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A B S T R A C T

Accurate analysis of fresh fruit and vegetable samples typically relies on complex instrumentation, skilled 
personnel, and extensive sample preparation, limiting its accessibility for decentralized testing. To overcome 
these challenges, we developed a fully 3D-printed, trident-shaped electrochemical sensor for direct, in situ 
detection of target analytes without any sample pre-treatment. The device was fabricated using low-cost, 
commercially available conductive and insulating filaments, and designed for seamless integration with 
portable or smartphone-connected potentiostats. The custom trident geometry enabled direct insertion into fruit 
and vegetable samples, eliminating the need for sample pre-treatment steps. Among tested configurations, 
rectangular working electrodes printed with simple infill patterns at 70 % printing speed exhibited optimal 
electrochemical performance, underscoring the critical impact of electrode design and printing parameters on 
sensor response. Linear sweep voltammetry was selected for its simplicity, rapid data acquisition, and compat
ibility with field-based applications. As a proof of concept, the sensor was used to quantify ascorbic acid in fresh 
orange, tomato, and kiwi samples. The results showed excellent correlation (≥99 %) with gold-standard LC-MS/ 
MS analysis, validating the sensor’s reliability for direct, on-site measurements. The device also exhibited strong 
intra- and inter-batch reproducibility (RSD < 5 %) and reusability (up to 18 measurements per sensor). With an 
estimated manufacturing cost of only €0.32, the platform presents a robust, low-cost, and sustainable solution for 
real-time quality monitoring. Its versatility supports future adaptation for detecting additional compounds such 
as pesticides and sugars, advancing on-field diagnostics in agriculture and food safety.

1. Introduction

The global food industry faces increasing challenges related to food 
authentication, quality assurance, and safety monitoring including 

detection complexity, storage monitoring and supply risk chains 
lowering the consumer trust [1]. The assessment of quality in fruits and 
vegetables, as well as the monitoring of pesticide residues, storage 
conditions, and contamination, has gained significant attention due to 
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its implications for consumer health and agricultural sustainability [2]. 
Conventional methods for fruits and vegetables quality monitoring, 
primarily rely on chromatographic techniques. While these methods are 
known for their sensitivity and accuracy, they also come with significant 
drawbacks. They tend to require specialized personnel, increase analysis 
time due to lengthy pretreatment steps and raise costs because of the 
need for expensive equipment. Therefore, their use is often limited in 
decentralized areas. In contrast, portable sensors offer a promising 
alternative by enabling rapid, on-field testing. This capability supports 
timely decision-making for farmers, distributors, and quality inspectors, 
effectively bridging the gap created by traditional methods [3].

Electrochemical sensors offer significant advantages, enabling the 
realization of portable and robust devices tailored for on-site testing [3,
4]. To this end, flexible platforms employing a variety of electrode 
fabrication materials including polydimethylsiloxane (PDMS) [5], 
polyester [6] and paper-based substrates [7] for screen-printed elec
trodes, have been engineered for pesticide detection on fruit and vege
table surfaces, ensuring practical and efficient monitoring solutions. In 
recent advancements, wearable glove sensors have been introduced, 
allowing direct analysis of pesticides on fruit peels [8,9] and leaves [10] 
without necessitating prior sample preparation, thus enhancing the 
feasibility of field-based testing.

Advancements in 3D-printing technology have introduced a prom
ising alternative for electrochemical sensor fabrication. This technology 
enables the production of durable, customized electrodes, paving the 
way for integrated platforms capable of performing the entire analytical 
process from direct sampling without lengthy pretreatment steps to data 
interpretation on a laptop device or via a smartphone. A recent review 
highlights the successful incorporation of 3D-printed components, 
including electrodes, into the food quality control field [4,11,12].

3D printing enables the fabrication of electrodes with a wide variety 
of intricate and customizable surface patterns, allowing precise control 
over surface morphology to enhance electrochemical performance [13]. 
These electrodes can be configured with just a 3D-printed working 
electrode integrated into a system using external commercial electrodes, 
or fully 3D printed—with the working, counter, and reference electrodes 
all made from conductive polylactic acid (PLA). In the case of using 
solely 3D-printed working electrodes, this technology allows the crea
tion of sensors with diverse surface geometries and material composi
tions, boosting their capacity to detect a wide range of analytes across 
complex matrices. Unique surface architectures, such as 
skyscraper-shaped geometry, have shown improved sensitivity and 
broader linear ranges [14]. A broad palette of materials, including car
bon black/polylactic acid, multiwall carbon nanotube (MWCNT)/PLA, 
recycled PLA composites, graphene-based acrylonitrile butadiene sty
rene (ABS-G), and flexible carbon black/ thermoplastic polyurethane 
(TPU), has been explored to fine-tune performance for different 
analytical goals. For instance, early 3D-printed electrodes were used for 
mycotoxin detection in food [15], showcasing their potential in food 
safety. Similarly, a cost-effective and rapid dual-nozzle FDM method 
used ABS-G filaments to fabricate a tailored electrode for detecting the 
food contaminants, minimizing time and cost compared to commercial 
devices [16]. In the biomedical field, CB/PLA-based electrodes enabled 
ex vivo serotonin detection in the anorectum [17], while CB/PLA and 
MWCNT/PLA microelectrodes allowed for spatial serotonin mapping 
using standard redox probes [18]. The skyscraper design supported 
TNFα detection in fecal samples, revealing inflammation patterns asso
ciated with aging [14]. In another application, flexible CB/TPU elec
trodes allowed simultaneous detection of dopamine, uric acid, and 
nitrite in urine [19], showing promise for wearable diagnostics. In 
forensic screening, in-house fabricated recycled PLA/graphite/CB sus
tainable electrodes successfully detected ketamine in spiked beverages 
[20]. Altogether, these examples highlight the remarkable versatility of 
3D-printed working electrodes not only in the materials and in-house 
fabrication strategies used, but also in their application across biomed
ical, environmental, food safety, and forensic domains. These partially 

3D-printed electrochemical sensors, incorporating only 3D-printed 
working electrodes, already demonstrate enhanced performance 
through customizable designs and materials.

Fully 3D-printed sensors, however, take this flexibility even further 
by integrating all components, working, counter, and reference elec
trodes, into a single platform. This complete integration simplifies 
fabrication, enhances portability, and broadens application potential. 
For example, a fully 3D-printed nanozyme-enabled electrochemical 
sensor modified with Fe(II)-MOF, a metal-organic framework known for 
its electrocatalytic properties, enabled glucose detection in artificial 
sweat, offering a non-invasive tool for diabetes monitoring [21]. In 
neurological diagnostics, a fully 3D-printed electrode array was 
employed to detect Parkinson’s disease biomarkers in blood and cere
brospinal fluid [22]. Another system, a dual microchip platform fabri
cated in a single print, enabled simultaneous detection of cardiac 
biomarkers (cholesterol and choline) from a single blood droplet [23]. 
Complementing these advances, another study demonstrated a fully 
3D-printed electrochemical sensor with an integrated microwell for 
miRNA detection towards cancer diagnosis. Featuring precise fluid 
control, gold electrodeposition for surface modification, and 
picomolar-level sensitivity via methylene blue-labeled DNA probes, this 
platform underscores the versatility and diagnostic potential of 
3D-printed sensing technologies in point-of-care settings [24].

Additionally, an innovative pre-treatment method based on the 
combination of photochemical and electrochemical oxidation processes 
to degrade excess binder material, enhanced the electrochemical prop
erties of fully printed electrodes, allowing for low detection limits of 
metals like Cd(II) and Pb(II), pharmaceuticals such as midazolam, and 
biomolecules like uric acid [25]. These examples underline the growing 
potential of fully 3D-printed sensors to serve as powerful, self-contained 
diagnostic and monitoring tools, particularly in decentralized and 
field-deployable contexts.

Despite these advancements, the application of fully 3D-printed 
electrochemical sensors in on-site or in-field monitoring, such as in 
agriculture for assessing fruits, vegetables, and soil quality, remains 
underdeveloped, particularly when compared to the maturity of screen- 
printed sensors in terms of customizable designs and efficient material 
handling [4,11,12]. Nevertheless, the robustness, affordability, and 
adaptability of 3D-printed platforms offer a compelling opportunity to 
bridge this gap and enable real-time, decentralized sensing in 
field-based environments.

In this context, a novel fully 3D-printed sensor is presented for on- 
field fruit analysis, highlighting its innovative design, operational effi
ciency, and versatility in comparison to existing technologies. By 
leveraging conductive materials and customized fabrication through 
additive manufacturing, the sensor’s design is optimized for portability, 
precision, and durability. A key feature is its trident shape that enables 
the direct insertion into fruit, eliminating the need for additional 
equipment, complex pre-treatment procedures, or extensive sample 
preparation, enabling real-time, accurate measurements. The light
weight, portable, and partially reusable sensor also supports easy, 
wireless connectivity between the 3D-printed electrodes and the 
potentiostat’s connection pins, making it ideal for field applications in 
diverse agricultural environments. As a proof of concept, the sensor was 
applied to detect ascorbic acid (vitamin C) in oranges, kiwis and to
matoes, a compound linked to fruit and vegetables freshness and storage 
conditions [26,27]. This successful application highlights the sensor’s 
potential for broader use for detecting various molecules in agricultural 
and food quality monitoring.

2. Materials and methods

2.1. Reagents and equipment

Potassium ferricyanide, ascorbic acid and all the other common re
agents were obtained from Sigma-Aldrich (St. Louis, MO, USA). Silver/ 
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Silver chloride conductive ink was used for the reference electrode 
realization (Loctite, Brugherio, Italy). The 3D-printed portable device (i. 
e. trident-shaped supporting part and electrodes) was printed using the 
Creality Ender-3 V2 Neo (Shenzhen Creality 3D Technology, Shenzhen, 
China). Protopasta conductive PLA filament 1.75 mm (Protoplant, 
Vancouver, WA, USA) was used for the fabrication of the 3D-printed 
electrodes, which was characterized previously [28]. The electro
chemical measurements of the present work have been performed using 
the Emstat4S potentiostat (PalmSens, Houten, The Netherlands) con
nected to a laptop PSTrace 5.10 software.

2.2. Methods

2.2.1. Fabrication of the 3D-printed electrochemical sensor
A 3D-printed electrochemical sensor was integrated with a 3D- 

printed trident-shaped housing towards the realization of the ultimate, 
fully 3D-printed, sensing device. The 3D-printed electrodes were 
designed in the Autodesk Fusion design application with the following 
dimensions: 6 mm width, 2 mm thickness and 30 mm height. The design 
was then converted in the appropriate file format, i.e. Standard Tessel
lation Language (STL), and was inserted in the UltiMaker Cura 5.4.0, 
slicing application, to define the printing parameters: lines infill pattern 
with a 20 % infill density, printing speed at 70 %, nozzle temperature of 
210 ◦C and printing bed temperature of 55 ◦C. The printing temperature 
used in the present study follows the manufacturer’s recommendation, 
as lower temperatures resulted in clogging of the conductive filament, 
preventing successful electrode fabrication.

The reference electrode was created by applying a single-pass thin 
layer of silver/silver chloride (Ag/AgCl) conductive ink and was left to 
dry in room temperature for 30 min. The 3D-printed electrodes were 
inserted into the 3D-printed trident-shaped housing. Before use, the 
three-electrode system, comprising the working and counter electrodes 
made from conductive PLA filament and the Ag/AgCl reference elec
trode– was pretreated with a 0.5 M solution of NaOH [13,29]. A po
tential of 1.4 V was applied for 200 s, followed by a − 1.0 V potential for 
another 200 s. Finally, the electrodes were rinsed with distilled water 
and were ready to use.

2.2.2. Electrochemical ascorbic acid detection
The 3D-printed trident-shaped device, consisting of a three-electrode 

system, was applied for the detection of ascorbic acid. After assembling 
the 3D-printed electrochemical sensing device, a calibration curve was 
constructed using standard solutions of ascorbic acid prepared in 10 mM 
ammonium acetate buffer (pH 4.7). The ascorbic acid concentrations 
ranged from 0 to 10 mM. The electrochemical response was recorded 
using linear sweep voltammetry (LSV), as the electrochemical tech
nique, under the following experimental parameters: E begin:0.1 V, E 
end: +1.4 V, E step: 0.01 V, scan rate: 0.05 V/s.

2.2.3. Direct determination of ascorbic acid in fresh fruit sample using the 
fully 3D printed device

Following calibration, the 3D-printed trident-shaped device was 
used to directly measure ascorbic acid in a fresh fruit sample. The 
electrodes, integrated into the device, were inserted into the fruit, and 
the electrochemical measurements were performed under the LSV 
technique as described previously. The quantitative results were directly 
obtained from the fruit sample and interpreted using the calibration 
curve previously constructed in buffer solution.

2.2.4. Chromatographic determination of ascorbic acid
Preparation of standard solutions. Ascorbic acid stock solutions were 

prepared by weighing 10 mg of powder standard and solubilizing in 10 
mL of milli-Q water containing 0,1 % formic acid, yielding a standard 
solution with a concentration of 1 mg/mL. Quantitative analysis was 
performed by construction of calibration curve using serial dilutions 
from stock solution.

LC–MS/MS instrumentation and conditions: 1μl of supernatant were 
analyzed by using a AB-sciex 5500 QTRAP® system with a HPLC chro
matography system Exion LC™. The column used was Kinetex 5 µm C18 
100 Å. The mobile phase was generated by mixing eluent A (0.1 % 
formic acid in water) and eluent B (0.1 % formic acid in methanol) and 
the flow rate was 0.200 mL/min. The chromatographic gradient was as 
follows: the mobile composition was maintained at 10 % of eluent B for 
1 min, then eluent B was increased to 50 % and held for 2 min. Subse
quently it was raised to 90 % eluent B for 2 min and finally returned in 
10 % of eluent B for an additional 2 min for column equilibration.

The orange sample was peeled, the pulp coarsely shredded, and then 
placed in an 90:10 water/methanol (v/v) solution, following a shaking 
step in the dark for 3 h. Afterwards, the supernatant was collected, 
centrifuged for 10 min at 5000 rpm and filtered through 0.22 µm PTFE 
syringe filter. The resulting solution was then diluted and analyzed by 
tandem mass spectrometry in Multiple Reaction Monitoring mode.

3. Results and discussion

3.1. Configuration and assay principle of the 3D-printed trident-shaped 
device

A novel fully 3D-printed electrochemical sensor, integrated into a 
trident-shaped housing, as shown in Fig.S1A of the Supplementary 
Material, was developed for the determination of ascorbic acid. 
Designed using the Autodesk Fusion application, the electrodes were 
fabricated with conductive PLA filament, with dimensions of 6 mm 
width, 2 mm thickness, and 30 mm height (Fig.S1B). The device featured 
a three-electrode system (Fig.S1C): the working and counter electrodes 
were made from conductive PLA filament, while the reference electrode, 
also printed with conductive PLA, was coated with a thin layer of Ag/ 
AgCl conductive ink. The 3D-printed housing for the electrodes was 
designed to facilitate the easy insertion of the sensing device into the 
fruit, penetrating the peel. Finally, the 3D-printed electrodes were easily 
inserted into the trident-shaped device through equally sized slits. For 
direct analysis of the ascorbic acid, known as vitamin C, in fresh oranges 
the pins of the electrodes were directly connected to the sensing device, 
as shown in Fig. 1.

The electrochemical detection of ascorbic acid was based on its 
oxidation to dehydroascorbic acid at the working electrode, which 
generated a measurable current proportional to the ascorbic acid con
centration. The sensor was applied for ascorbic acid quantification in 
fresh fruit samples by directly inserting the trident-shaped device into 
the fruit (Fig. 1B). Results were analyzed using a calibration curve, 
demonstrating a direct and consistent correlation between ascorbic acid 
concentration and the electrochemical signal. The fully 3D-printed de
vice was applied to various fruits and vegetables as proof of concept and 
to demonstrate the sensor’s versatility and capabilities (Fig. 1C).

3.2. Optimization of the 3d-printed electrochemical sensor

Optimization studies were conducted to enhance the performance of 
3D-printed electrodes and evaluate the new 3D-printed electrochemical 
sensor. These studies were focused on pre-treatment step utilizing 
various NaOH concentration, the electrodes’ dimensions, and infill 
patterns to investigate their effect on the sensor’s performance. Initially, 
cyclic voltammetry (CV) was used to evaluate the 3D-printed working 
electrode using 5 mM potassium ferricyanide in 1 M KCl. In the opti
mization studies of the 3D-printed working electrode, external screen- 
printed counter and reference electrodes, prepared as previously re
ported [30], were used for assessment.

3.2.1. Pre-treatment step
The pre-treatment step was examined in terms of varying NaOH 

concentration, due to the effect in electrochemical signal as referenced 
in previous studies [13,29]. Specifically, solutions without containing 
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NaOH (0 M) and increasing concentrations of NaOH (0.1 M, 0.5 M, and 1 
M) were evaluated for optimization.

SEM micrographs reveal notable differences in the surface 
morphology of 3D-printed electrodes before and after NaOH pretreat
ment. As shown in Figures S2A and S2B (non-pre-treated) compared to 
Figures S2E and S2F (pre-treated), the linear cavities in the line- 
patterned electrodes appear more continuous following the pretreat
ment process. Furthermore, when comparing Figures S2C and S2D (non- 
pre-treated) with S2G and S2H (pre-treated) at a smaller scale (300 µm), 
the NaOH treatment clearly creates deeper hollow regions within the 
electrode structure. This morphological transformation is attributed to 
the NaOH-induced release of the carbon component from the carbon- 
based PLA conductive filament, thereby enhancing the surface accessi
bility of the electrode [31,32]. This effect is not only visible in the SEM 
images but also supported by electrochemical measurements (Fig. 2A), 
where a 2.4-fold increase in current was observed when using the 
optimal NaOH concentration of 0.5 M.

Specifically, the application of the pretreatment step effectively 
doubled the electrochemical signal. Among the tested concentrations, 
0.5 M NaOH provided the greatest signal enhancement, while increasing 
the concentration to 1 M did not result in any significant additional 
benefit.

This improvement in electrochemical performance can be attributed 
to the increased carbon load within the modified CB/PLA filament. The 

enhanced carbon content increases the likelihood of a higher density of 
electroactive sites and/or more efficient conductive pathways 
throughout the electrode, leading to better overall electron transfer ki
netics and improved sensitivity [31].

3.2.2. Dimensions
The dimensions of the working electrode were identified as a critical 

parameter to investigate, as they can significantly influence the overall 
performance of an electrochemical sensor. The length and depth of the 
electrodes were fixed at 30 mm and 2 mm, respectively. The length of 30 
mm was chosen to allow the insertion of the 3D-printed electrodes into 
samples of various sizes, leveraging the scalability offered by 3D-print
ing. The width, however, was systematically varied to determine its 
optimal value. The electrode widths were tested within the range of 
2–10 mm. All electrodes were pre-treated with a 0.5 M NaOH solution 
and characterized using CV with a 5 mM potassium ferricyanide solu
tion. The optimization studies were performed by registering the anodic 
and cathodic current density values and the characterization using 
varying scan rate from 0.02 to 0.5 V/s. The characterization graphs for 
all tested dimensions are provided in Fig. S3. As shown in Fig. 2B, a 
width of 6 mm for the working electrode produced the highest current 
density from 2 to 4 mm widths and the most consistent anodic and 
cathodic peaks, an essential feature in reversible systems such as po
tassium ferricyanide. In contrast, electrodes with widths of 8 mm and 10 

Fig. 1. A) Description of the trident-shaped 3D printed device, B) steps for implantation into fruit sample and connection to miniaturized and portable potentiostat 
for measurement, C) application of the trident-shaped 3D printed device to fruits and vegetables.

Fig. 2. A) NaOH pretreatment optimization evaluated at 0 (no pre-treatment), 0.1, 0.5 and 1.0 M concentration. The bars are obtained by monitoring the anodic 
current intensity peak recorded in CV at 0.05 V/s as scan rate, with a 5 mM K3Fe(CN)6 solution in 1 M KCl. B) Optimization of the 3D-printed working electrodes in 
varying width value keeping stable the thickness as 2 mm, evaluated at 2 × 2, 4 × 2, 6 × 2, 8 × 2 and 10×2 mm. The bars represent the anodic (red) and cathodic 
(blue) current density, with current intensities recorded in CV at 0.05 V/s as scan rate, with a 5 mM K3Fe(CN)6 solution in 1 M KCl. The experiments were performed 
in six replicates.
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mm exhibited 20–40 % highest current than 6 mm, but less consistent 
anodic and cathodic peaks. Additionally, the 6-mm width required less 
printing time and material compared to the larger electrodes (Table S1). 
Consequently, the 6-mm width was selected not only for the working 
electrode but also for the counter and reference electrodes of the 3D- 
printed electrochemical sensor.

3.2.3. Printing speed
The printing speed during the 3D printing process was identified as 

an important parameter influencing the surface morphology and elec
trochemical performance of the fabricated electrodes [33,34]. In this 
study, printing speed was adjusted via the Cura slicer software, with 80 
mm/s set as the baseline (100 % speed). The evaluated speed settings 
included 30 % (24 mm/s), 50 % (40 mm/s), 70 % (56 mm/s), and 100 % 
(80 mm/s). To assess the impact of printing speed on electrode surface 
characteristics, SEM analysis was conducted. At the lowest speed setting 
(30 %) (Fig. S4A and Fig. S4B), slower extrusion resulted in excessive 
material accumulation, particularly along the edges, leading to pro
nounced surface irregularities. These morphological features were 
especially evident at the 2 mm scale, where raised ridges and edge de
fects were observed. In contrast, electrodes printed at 50 % (Fig. S4C and 
Fig. S4D) and 70 % (Fig. S4E and Fig. S4F) exhibited a more uniform 
surface texture, with significantly smaller and more evenly distributed 
cavities. The highest speed setting (100 %, Fig. S4G and Fig. S4H) pro
duced the most inconsistent and pronounced surface defects, which 
were highlighted in red in the corresponding SEM micrographs (Fig. S4).

Quantitative analysis using ImageJ software revealed median cavity 
diameters of 0.23 mm at 30 %, 0.09 mm at 50 %, 0.04 mm at 70 %, and 
0.43 mm at 100 % printing speeds. These results demonstrate that a 
printing speed of 70 % (56 mm/s) produces the most homogeneous 
surface, minimizes edge defects, and improves electrode consistency, in 
agreement with previously reported findings[33]. This optimization is 
further validated by electrochemical measurements, which, although 
not yielding the highest current intensity 70 % speed demonstrated 
significantly more homogeneous voltammograms obtained from the 
3D-pritned electrodes, within the same print batch (Fig. S5A), and 
reduced standard deviations (Fig. S5B). Together, these findings rein
force the selection of 70 % as the optimal printing condition for reliable 
and reproducible sensor fabrication.

3.2.4. Infill patterns
Various infill patterns available in the Cura slicer application, lines, 

cubic, gyroid, and cross3D (Fig. S6), were tested. These infill patterns 
were designed to create varied surface configurations on the electrodes, 
aiming to enhance the number of active sites available after NaOH pre- 
treatment. SEM characterization was conducted to observe the 
morphology of the 3D-printed electrodes fabricated with different infill 
patterns (Fig. S7). The electrodes with different infill patterns were also 
characterized using CV in the presence of 5 mM potassium ferricyanide 
in 1 M KCl at various scan rates (Fig. S8). As shown in Fig. 3A, the lines 
and gyroid patterns produced the highest current responses. However, 
the gyroid configuration demonstrated poor reproducibility, making it 
unsuitable for consistent use. Interestingly, our results revealed that the 
simplest surface pattern, based on a basic line architecture, provided the 
most reproducible electrochemical responses (Fig. 3A).

Although more complex infill patterns with increased surface 
roughness and cavities initially appeared promising due to higher cur
rent densities, they ultimately led to inconsistencies that negatively 
affected sensor performance. This outcome is consistent with observa
tions in literature, where enhanced sensitivity is often offset by poor 
reproducibility due to irregular or non-uniform surface features[35].

Notably, despite the inherent design flexibility of 3D printing, most 
studies to date have continued to replicate conventional, flat electrode 
geometries, rather than fully leveraging the “freedom of design” offered 
by additive manufacturing[35–37]. To truly harness the potential of 3D 
printing in electrochemical and electroanalytical applications, it is 
essential to move beyond conventional paradigms and focus on under
standing and working within the constraints of printed materials.

In line with this perspective, our study showed that the use of a 
simple linear infill pattern, while structurally modest, demonstrated 
superior repeatability and performance, reinforcing the idea that 
thoughtful, material-aware design is more impactful than mere 
complexity.

While 3D printing offers unique opportunities for customizing elec
trode architecture and integrating electrochemical sensing directly into 
field-ready formats, our findings highlight a critical trade-off between 
sensitivity and reproducibility. Specifically, although more complex 
infill patterns tend to enhance current responses due to increased surface 
area and mass transport effects, they also introduce structural irregu
larities and printing inconsistencies that negatively impact measure
ment repeatability particularly in real-world samples such as fresh fruit, 
where heterogeneous matrices and variable insertion conditions amplify 
these effects. Interestingly, our study found that a simple linear infill 
pattern, though less architecturally intricate, delivered superior 

Fig. 3. A) Optimization of the 3D-printed working electrodes in varying infill patterns: cross3D, cubic, lines, gyroid bars B) Optimization of the three-electrode 
configuration: WE, CE and RE electrodes are 3D-printed (left), only the WE is 3D-printed while the CE and RE are external and screen-printed (middle) and the 
WE, CE and RE electrodes are 3D-printed but the RE is obtained by painting a section of the 3D printed electrode with Ag/AgCl conductive ink. The bars represent the 
anodic (red) and cathodic (blue) current intensity peaks recorded in CV at 0.05 V/s as scan rate, with a 5 mM K3Fe(CN)6 solution. The experiments were performed in 
six replicates.
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consistency and electrochemical performance. This outcome reinforces 
the notion that practical sensor design benefits more from material- 
aware optimization than from geometric complexity alone[35]. As 3D 
printing technologies continue to advance, progress in this field will 
depend not only on exploring innovative designs but also on developing 
a deeper understanding of how fabrication parameters, material 
behavior, and functional stability converge to determine sensor reli
ability and applicability in complex environments.

3.2.5. Reference electrode investigation
The final device consisted of a 3D-printed, three-electrode system, 

with all electrodes having identical dimensions (6 × 2 × 30 mm) and 
utilizing the optimized lines infill pattern. Initially, the working elec
trode was tested alongside external counter and reference electrodes to 
validate its functionality. Once confirmed, measurements were per
formed using a fully 3D-printed system, where the working, counter, and 
reference electrodes were all fabricated from conductive PLA. To 
enhance sensor performance, the working electrode was first optimized, 
as described previously, and accordingly, the reference electrode was 
selected to match its size as the working area performance is directly 
associated with the signal response of the sensor [38]. After confirming 
the signal response of the 3D-printed electrochemical system, the 
reference electrode was further enhanced by applying a thin, single-pass 
layer of Ag/AgCl conductive ink (Fig. S9). This modification aimed to 
create a more stable and reliable three-electrode system, closely 
resembling the pseudo-reference electrode used in the initial evaluation 
of the 3D-printed working electrode. Additionally, this enhancement 
improved the reproducibility of the sensors, ensuring more consistent 
and accurate electrochemical measurements. The ultimate 3D-printed 
system, incorporating the coated reference electrode, was character
ized and found to produce a response comparable to that of the external 
reference electrode, as shown in Fig. 3B

After completing the optimization studies, the final 3D-printed three- 
electrode sensor was characterized using potassium ferricyanide at 
varying scan rates (Fig. S10A and S10B). Additionally, potassium ferri
cyanide was employed as a model target to prepare a calibration curve in 
the concentration range of 0.05–1.00 mM. The system demonstrated 
good linearity, confirming its analytical performance (Fig. S10D).

3.3. Analytical performance of the 3D – printed trident-shaped 
electrochemical device

The optimized 3D-printed trident-shaped electrochemical device was 
analytically characterized by evaluating its performance in detecting 
ascorbic acid. A calibration curve for the ascorbic acid analyte was 

constructed using standard solutions prepared in 10 mM ammonium 
acetate buffer at pH 4.7, with analyte concentrations ranging from 0 to 5 
mM. The electrochemical response was measured using LSV and the 
calibration curve was plotted by correlating the current response of the 
standard solutions with their respective concentrations. An increase in 
current was observed with higher concentrations of the target molecule, 
indicating a direct relationship between analyte concentration and 
electrochemical response. As shown in Fig. 4B, the sensor demonstrated 
good linearity within its linear detection range. Using the linear equa
tion y = 8.59x – 1.65 (R² = 0.99), a limit of detection (LOD) of 0.130 mM 
was achieved, calculated according to the formula LOD = 3.3 × σblank / 
m, where σ_blank is the standard deviation of the blank samples (0.330) 
and m is the slope of the calibration curve, while the limit of quantifi
cation (LOQ), calculated as LOQ = 10 × σblank / m, was found to be 
0.380 mM [39].

The 3D-printed electrochemical sensor developed in this work is 
compared to other methods (Table 1), emphasizing its performance and 
potential applications for on-field use. The performance of our fully 3D- 
printed electrochemical device highlights its effectiveness in detecting 
ascorbic acid in fresh fruits and vegetables, achieving a micromolar- 
level detection limit. This sensitivity is on par with that of screen- 
printed electrodes modified with nanoparticles, as well as commercial 
activated glassy carbon electrodes enhanced with graphene oxide-based 
nanocomposites [40,41]. Although such modified systems may reach 
lower limits of detection, they often involve costly materials and com
plex, time-consuming fabrication protocols [42–44]. In contrast, our 
sensor operates without any additional surface treatment, making it a 
more streamlined and cost-effective solution. A key advantage of our 
approach is the ability to perform direct measurements in whole samples 
as no solvents, extractions, or juice preparation are necessary [41,44,
45]. This greatly reduces sample handling and allows for rapid, on-site 
analysis. To the best of our knowledge, this is the first report of a fully 
3D-printed sensor being applied to ascorbic acid detection directly in 
fresh produce. Our device is uniquely designed in a trident shape for 
straightforward penetration into fresh samples, eliminating the need for 
any prior processing. This facilitates real-time, in situ measurements 
while offering benefits such as portability, structural durability, and low 
manufacturing costs. While some previously reported sensors may 
exhibit slightly higher sensitivity under optimized laboratory condi
tions, our platform excels in practical usability delivering a reliable, 
accessible, and field-ready solution for monitoring ascorbic acid in real 
food matrices.

The proposed approach is not restricted to LSV and can be readily 
extended to other electrochemical techniques, such as differential pulse 
voltammetry (DPV) or square wave voltammetry (SWV). SWV, in 

Fig. 4. A) Voltammetric curves obtained for increasing ascorbic acid concentrations. The black like represents the acetate buffer, that served as a blank sample, used 
to prepare the ascorbic calibrators. B) Calibration curve obtained at increasing concentrations of ascorbic acid (0–5 mM) in 10 mM of acetate buffer at pH 4.7. The 3D 
device responses were recorded in LSV in the potential range from − 0.1 to +1.4 V at 0.05 V/s. The experiments were performed in six replicates. The non-linear 
baseline-corrected voltammograms are presented in Fig. S11 of the Supplementary File.
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particular, has been successfully applied in combination with fully 3D- 
printed sensors [24], demonstrating enhanced analytical performance 
in terms of sensitivity and peak resolution. These methods are therefore 
well suited for applications requiring more stringent quantitative anal
ysis, especially in complex sample matrices.

3.4. Specificity studies

To evaluate the specificity of the sensor, interference studies were 
performed using common potential interferents for ascorbic acid elec
trochemical detection. Mercury (10 ppb) and copper (1 ppm) were 
selected based on their relevance in the literature [10], while glucose 
and citric acid (100 mM) were included to reflect to their presence in the 
sample matrix [46]. As shown in Fig. 5A, no significant interference 
peaks were observed at the peak potential of ascorbic acid, confirming 
the high specificity of the sensor for ascorbic acid detection in the 
presence of these interferents.

Even though the sensor already demonstrates good specificity for 
ascorbic acid in the presence of common interferents, future studies will 
evaluate its performance against a broader range of organic pesticides 
and insecticides to ensure reliability in more complex agricultural 
samples. The current results, however, confirm that the sensor performs 
well for ascorbic acid detection in fruit matrices, highlighting its suit
ability for immediate application. Expanding the specificity assessment 
in future work will further strengthen its applicability under more 
challenging and diverse sample conditions.

3.5. Determination of ascorbic acid in fruits and vegetables samples

To evaluate the accuracy and reliability of the fully 3D-printed 
electrochemical sensor, its performance was compared against the 
gold-standard Liquid Chromatography-Tandem Mass Spectrometry (LC- 
MS/MS) technique. Fresh fruit and vegetable samples (orange, tomato, 
and kiwi) were procured from the same vendor, originating from a single 
batch and stored under identical conditions to ensure consistency. Both 
methods were applied to analyze these samples.

Representative voltammograms obtained by LSV using the 3D- 
printed sensor for orange juice are presented in Fig. 5; additional vol
tammograms for tomato and kiwi are provided in the Supplementary 
material (Fig. S12). The ascorbic acid (AA) concentrations quantified by 
both techniques are summarized in Table S2.

The sensor yielded AA concentrations of 0.91 ± 0.02 mM (orange), 
0.73 ± 0.06 mM (tomato), and 2.47 ± 0.20 mM (kiwi), closely aligning 
with LC-MS/MS results of 0.90 ± 0.09 mM, 0.63 ± 0.01 mM, and 2.58 ±
0.03 mM, respectively. The Pearson correlation coefficient (r) between 
the mean values from both methods was approximately 0.99, indicating 
a strong correlation between the two methods. The associated p-value of 
0.021 indicates a statistically significant correlation, with only a 2.1 % 
probability that this strong agreement occurred by chance. These results 
substantiate the high analytical accuracy, precision, and reproducibility 
of the fully 3D-printed sensor for in situ quantification of ascorbic acid in 
complex fruit matrices, demonstrating its practical suitability for 
decentralized food quality monitoring.

Table 1 
Comparison of different electrochemical sensors for ascorbic acid detection across various samples and detection ranges. The table includes electrode type, method 
used, surface modifications, sample types, detection range, and limit of detection (LOD).

Electrode Type Method Surface 
Modification

Sample Detection Range LOD Ref.

SPCE SWV CV-Fe3O4NP 10-fold diluted orange juice 0.010 – 0.10 mM 0.015 mM [40]
AGCE SWV N/A Garlic sample extracts 0.010 –0.20 mM 0.004 mM [41]
SPE(a) LSV 3D-rGO 2-fold diluted orange/ grape juice 1.0 × 10− 5 − 1.0 × 10− 2 M 3.4 × 10− 6 M [42]
ITO-rGO-AuNPs electrode LSV rGO-AuNPs 

electrodeposition
Fruit juice 0.020–0.10 mM 0.006 mM [43]

Inkjet-printed sensor CV CB Dietary supplement 0–5 mM 0.15 mM [46]
SPE DPV Gel-g-PS Fresh fruit juices, vitamin C tablet 0.2–5 ppb and 20–600 ppb 0.03 ppb [44]
GCE CV DMF/carboxyl/MWCNTs Tomato sample extracts 1.0 × 10—6 to 1.0 × 10—3 M 2.5 × 10—7 M [45]
3D-printed electrochemical 

sensor
LSV N/A Orange (in situ) 0–5 mM 0.13 mM This work

SPCE: Screen-printed carbon electrode; SWV: square wave voltammetry; CV-Fe3O4NP: Callistemon viminalis iron(III) oxide nanoparticle; N/A: Nor applied, AGCE: 
activated glassy carbon electrode; SPE(a): active screen-printed electrode; 3D-rGO: three-dimensional graphene oxide; LSV: linear sweep voltammetry; ITO-rGO- 
AuNPs: indium tin oxide graphene oxide gold nanoparticles; CV: cyclic voltammetry; CB: carbon black; Gel-g-PS: gelatin grafted with poly sulfonamide derivative; 
DPV: differential pulse voltammetry; MWCNTs: carboxyl multiwalled carbon nanotubes.

Fig. 5. A) Specificity study of the fully 3D-printed sensor. Mercury (Hg2+), copper (Cu2+), glucose (GLC) and citric acid (CA) were selected as potential interferents in 
the detection of ascorbic acid (AA). B) Voltammograms obtained using the fully 3D-printed device in the inside of the orange sample (orange line). In blue line is 
represented the voltammogram of the 1 mM of standard ascorbic acid solution for comparison. The 3D device responses were recorded in LSV in the potential range 
from − 0.1 to +1.4 V at 0.05 V/s. The experiments were performed in four replicates.
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3.6. Robustness and reusability of the fully 3D-printed sensor

Our fully 3D-printed sensor offers a sustainable, field-ready alter
native by enabling direct analysis without reagents or sample prep, 
reducing chemical waste and time. While some lab-optimized sensors 
may show higher sensitivity, our device prioritizes usability, speed, and 
on-site testing for real-world food monitoring.

To assess the repeatability and reproducibility, key features for next- 
generation sensors, we performed electrochemical measurements using 
potassium ferricyanide on 16 electrodes fabricated across four inde
pendent 3D-printing batches (n = 4 electrodes per batch). As shown in 
Fig. S13A, the voltammograms are generally consistent, with only minor 
variations observed among some 3D-printed electrodes. Fig. S13B pre
sents the corresponding peak current intensities and standard de
viations, further supporting the reproducibility of the fabrication 
process. Specifically, Batches 1 and 2 exhibited low internal variability, 
indicating good repeatability, while Batches 3 and 4 showed slightly 
higher variation. A one-way ANOVA yielded a p-value of 0.39, indi
cating no statistically significant difference between the batches. Since p 
> 0.05, failure to reject the null hypothesis suggests that all batch means 
are statistically equivalent.

The 3D-printed sensor shows strong reproducibility and repeat
ability, with minor variations likely due to random factors. Its consistent 
performance and scalable fabrication make it ideal for reliable, real- 
world, on-field sensing applications.

Finally, regarding robustness and stability the reusability of the de
vice was investigated. Up to three pretreatment steps were applied on 
the 3D-printed electrodes before proceeding with ascorbic acid detec
tion at three different concentration levels, along with a blank sample. 
The detailed procedure can be found in the supplementary material. 
Each reuse cycle included the full process: cleaning, pretreatment, and 
analyte detection. Each 3D-printed sensor was used for up to six 
consecutive measurements and could be reactivated with NaOH pre- 
treatment for three cycles, allowing a total of 18 uses while maintain
ing reproducibility and signal stability.

To evaluate the reusability of the electrodes, up to three reuse cycles 
were conducted, with ascorbic acid detection performed at three con
centrations: 0.25 mM, 0.50 mM, and 1 mM. The results demonstrate the 
excellent reusability of the electrodes, with reliable performance 
maintained across all three cycles (Fig. S14). This indicates that the 
electrodes can be reused multiple times without significant loss of effi
ciency or sensitivity, supporting sustainability by reducing waste and 
the need for new electrodes in each analysis. The ability to reuse the 
electrodes up to three times significantly reduces both costs and envi
ronmental impact compared to traditional single-use sensors. This 
reusability factor highlights the sustainable nature of our device, mini
mizing material consumption and waste generation.

4. Conclusions

Based on the need for decentralized, low-cost, and real-time sensing 
solutions, we developed a fully 3D-printed electrochemical sensor 
tailored for on-field ascorbic acid detection in fruits and vegetables. The 
simple trident-shaped electrode design, optimized through careful con
trol of printing parameters, proved to be the most effective in terms of 
signal stability, reproducibility, and ease of direct insertion into fresh 
samples. The customized trident electrode geometry, enabled by 3D 
printing, was specifically designed to meet the practical demands of 
direct fruit insertion for on-field ascorbic acid sensing. While such non- 
circular shapes may introduce edge effects and asymmetric diffusion, 
these factors were considered and do not compromise sensor repro
ducibility or performance under controlled conditions [35]. This 
tailored design represents a valuable advantage of additive 
manufacturing for application-specific electrochemical sensors.

The fully 3D-printed sensor enabled real-time analysis in orange, 
tomato, and kiwi samples, without requiring any sample pre-treating, 

showing a strong correlation with LC-MS/MS (r ≈ 0.99), confirming 
analytical accuracy and reliability. It achieved a comparable detection 
limit to existing electrochemical systems, strong intra- and inter-batch 
reproducibility (RSD < 5 %) and demonstrated reusability for up to 18 
measurements with 3 pre-treatment cycles per electrode. With a total 
cost of just €0.32 (€0.16 for reusable housing and €0.16 for electrodes), 
the device is an accessible and scalable solution for food quality moni
toring. Its direct integration with portable platforms supports instant 
data acquisition and interpretation, eliminating the need for laboratory 
equipment.

The versatile design of our sensor can be extended beyond ascorbic 
acid to enable on-field detection of various analytes such as reducing 
sugars, pesticides, and pathogenic bacteria [47,48]. Both enzyme-based 
and enzyme-free electrochemical sensors modified with biomimetic 
nanomaterials have demonstrated high sensitivity for in situ sugar 
detection, while tailored electrode surfaces enable rapid pesticide 
monitoring under field conditions. Moreover, gold modification on 
3D-printed electrode surfaces offers versatile immobilization strategies, 
paving the way for ready-to-use, application-specific sensors [24].

Although 3D-printed electrochemical sensors are still emerging and 
currently lag behind more established portable platforms, our goal is to 
close this gap by developing practical, low-cost, and multifunctional 
tools for real-time agricultural and food safety monitoring [12,49]. Key 
limitations such as fabrication reproducibility, material-dependent 
variability, and limited environmental stability, have hindered 
broader adoption of 3D-printed sensors [12,50].

In this work, we addressed several of these challenges by optimizing 
the 3D printing process, selecting durable, low-cost materials, and 
designing a simple, yet effective electrode geometry tailored for direct 
fruit insertion. This approach ensured consistent sensor performance, 
even in heterogeneous sample matrices, and supported reusability under 
field conditions. Additionally, we highlight the potential for future 
enhancement through integrated surface modifications, as previously 
reported [24], to improve sensitivity and selectivity without compro
mising cost or portability.

By targeting key challenges in design simplicity, fabrication consis
tency, and material robustness, our work demonstrates the practical 
viability of fully 3D-printed sensors as sustainable, field-ready solutions 
for decentralized food quality monitoring.
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