly washed with ultrapure water, 
and 15.0 µL of 550 U mg−1 (5 g L−1) LDH solution was deposited and left 
drying at +4 °C overnight. Finally, 2.5 µL of 1% Nafion solution (Merck-
Sigma Aldrich), neutralized with NaOH, was added to obtain a more 
stable anchoring of the enzyme.

Instrumentation: XPS responses were acquired by a Phoibos 100 
hemispherical energy analyzer (Specs, Germany) using Mg Kα radiation 
(ħω = 1253.6 eV). The X-ray power was set to 125 W. The spectra were 
recorded in the constant analyzer energy (CAE) mode with analyzer pass 
energies of 10  eV for the high-resolution spectra. The base pressure 
in the analysis chamber during analysis was 1 × 10−8 mbar. GPP was 
analyzed as such and after peeling the surface by a Magic Tape (3M, 
USA), constituting a procedure often used to obtain fresh surfaces 
in layered material (i.e., in highly oriented pyrolytic graphite). High-
resolution XPS spectra of C 1s were analyzed by CasaXPS (Casa Software, 
Ltd.); the curve fitting was carried out using Gaussian/Lorentzian curves 
shape (GL(30)) for CO groups with a full width half-maximum of 1.4 eV 
and an asymmetric Voigt for the CC sp2.

SEM images of GPP were recorded by using LEO 1530 FEG (ZEISS, 
Germany), operating at 5  kV; secondary electrons were collected by 
means of an In-Lens detector.

All the electrochemical measurements were performed with an 
Autolab PGSTAT12 potentiostat/galvanostat (Metrohm) and a μStat 
400 portable bi-potentiostat/galvanostat (Metrohm-DropSens). 
Electrical connection of GPPs to potentiostat was obtained by inserting 
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the electrode in a cable connector for commercial SPEs (Metrohm-
Dropsens). C-SPEs were acquired from Metrohm-Dropsens (model 
110); they consisted of a 0.13 cm2 carbon working electrode, a carbon 
auxiliary electrode, and a Ag pseudoreference electrode. Gr-SPEs were 
acquired from Sense4Med (Rome, Italy); they consisted of a 0.07 cm2 
graphite working electrode, a graphite auxiliary electrode, and a Ag 
pseudoreference electrode.

Electrochemical analyses were performed at room temperature and 
in equilibrium with the atmosphere, i.e., in the presence of O2. The first 
set of measurements, aimed at defining the performance of GPP in 
electrochemical measurements, was recorded by simply adding a drop 
of solution (≈60 μL) on the surface of the three-electrode cell. In another 
set of measurements, GPP was placed in an instrumental configuration 
typical of FIA. The electrode was inserted in a flow cell (Metrohm-
Dropsens), aiming at defining the analytical performance of the device. 
The flow of electrolyte was kept constant at 1.0  mL min−1 using a 
Minipuls 3 (Gilson) peristaltic pump while injecting the electroactive 
species in the electrochemical cell through a Rheodyne valve possessing 
a volume of 100 µL.

For EIS measurements, external counter and reference electrodes, 
namely a Pt wire and Ag/AgCl/3 m KCl (Amel), were inserted at 
fixed position to complete the electrochemical cell with the working 
electrodes of either GPP, C-SPE, or Gr-SPE. These measurements 
were performed with an Autolab PGSTAT30 potentiostat/galvanostat 
(Metrohm)

Sheet resistance of GPP, C-SPE, or Gr-SPE working electrodes 
was measured in 4-point probe van der Pauw configuration; contacts 
were obtained by using silver conductive paste, and IV curves were 
measured in the range of ±100 mA for GPP and ±1 mA for C-SPE and 
Gr-SPE.

BET surface area was measured by ASAP 2020 (Micromeritics).
Electrochemical Tests: All solutions for electrochemical tests were 

obtained in deionized water possessing a resistivity of 18 MΩ cm. The 
possible application of GPP as an electrochemical platform was tested by 
CV in 0.1 m LiClO4 solutions, in the absence and presence of 0.5 × 10−3 m  
Fc (Merck-Sigma Aldrich). Subsequent voltammetric scans between 
−0.10 and +0.60 V were recorded at a 0.05 V s−1 potential scan rate. The 
same solution was also used to test the application of GPP in DPV; in 
this case, the pulse amplitude was set at 50  mV, the step potential at 
6 mV, the pulse time at 0.1 s, and the scan rate was 15 mV s−1.

EIS measurements were recorded in a 5 × 10−3 m K4Fe(CN)6, 5 × 10−3 m  
K3Fe(CN)6, 0.1 m KCl solution, by applying an AC voltage with 5  mV 
perturbation (0.05–10 000 Hz frequency range) at open-circuit potential. 
The Nyquist plots obtained were fitted to calculate the charge-transfer 
resistance.

Further tests were performed in 0.1 m phosphate-buffered saline 
(PBS) solution at pH 7.00, recording voltammetric scans between 
−0.60 V and +0.60 V, at a 0.02 V s−1 potential scan rate. The response 
of the sensor for NADH (Merck-Sigma Aldrich) oxidation was recorded 
by dissolving this species in 0.1 m PBS and by recording CV experiments 
in the −0.10 ÷ (+0.60) V potential interval, at a 0.02 V s−1 potential scan 
rate. The response for each CV experiment was reported after reaching 
the steady state, except when differently indicated.

The analytical performance of GPPs for NADH and l-lactate (Merck-
Sigma Aldrich) detection was defined mimicking an on-line measuring 
system by FIA, after checking the electrochemical behavior of GPP in 
this configuration with a reversible redox probe, namely Fc. For these 
measurements, the working electrode was polarized at a constant 
potential of +0.30  V, and 100 μL of solutions containing the analyte 
was injected inside the flow of the pure electrolyte solution. Solutions 
at different concentration levels were analyzed randomly to avoid the 
possible occurrence of memory effects. 5 × 10−3 m NAD+ (Merck-Sigma 
Aldrich) co-factor was also added to all the solutions employed for 
l-lactate detection, prepared in PBS.

For the sake of comparison, similar measurements were also 
repeated on C-SPEs and on Gr-SPEs; the volumes used for these tests 
were calculated according to the different geometric areas of these 
electrodes to achieve similar volume/surface ratio.
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