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The field of biosensing would significantly benefit from a disruptive technology enabling flexible manufacturing
of uniform electrodes. Inkjet printing holds promise for this, although realizing full electrode manufacturing with
this technology remains challenging. We introduce a nitrogen-doped carboxylated graphene ink (NGA-ink)
compatible with commercially available printing technologies. The water-based and additive-free NGA-ink was
utilized to produce fully inkjet-printed electrodes (IPEs), which demonstrated successful electrochemical
detection of the important neurotransmitter dopamine. The cost-effectiveness of NGA-ink combined with a total
cost per electrode of $0.10 renders it a practical solution for customized electrode manufacturing. Furthermore,
the high carboxyl group content of NGA-ink (13 wt%) presents opportunities for biomolecule immobilization,
paving the way for the development of advanced state-of-the-art biosensors. This study highlights the potential of
NGA inkjet-printed electrodes in revolutionizing sensor technology, offering an affordable, scalable alternative to

conventional electrochemical systems.

1. Introduction

Electrochemical biosensors offer not only high sensitivity and
selectivity but also easy implementation, making them well-suited for a
diverse set of applications, including point-of-care (PoC) diagnostics
(Kim et al., 2019; Wu et al., 2023; Eivazzadeh-Keihan et al., 2022;
Soleymani and Li, 2017). These sensors have found widespread use in
various established technologies, such as glucose sensing (Heller and
Feldman, 2008; Freckmann et al., 2015; Ezzat et al., 2023), lactate
detection (Alam et al., 2018; Xuan et al., 2021), cholesterol measure-
ment (Narwal et al., 2019), creatinine analysis (Pundir et al., 2019), and
the identification of cancer markers (Jayanthi et al., 2017). The poten-
tial of biosensors has also been exploited for detection of coronavirus
SARS-COV-19 (Fabiani et al., 2021; Johnston et al., 2022; Vermisoglou
et al., 2020; Zhao et al., 2021; Yakoh et al., 2021; Chaibun et al., 2021;
Maroli et al., 2023; Rossetti et al., 2024). Biosensing electrodes are

typically manufactured through screen-printing technology, which is a
cost-effective process suitable for mass production (Suresh et al., 2021).
Nevertheless, the screen-printing method requires a peculiar optimiza-
tion for individual electrode.

New and versatile technologies for manufacturing electrodes are in
focus of current research. Inkjet printing emerges as a promising and
flexible option that aligns with the principles of Industry 4.0. This is
particularly significant considering the need for modularity, i.e., flexible
adaptation of factories to changing requirements. Among other printing
technologies, inkjet printing excels in handling high value-added inks in
small amounts. Moreover, inkjet printing uses dilute inks and deposits
them in very small volumes at precise locations, minimizing surface
contamination (Lemarchand et al., 2022). The inkjet printing technol-
ogy operates on a drop-on-demand principle, reducing material waste
and providing high-resolution patterning, which can be easily modified
via computer software for pattern modifications (Chung et al., 2019;
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Xuan et al., 2020; Sajedi-Moghaddam et al., 2020). The inkjet printing
offers high flexibility, which can be attained by selecting ink with the
desired properties or by combining different types of inks.

This concept paves the way for the development of inkjet-printed
biosensors, where the inks would contain at least one biological recog-
nition element, such as enzymes, antibodies, nucleic acids, aptamers, or
cells (Li et al., 2020; Rosati et al., 2022). Currently, the binding of these
biomolecules is limited to gold (Urban et al., 2023) and carbon elec-
trodes, due to the fact that those surfaces can be easily modified by
specific functional groups suitable for immobilization of biomolecules
(Zub et al., 2022; Silvestri et al., 2023). Graphene, in comparison to
gold, combines the benefits of high surface area, unique electrochemical
properties, excellent biocompatibility, the possibility to be easily
modified by desired functional groups, and last but not least, price.

However, graphene itself does not offer any selectivity and therefore
graphene derivatives such as graphene oxide, GO; and reduced graphene
oxide, rGO are used as alternatives (Vermisoglou et al., 2020). GO is a
nonconductive material and unsuitable for electrochemical readout
(Zhao et al., 2023). Conductivity of GO can be reestablished by its
reduction to rGO, which may, however, pose another challenges in
sensing selectivity due to complex structure of rGO containing various
chemical functional groups (Kudr et al., 2020). Very recently graphene
derivatives prepared via fluorographene chemistry (Chronopoulos et al.,
2017) emerged as promising graphene-based materials suitable for
sensing. Such water dispersible graphene derivatives are selectively and
densely surface-functionalized with chemical moieties, like nitrile,
carboxyl, and ethynyl groups (Bakandritsos et al., 2017; Lenarda et al.,
2019; Panacek et al., 2021), which have been successfully utilized in
sensing (Panacek et al., 2022; Urbanova et al., 2015; Yang et al., 2023)
and biosensing applications (Flauzino et al., 2022, 2023). Furthermore,
this functionalization creates pathways for the utilization of
graphene-derivatives-based inks in nanozyme applications (Hruby et al.,
2022).

The ink used in inkjet printing technology needs to meet several
concurrent criteria. These include a particle size compatible with the
employed printhead, rheological properties within the range of 1-30
mPa s, surface tension between 30 and 45 mN/m, and appropriate
material properties (e.g., dispersion stability and concentration). Several
graphene-based inks have already been introduced (Secor et al., 2013;
Hersam et al., 2017; Cho et al., 2022; Shao et al., 2020). Graphene ink
formulations commonly rely on organic solvents like cyclohexanone and
dimethylformamide (Jun et al., 2021) and their use poses health and
environmental hazards. In contrast, aqueous systems are sustainable
alternatives (Parvez et al., 2019; Pandhi et al., 2020), nevertheless, they
are challenged by the difficult dispersion and stabilization of hydro-
phobic graphene sheets. To overcome this issue, additives are used,
however they come with several drawbacks including induction of
coffee ring effect, low conductivity, or suppression of biomolecules. It is
important to note that inkjet-printed electrodes utilizing water-based
graphene inks with desired functional groups have not been imple-
mented on commercial inkjet printers as of yet (Conti et al., 2023; Liu
et al., 2023).

In this work, we introduce nitrogen-doped carboxylated-graphene
ink (NGA-ink) containing graphene derivative equipped with covalently
attached carboxylic groups. The introduced water-based and metal-free
NGA-ink contains no additives altering viscosity or surface tension. The
NGA-ink contains particles measuring 200-300 nm in lateral size,
making it ideally suited for the use with standard commercial inkjet
printers. We demonstrate successfully fabricated fully inkjet-printed
electrodes, combining commercial silver and gold inks with the NGA-
ink. We show that fully inkjet-printed electrodes can be effective in
determination of dopamine (DA). Additionally, to delve deeper into the
market potential of the fabricated electrodes, we estimated the pro-
duction cost to be $0.10 per electrode. Considering the above-mentioned
benefits, the presented technology opens new horizons for fabrication of
wide range of electrochemical biosensors via inkjet printing.

Biosensors and Bioelectronics 256 (2024) 116277
2. Experimental Section
2.1. Inkjet printing process

The printing process was performed using Fujifilm Dimatix Materials
Printer, model DMP-2850 equipped with Dimatix Drop Manager
v3.2.4.2 software. Samba cartridges featuring piezoelectric printheads
with 12 jets and a drop volume of 2.4 pL were used. All patterns were
printed in high 2540 dpi resolution, which corresponds to 1.7° head
angle and drop spacing of 10 pm. The cartridge temperature was left at
the default setting of 28 °C and the platen heating was turned off,
keeping the substrate temperature at ambient level. The cartridge print
height was set to be 1 mm. Silver nanoparticle ink was shaked for 2 h and
filtered sequentially with 1 pm, 450 nm and 200 nm filters with nylon
membranes before filling the cartridge. Gold nanoparticle ink was
shaked for the same amount of time and filtered two times with 1 ym
nylon filter. Polyethylene terephthalate (PET) foil covered with ink-
accepting layer was used as a substrate.

Before printing each ink, the jetting waveform and the voltage
applied to the jets were optimized to form spherical drops without lig-
aments or satellite droplets during jetting. Only one jet at a time was
used to ensure maximum printing quality. First, the contacts, which are
used to connect each electrode with the measuring device through a
conductive channel, were printed together with reference electrode
using silver nanoparticle ink. Subsequently, counter and working elec-
trode were printed using gold nanoparticle ink. There was a 1.5 mm
overlap between silver and gold patterns to ensure a conductive
connection between them. After the printing of the gold patterns was
finished, the printed parts were allowed to dry completely for half an
hour before continuing with the process. In the next step, each printed
electrode was flashed once with an external camera flash from a height
of 1 cm above the surface. This step was performed to achieve photonic
curing of printed metal patterns, causing the sintering of the silver and
gold nanoparticles and increasing the conductivity of the printed pat-
terns. Afterwards, NGA-ink was printed onto the working electrode. The
dimensions of the pattern were exactly the same as for the gold working
electrode beneath. To ensure good coverage of gold surface, 3 layers of
NGA-ink were printed over each other. After each layer was printed,
there was a 10-min pause to allow the printed ink to dry completely.
Four batches of electrodes were printed in total, each containing ~14
individual electrodes.

2.1.1. Post-printing process

After the printing process was completed, liquid silicone rubber was
mixed with transparent curing agent and processed as follows. Silicone
rubber was thoroughly mixed with curing agent in a weight ratio of 10:1.
The mixture was then placed in a vacuum desiccator and degassed for
20 min. Afterwards it was placed into a syringe with a 0.9 mm diameter
needle. The resulting mixture was then deposited over the Au/NGA-Ag
contact to form a dielectric strip. The complete electrodes were then
placed and stored in a vacuum desiccator until the measurement to be
sure that all their components are perfectly dry. Prior to electrochemical
measurements, the electrodes were cut out in such a shape that they fit
into the appropriate adapter.

2.2. Synthesis of NGA-ink

NGA-ink is a <450 nm fraction of nitrogen-doped graphene acid
(NGA) material (Fig. 1) synthesized through a two-step batch-type re-
action reported recently (Panacek et al., 2022). Briefly, sonicated
graphite fluoride reacted with sodium azide in DMF then the product
was filtered off and thoroughly washed on the filter. The synthesized
nitrogen-doped graphene material (Sedajova et al., 2022) was treated
with 45% nitric acid, forming carboxyl functionalities. After successive
filtration and washing with water, the prepared NGA material was again
strongly sonicated and then dialyzed until the water’s conductivity for
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Fig. 1. Synthesis and application of nitrogen-doped graphene acid ink. a) Synthesis of NG precursor (see Ref (Sedajovad et al., 2022).), b) oxidation to NGA by nitric
acid, and c) downsizing graphene-derivative flakes to NGA-ink with lateral size of 300 nm. d) Image of the highly colloidally stable NGA-ink. e) Dimatix materials
printer used for inkjet printing. f) Set of fully inkjet-printed electrodes.

dialysis stopped rising. Finally, after dialyzing, the aqueous NGA Deconvolution of the C 1s high-resolution (HR-XPS) spectra region

dispersion was sonicated for 6 h and then filtered through a 450 nm revealed that the most abundant component (58.9 %) was centered at
filter, acquiring NGA-ink dispersion. The pH of the prepared ink was 3.7 286.3 eV, representing mainly sp> C-C carbons (concerning the
due to hydrolysis of the presence of the carboxylic groups on the ma- elemental composition) and possible C-O and C-N configurations
terial. The final concentration of solid component in the NGA-ink was (Fig. 2a). In contrast, the determined sp? carbon content was 22.2 %.
0.8 mg ml L. The surface tension of the NGA-ink measured by pendant The high presence of sp® carbons arises from the graphene carbons with
drop analysis was 59.7 + 3.2 mN/m (Table S1, Fig. S1), the viscosity at bonded carboxylic groups. The component around 290.4 eV was, ac-
100 s™! shear rate was 2.4 mPa (Fig. 52). Further experimental details cording to its shape and elemental composition, assigned to carboxylic
are described in Supporting Information. groups (Bakandritsos et al., 2017; Panacek et al., 2022). Feature at

288.2 eV was assigned to lone C—=O0 bonds or possible amide configu-
rations. The presence of C—=0 and C-O bonds was also evident from the
deconvoluted O 1s spectral region (Fig. 2b).

The Infrared spectrum (FT-IR) of the dried NGA-ink (Fig. 2c)
exhibited features similar to common organic carboxylic acids, partic-
ularly the broad absorption band of O-H stretching between 2700 and

electron spectroscopy (XPS). The freeze-dried NGA-ink was almost 3700 cm ™" due to excessive hydrogen bonding of the groups. The ab-

fluorine-free (0.9 at. %) carbon material (72.9 at. %) with an oxygen and sorption bands at 3474 cm ™! and 3240 cm ! correspond to various H-
nitrogen contents of 24.1 at. % and 2.1 at. %, respectively. bonding configurations. C-H vibrations occur in region between 3200

3. Results and discussion
3.1. Characterization of NGA-ink

The atomic composition of NGA-ink was probed by X-ray photo-
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Fig. 2. Deconvoluted HR-XPS spectrum of a) C 1s, and b) O 1s. ¢) FT-IR spectrum of NGA with assigned vibration bands. d) Raman spectrum of NGA with assigned G
and D bands.
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and 2800 cm™!. The strongest band of the fingerprint region at 1735
em™}, typical of C=0 stretching, neighbored the second strongest band
at 1600 cm ™, assigned to asymmetric stretching of the carboxylic group
(Panacek et al., 2022). Symmetric stretching vibration bands at 1430
and 1345 cm™ !, as well as C-O stretching at 1245 cm ™! (Panacek et al.,
2022), lie on a broader feature of skeletal C—C vibrations (Bakandritsos
etal., 2017). A shoulder at 1040 cm ™! can be assigned to C-N stretching
vibrations (Yang et al., 2023). A very high Ip/Ig value of 1.465 deter-
mined by Raman spectroscopy as a mean from acquisitions on three
different areas on the material (see Fig. 2d with representative data)
indicates the highly defective character of the graphene lattice of the
NGA-ink caused by high functionalization by carboxyl groups in defects
and small lateral size of the graphene flakes (Ferrari et al., 2006; Khan
et al., 2010).

3.2. Inkjet printing of NGA-ink

To evaluate its performance and the suitability of NGA-ink for
possible electrochemical applications, we have proposed a process for
producing inkjet-printed electrodes (Fig. 3a) that is achievable using
commercially available inkjet printing technology and further used
conventional drop-casting technique and inkjet printing of NGA-ink
onto SPCE for comparative reasons. Inkjet printing technology
emerges as a superior alternative to conventional drop-casting, offering
numerous advantages that are crucial for scientific and industrial ap-
plications. The main benefits are the precision of the process and the
homogeneity of the resulting coverage of the working electrode. By
inkjet printing the material onto the electrode surface, we can reduce
adverse effects like the coffee ring effect as well as fouling effect, for-
mation of cracks, and material detachment from the electrode surface
during electrochemical experiments (Hanssen et al., 2016; Kaliyaraj
Selva Kumar et al., 2020; Sliz et al., 2020). Another strongly undesirable
effect is the release of material from the electrode surface into the
electrolyte volume during electrochemical measurement when
drop-casting is used (Fig. S3). Additionally, inkjet printing stands out in
its efficient use of materials, depositing graphene with minimal waste
and in several times smaller quantities than drop-casting method. Using
this technology, we have investigated the possibility of inkjet printing of
300 nm in lateral size and 3 nm in height graphene flakes (Fig. 3b-e,
Fig. S4) onto SPCE and onto fully inkjet-printed electrode. Surfaces of
SPCEs and IPEs on PET foil were then analyzed by SEM (Fig. 3f,g,i,j,
Fig. S5 a-d). A detailed photograph showing the fully IPE with silver,
gold, and NGA-ink parts is shown in Fig. 3h.

The resulting SEM images showed that the surface of the SPCE
working electrode is homogeneous and composed purely of carbon
particles (Fig. S5 a,b). In contrast, after inkjet printing of the NGA-ink, it
is clearly evident that the printing process resulted in uniform func-
tionalization of the SPCE surface with NGA flakes (Fig. S5 c¢,d). To
explore the possibility of using the previously described advantages of
inkjet printing technology to produce functionalized electrodes, we
engineered fully inkjet-printed electrodes using the process described in
detail in the Experimental Section. After inkjet printing of Ag NPs as
contacts and reference electrode, we printed Au NPs as counter electrode
and working electrode on PET foil (Fig. 3f) substrate. Then, NGA-ink was
printed directly onto gold working electrode. SEM images of the IPE
showed highly homogeneous surface consisting of Ag (Fig. 3g) and Au
(Fig. 3i) NPs of tens of nanometers in size, revealing a remarkable
quality of the inkjet-printed electrode. As in previous case with SPCE,
after inkjet printing of the NGA-ink onto already printed Au layer, the
surface of the gold working electrode was also evenly covered with
previously described NGA 300 nm flakes (Fig. 3j). This fact shows that
inkjet printing can serve as a tool to functionalize not only a commer-
cially fabricated substrate, but also a surface that is already printed by
the same method. In addition, it also demonstrates that complex pat-
terns can be printed using this technology simply by replacing cartridges
containing the appropriate inks. Overall, we completely explored the
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possibilities of modifying electrode surface with the use of inkjet
printing and ultimately fabricated fully inkjet-printed electrodes ho-
mogeneously functionalized with graphene derivative. To further
explore the market viability of the developed electrodes, we conducted a
detailed analysis of the production costs of one electrode. Remarkably,
the resulting cost of $0.10 per electrode (including all ink and substrate
consumption, see Table S2) is exceptionally low, especially considering
that the system features a gold working electrode uniformly covered
with a functionalized graphene derivative.

The properties of inks are optimized for specific applications through
the use of solvents, additives, and binders. Viscosity and surface tension
of GO-based ink with water can be adjusted by surface-active com-
pounds such as Triton X-100 and sodium dodecyl sulfate (Li et al., 2018).
The use of these surface-active compounds allows for the application of
these inks on various substrates, including printing paper and aluminum
foil. The majority of described inks utilizes organic solvents such as
N-methyl-2-pyrrolidone (Torrisi et al., 2012), dimethylformamide (Lim
et al., 2012), and cyclohexanone (Secor et al., 2013, 2015; Gao et al.,
2014), along with binders like ethylcellulose (Pandhi et al., 2020) and
polyvinylpyrrolidone (Ezzat et al., 2023). In the light of the recent
research in this (Table S3), the development of water-based ink not
requiring any binder and compatible with marketed inkjet printing
technology represents a significant step forward.

3.3. Characterization of electrochemical performance in inkjet-printed
electrodes

Electrochemical properties of NGA and its potential for inkjet
printing were investigated using electrochemical impedance spectros-
copy (EIS). The primary electrochemical characteristics, specifically the
charge transfer resistance (Rcr), were determined through analysis
using modified Randles circuits, as depicted in Fig. 4b. The Nyquist plot
in Fig. 4a presents EIS data, highlighting a notable reduction in R¢r
(more than 10 times) when NGA-ink was applied via drop-casting on
standard SPCE electrodes. These results suggest NGA-ink’s high con-
ductivity. This enhancement can be attributed to NGA’s structure.
Analysis using XPS and Raman spectroscopy reveals that NGA consists
largely of carbon atoms in sp? hybridization. Coupled with the material
being nitrogen-doped, these observations offer a convincing explanation
for the highly conductive properties of this system. The enhancement in
conductivity is well demonstrated in the circuit configurations used for
interpreting the EIS spectra. Illustrated in Fig. 4b, the circuit design for
effectively analyzing the EIS measurements of SPCE electrodes modified
with NGA-ink omits the Warburg element, which is usually associated
with diffusion-limited processes (Lazanas and Prodromidis, 2023). This
implies that using NGA on the electrodes facilitates a more rapid elec-
trochemical reaction compared to the standard, unmodified SPCE
electrodes.

3.4. Dopamine sensing using NGA-ink and related inkjet-printed electrode
sensor

Conventional cyclic voltammetry and neurotransmitter DA as ana-
lyte were selected as the evaluation tool of IPE electrodes. DA can be
easily oxidized, leading to the formation of o-dopaminechinone via a
simple two-electron exchange reaction (Dokur et al., 2023; Mounesh
et al., 2019; Mounesh and Reddy, 2020). Due to this reason, we have
selected NGA-ink because this small-sized graphene-based derivative
has favorable properties towards DA determination as proved EIS and ab
initio calculations. Theoretical computations using range-corrected
hybrid density functional with empirical dispersion (wB97XD) indi-
cated on favorable binding of DA to NGA surface (—130 kcal/mol) in
water (Fig. S6 in SI), mostly due to formation of hydrogen bonds and
electrostatic interactions. For comparative reasons, we have decided to
test commercially available bare SPCE electrodes to provide information
about the position of redox peaks as visible in Fig. 5a. As apparent from
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Fig. 3. a) Scheme of the inkjet printing manufacturing process of IPEs, b, ¢c) TEM images of dried NGA-ink, d, €) SEM images of dried NGA-ink indicating lateral size
of the flakes in the range of hundreds of nanometers, f) SEM image of PET foil substrate, g) SEM image of inkjet-printed silver pattern, h) A detailed photograph

showing the fully IPE i) SEM image of inkjet-printed gold pattern, and j) SEM image of inkjet-printed NGA-ink on inkjet-printed gold substrate with apparent flakes of
the carboxylated graphene derivative.
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Fig. 5. a) Cyclic voltammograms of bare SPCE electrode in the absence of DA (green line) and in the presence of DA (orange line) and b) similar experiments for
NGA-ink drop-casted onto the surface of SPCE working electrode, ¢) NGA-ink printed via inkjet printing technology over the surface of SPCE working electrode at
same conditions as previously described and d) CV response of IPE electrode in the absence (green line) and presence (orange line) of DA. All experiments were
conducted in 0.01 M PBS buffer (pH = 7) at a scan rate of 50 mV s

results, the value of peak-to-peak separation potential (AEp) is equal to
342 mV. Such result indicates the poor electron transfer kinetics at SPCE
electrode probably related to nonconductive components in the

commercial ink and because of electrode fouling caused by deposition of
DA and its oxidation on the electrode (McCreery, 2008; Ping et al.,
2012).
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Following the initial stage, NGA-ink was applied via drop-casting
onto an SPCE electrode (as shown in Fig. 5b) to improve the electrode
kinetics for the determination of DA. In fact, after the formation of NGA
film, the current response drastically increased (about 420 %) compared
to bare SPCE electrode and value of AE, decreased from 342 mV (pris-
tine SPCE) to AE,: 110 mV indicating faster electrochemical kinetics.
Subsequently, the NGA-ink was inkjet-printed via Dimatix printer
directly onto SPCE working electrode to utilize the aforementioned
advantages of inkjet printing over drop-casting method (Fig. 5¢). CV
response of DA exhibits a well-developed peak of DA giving the current
intensity of 289 pA cm™2 There is visible very small current drop
compared to drop-casting technique (just 13 % difference) related to the
mass of printed material on the surface of the working electrode. In the
case of drop-casting technique, the amount of active material equals to 8
g, while the amount of inkjet-printed active material is equal to 1.2 pug
in 5 printed layers. Even with ca 7 times lower amount of active material
(NGA-ink), the signal from DA remains well-developed (AE,: 100 mV),
indicating suitability of NGA for inkjet printing technology, allowing us
to modify the surface of the SPCE electrodes more effectively and more
precisely than by drop-casting technique.

Finally, the complete IPE was prepared and tested for DA detection
(Fig. 5d). The IPE showed a current response of 259 pA cm 2 with AEp at
171 mV, outperforming standard SPCE electrodes. Small drop in sensor
activity (ca 10 %) in comparison with NGA-ink printed onto SPCE
working electrode is related to application of less conductive substrate in
the case of IPE electrode. These results were expected due to the
numerous advantages offered by electrodes prepared using inkjet
printing technology, as previously discussed, particularly when utilizing
small lateral-size graphene flakes. In our specific case, the IPE electrodes
benefit from both the uniformity of NGA-ink illustrated as working
electrode and the unique properties of NGA-ink, which consists of
submicron-sized graphene crystal domains containing numerous point
defects within the lattice and closed-contour defects along the edges of
the flakes. Therefore, when an electrical bias is applied to the NGA-ink,
these defects generate highly localized electric fields that can be influ-
enced by adsorbed molecules or target analytes (Pandhi et al., 2018;
Salehi-Khojin et al., 2012). NGA-ink fulfills the requirement for small
lateral size sheets, exceptional electrical conductivity, sufficient elec-
troactive surface area (ECSA = 0.088 cmz; details are provided in SI) and
functionalization with carboxylic groups, these characteristics enable
the development of highly sensitive graphene-based inkjet-printed sen-
sors, effectively capable of detecting biomolecules like DA.

Additionally, the effectiveness of IPE electrodes was assessed based
on their batch-to-batch variability (repeatability) and stability. CV ex-
periments indicate that the variance among four different batches of
printed electrodes is approximately 30 %, while the variance among
individual electrodes within the same batch is lower, reaching 9 %
(Figs. S7a and S7c). The observed variability is caused by an increased
capacitive current, as apparent from the CV experiment (Yun and
Hwang, 2021), affecting the total current response of the IPE electrodes.
This effect is especially visible in the signal changes of electrodes from
the 3rd and 4th batches. The differences in capacitive behavior can be
explained by variable surface areas related to scratches and in-
homogeneities on the electrode surface created during the inkjet print-
ing process and subsequent manipulation of the electrodes (e.g.,
cutting). Since capacitance is directly proportional to the surface area,
an increased surface area leads to increased capacitance (Bakandritsos
et al., 2019). To minimize the effect of the capacitive current, specific
electrochemical methods, such as pulse techniques that suppress the
background current or Electrochemical impedance spectroscopy (EIS),
can be utilized in practice. This shows the comparison of IPE electrodes
from four batches in Nyquist representation. EIS is a particularly suitable
method, primarily due to its sensitivity in detecting both the bulk and
interfacial properties of electrodes (Pajkossy and Jurczakowski, 2017;
Lazanas and Prodromidis, 2023). This technique can discern variations
in electrode composition, structure, and surface chemistry across
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batches by measuring impedance across a wide frequency range. The EIS
response of four series of IPE electrodes (Fig. S7b) provides an almost
similar response, indicating low batch-to-batch impedimetric variability
of IPE electrodes. Fig. S7c depicts the stability tests of six independent
IPE electrodes, proving their stability for at least 14 days without any
significant decay. Evaluation of constant concentration of DA at various
scan rates revealed that the total surface concentration of DA equals to I’
=1.07 x 1077 mol cm~2 and the heterogenous electron transfer rate
constant (kg) to 2.28 st (for details see Fig. S8 and related discussion in
SI). Using optimized conditions, IPE electrode was used to determine the
different concentrations of DA (Fig. S9) showing a good linear depen-
dence (inset of Fig. S9), and LoD and LoQ values of 46 uM and 140 pM,
respectively. These outcomes closely resemble those of a previous
experimental setup conducted by (Da Costa et al., 2015), wherein au-
thors employed inkjet-printed carbon nanotubes (CNT) on a paper
substrate. Strategies aimed at enhancing the performance of IPE elec-
trodes for sensing may include further optimizing NGA ink conductivity
and modification of NGA by conjugation with biomolecules.

4. Conclusion

We introduce water-based, additive-free ink (NGA-ink) containing
nitrogen-doped carboxylated graphene (0.8 mg mL™1), compatible with
standard inkjet printing technology. We demonstrate that the ink can be
used for precise modification of commercial screen-printed carbon
electrodes (SPCEs) improving electrode surface homogeneity and
reducing material waste with respect to drop-casting method. The fully
inkjet-printed electrodes (IPE) are realized using this functional, eco-
friendly, and electrochemically active ink. Rigorous testing, including
cyclic voltammetry with dopamine (DA) as a proof-of-concept analyte,
unravels 9% IPE-to-IPE and 30% batch-to-batch variability in CV
response attributed to capacitive behavior. attributed to capacitive
behavior. This variability can be significantly mitigated by employing
EIS method. Such behavior together with good stability and compati-
bility of NGA-ink with precision printing technology, and cost-
effectiveness pave the way for advanced sensor development. The
presence of carboxyl groups in NGA ink offers also covalent attachment
to biomolecules like antibodies or aptamers, which can be utilized in
construction of fully ink-jet printed biosensors as such offering a sig-
nificant advancement in sensor technology with its performance, eco-
nomic, and manufacturing benefits.
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