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Environmental monitoring faces increasing demands for rapid, sensitive, and cost-effective analytical
methods to detect various pollutants. Three-dimensional (3D) printing technology has emerged as
a transformative approach for fabricating electrochemical sensors, offering unprecedented flexibility in
electrode design and potential for customization. This comprehensive review examines recent advances
in 3D-printed electrochemical sensors for environmental analysis, focusing on manufacturing
technologies, materials development, and surface modification strategies. We analyze various printing
approaches, including fused deposition modeling, stereolithography, and selective laser melting,
discussing their relative advantages and limitations for electrode fabrication. The review explores
conductive materials development, from carbon-based composites to novel metal-containing filaments,
and examines crucial surface modification techniques that enhance sensor performance. Key
applications in environmental monitoring are evaluated, including the detection of heavy metals,
pathogens, antibiotics, and organophosphates, with particular attention to analytical performance
metrics and real-world applicability. Technical challenges are critically assessed, including limitations in
printing resolution, material conductivity, and long-term stability. The review concludes by identifying
promising research directions, such as the integration of advanced materials and the development of
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Introduction

Environmental pollution poses significant challenges to human
health and ecosystem stability, driven by the increasing
discharge of diverse chemical pollutants from industrial, agri-
cultural, and urban activities."” These contaminants, ranging
from heavy metals and organic compounds to emerging
pollutants, often exist at trace levels in environmental matrices
yet can exert profound toxic effects.* The ability to detect and
quantify these pollutants accurately and rapidly is crucial for
environmental monitoring and regulatory compliance.* Tradi-
tional analytical techniques, while precise, typically require
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commercial viability in environmental monitoring applications.

sophisticated instrumentation, specialized expertise, and
lengthy sample preparation procedures, limiting their applica-
tion for routine monitoring and on-site analysis.>® In recent
years, electrochemical sensors have emerged as promising
alternatives for environmental analysis due to their high
sensitivity, good selectivity, rapid response, and potential for
miniaturization. These advantages, coupled with relatively low
cost and simple operation, make electrochemical sensing
particularly attractive for developing portable analytical
devices.”® However, conventional electrode fabrication methods
often involve complex procedures, require expensive materials,
and may lack reproducibility in mass production. This has
driven the search for new manufacturing approaches that can
overcome these limitations while maintaining or enhancing
analytical performance.**’

Three-dimensional (3D) printing technology has revolution-
ized manufacturing across various fields, including analytical
chemistry, by enabling the rapid fabrication of complex geom-
etries with high precision and reproducibility.** The application
of 3D printing in electrochemical sensor development repre-
sents a significant advancement, offering unprecedented flexi-
bility in electrode design and the potential for customization
based on specific analytical requirements.">** This approach
allows for the creation of complete analytical devices that
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integrate sample handling, preparation, and detection compo-
nents in a single platform.

The versatility of 3D printing technologies in electrode
fabrication stems from several key advantages. First, it enables
the production of electrodes with complex geometries that
would be difficult or impossible to achieve through traditional
manufacturing methods.** This geometric freedom allows for
optimization of electrode surface area, enhancement of mass
transport, and integration of multiple functionalities within
a single device.” Second, 3D printing offers excellent control
over the internal structure of electrodes, enabling the creation
of porous architectures that can enhance sensitivity and
improve analytical performance.'® Third, the ability to rapidly
prototype and modify designs facilitates iterative optimization
of electrode configurations for specific applications.”” Among
various 3D printing technologies, fused deposition modeling
(FDM) has gained particular attention for electrochemical
sensor fabrication due to its accessibility, low cost, and
compatibility with a wide range of materials. FDM utilizes
thermoplastic filaments containing conductive materials, such
as carbon black (CB), graphene, or metal particles, to create
electrodes through layer-by-layer deposition.'®** The printing
parameters, including temperature, speed, and layer height,
significantly influence the electrical and electrochemical prop-
erties of the resulting electrodes. Understanding and opti-
mizing these parameters is crucial for achieving optimal sensor
performance. The development of conductive materials for 3D
printing represents another critical aspect of this field.
Commercial filaments typically combine thermoplastic poly-
mers like polylactic acid (PLA) or acrylonitrile butadiene styrene
(ABS) with conductive additives.>® While these materials offer
adequate conductivity for many applications, there is ongoing
research to develop new composites with enhanced electrical
properties, improved mechanical strength, and better printing
characteristics. This includes the exploration of novel carbon-
based materials, metal-organic frameworks, and hybrid
composites. Surface modification strategies play a vital role in
optimizing the performance of 3D-printed electrodes.** Various
approaches, including electrochemical activation, chemical
treatment, and nanomaterial modification, have been devel-
oped to enhance electron transfer kinetics, increase active
surface area, and improve sensitivity toward specific analytes.**
These modifications can also introduce selective recognition
elements or catalytic sites for particular environmental
contaminants.

The application of 3D-printed electrochemical sensors in
environmental analysis has demonstrated promising results
across various domains. These include the detection of heavy
metals in water samples, monitoring of organic pollutants in
soil and sediments, and analysis of pesticides in agricultural
runoff. The ability to customize electrode designs for specific
analytical challenges, combined with the potential for rapid
prototyping and optimization, makes 3D-printed sensors
particularly valuable for environmental monitoring applica-
tions. Despite these advances, several challenges remain in the
development and implementation of 3D-printed -electro-
chemical sensors. These include the need for improved material
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properties, better understanding of structure-function rela-
tionships, and development of standardized fabrication proto-
cols. Additionally, ensuring long-term stability, reproducibility,
and reliable performance under field conditions requires
further investigation.

In recent years, several comprehensive reviews have explored
3D printing for electrochemical applications, providing valu-
able overviews of emerging fabrication methodologies and early
demonstrations of printed sensors.”*** Notably, Ambrosi and
Pumera®  systematically delineated various additive
manufacturing platforms for electrochemical devices, empha-
sizing the fundamental science and first-generation sensor
designs. Goh et al.** further highlighted the potential of printed
electrodes for electrochemical impedance spectroscopy appli-
cations, including fouling detection in membrane processes.
While these works establish the scientific basis for 3D-printed
electrochemical systems, relatively few reviews connect these
technologies to a broad range of urgent environmental chal-
lenges and provide detailed comparisons of the latest material
innovations (e.g.,, nanocomposites, MOFs) for sensor
performance.

In this review, we thus aim to bridge these gaps by critically
evaluating state-of-the-art 3D printing methods for environ-
mental electrochemical sensing and pollutant detection,
examining fundamental fabrication principles as well as
advanced electrode compositions. Particular attention is paid to
comparing printing strategies for tailoring electrode surface
area, conductivity, and selectivity—factors crucial for quanti-
fying trace levels of emerging contaminants. We also address
key aspects of sensor reliability, long-term stability, and repro-
ducibility, vital for future field deployment. By highlighting
recent progress and outstanding challenges, we provide a road-
map for leveraging 3D-printing technologies to advance next-
generation environmental electroanalysis.

3D printing technologies for electrode
fabrication

The fabrication of electrochemical sensors through 3D printing
technologies has revolutionized the field of analytical chemistry
by enabling rapid prototyping and customization of electrode
designs. Several printing approaches have emerged as viable
methods for electrode fabrication, each offering distinct
advantages and limitations for electrochemical applications.

Fused deposition modeling (FDM)

FDM represents the most widely adopted approach for fabri-
cating electrochemical sensors due to its accessibility, cost-
effectiveness, and operational simplicity. This dominance
stems from its accessibility, cost-effectiveness, and operational
simplicity. According to recent literature analysis, FDM signifi-
cantly outperforms other material extrusion techniques like
direct ink writing (DIW), representing more than 68% of pub-
lished works in the field.*®*®* The technique operates by
extruding thermoplastic filaments through a heated nozzle,
depositing material layer by layer to construct the desired
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Fig. 1 Scheme of the main steps to follow in the development of 3D
printing electrochemical sensors or cells.?” Copyright, American
Chemical Society.

electrode structure. As shown in Fig. 1, the comprehensive
process involves multiple stages, from initial design and
structure development to final surface treatments and modifi-
cation steps. The process begins with heating the filament to
a semi-molten state, followed by precise deposition onto
a building platform where it rapidly solidifies, forming strong
bonds between successive layers. This layered construction
approach allows for remarkable design freedom, enabling the
creation of complex geometries and integrated features that
would be challenging or impossible to achieve through tradi-
tional manufacturing methods.***

FDM's popularity in electrochemical sensor development
stems from its compatibility with conductive thermoplastic
composites, particularly those incorporating carbon-based
materials. Commercial filaments typically contain around 8-
10% conductive materials (such as graphene or CB) dispersed
within a polymer matrix, most commonly PLA.>***" The tech-
nique allows for the creation of electrodes with layer thick-
nesses typically ranging from 0.1 to 0.4 mm, providing sufficient

Working eletrode preparation
AM electrochemical platform (d) A

After electrochemical
activation

Fig. 2 Schematic representation of an efficient and commonly
employed pretreatment performed on a CB/PLA 3D printed elec-
trode.?® Copyright, American Chemical Society.
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resolution for most sensing applications. However, the surface
finish of FDM-printed electrodes often requires post-processing
due to the inherent roughness created by the layer-by-layer
deposition process. As illustrated in Fig. 2, various surface
treatment protocols have been developed to enhance the elec-
trochemical performance of printed electrodes, including
mechanical polishing, chemical treatment, and electrochemical
activation steps. These treatments are crucial for exposing the
conductive components and improving electron transfer
kinetics at the electrode surface.*”?* The optimization of
printing parameters, such as layer height, printing orientation,
and extrusion temperature, also plays a vital role in determining
the final electrode performance, with recent studies demon-
strating significant improvements in conductivity and electro-
chemical response through careful parameter control.*>?*%¢

The technique's primary advantage lies in its ability to utilize
commercially available conductive filaments, such as CB/PLA or
graphene/PLA composites, making it highly accessible to
research laboratories. The recent development of lab-made
filaments with higher conductive material loadings (up to
40 wt%) has further expanded the capabilities of FDM-printed
sensors.”’” Additionally, FDM enables the simultaneous
printing of conductive and non-conductive materials through
dual-extruder systems, facilitating the fabrication of complete
electrochemical cells and integrated sensing platforms. This
versatility has led to numerous innovative applications, from
simple three-electrode systems to complex microfluidic devices
integrated with multiple sensing elements.'®***® Recent studies
have demonstrated the successful application of FDM-printed
electrodes in various analytical tasks, including heavy metal
detection,* biomolecule sensing,”” and environmental moni-
toring.*” The ability to rapidly prototype and modify designs,
coupled with the low cost of materials and equipment, has
made FDM an indispensable tool in modern electroanalytical
chemistry. The technology has evolved to address various
challenges, such as improving electrode conductivity through
surface treatments and developing new composite materials,
while maintaining its fundamental advantages of accessibility
and ease of use. Furthermore, the integration of FDM-printed
electrodes with other analytical techniques and the develop-
ment of multi-material printing approaches continue to expand
the possibilities for creating more sophisticated and capable
sensing platforms.'7**?

Stereolithography (SLA)

Stereolithography offers an alternative approach to electrode
fabrication, utilizing photopolymerization to create highly
precise structures. The process involves selectively curing liquid
photopolymer resins using ultraviolet light, either through
direct laser writing or digital light projection. SLA provides
exceptional resolution, capable of producing features between
25 and 100 micrometers, significantly finer than what is
achievable with FDM.

The superior surface finish and precision of SLA make it
particularly valuable for applications requiring intricate elec-
trode geometries or microfluidic integration. However, the
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limitation in available conductive photopolymer resins poses
a significant challenge for direct electrode printing. Conse-
quently, SLA is often employed to create electrode substrates or
housing structures, which are subsequently modified with
conductive materials through post-processing
techniques.

SLA's layer thickness typically ranges from 0.05 to 0.15 mm,
enabling the creation of smooth surfaces that require minimal
post-processing. The technique's ability to produce isotropic
structures also offers advantages in terms of mechanical prop-
erties and structural integrity, though the restricted range of
printable materials currently limits its widespread adoption in
electrochemical sensor fabrication.

various

Selective laser melting (SLM)

SLM represents a sophisticated approach to electrode fabrica-
tion, particularly for creating precise metallic electrochemical
sensors. As demonstrated by Pumera's pioneering work, SLM
technology employs high-powered lasers to selectively fuse
metal or alloy particles through a layer-by-layer process, where
each layer is bonded by heating the particles just above their
melting point.*® The technique's key advantage lies in its ability
to produce mechanically robust electrodes with intricate
geometries while maintaining excellent electrical conductivity.
As shown in Fig. 3A, complex helical-shaped electrodes can be
fabricated with high precision, demonstrating the design
freedom enabled by SLM technology.** The physicochemical
properties of the produced electrodes depend critically on
several parameters, including the composition and particle size
of the metal powder, layer thickness settings, and laser power
optimization.*>** These parameters must be carefully controlled
to ensure consistent electrode performance and reproducibility.
For instance, when developing stainless steel electrodes,
Ambrosi et al.** demonstrated that careful control over the
precursor metal composition was crucial for achieving uniform
electrochemical properties comparable to commercial steel
electrodes.

Yy \AA

Fig. 3 Scheme of the 3D-printed helical metal electrode and photo-
graphs of 3D-printed stainless-steel electrode and after electroplating
of gold and bismuth.** Copyright, American Chemical Society. Copy-
right, Wiley.
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The versatility of SLM in electrode modification and surface
functionalization makes it particularly valuable for developing
specialized electrochemical sensors. Fig. 3B-D illustrates how
SLM-printed stainless steel electrodes can be modified through
electrodeposition of different metals like gold and bismuth to
enhance their sensing capabilities. This modification flexibility
enables the creation of electrodes tailored for specific analytical
applications. For example, gold-modified SLM electrodes have
demonstrated superior sensitivity in detecting nitroaromatic
compounds, achieving detection limits 4.5 times lower than
conventional glassy carbon electrodes.** The technique has also
proven effective for fabricating electrochemical biosensors, as
demonstrated by the development of DNA sensors using gold-
plated SLM electrodes, where the strong interaction between
electroplated gold and thiol groups of DNA recognition elements
enabled sensitive detection of target DNA sequences.*® The ability
to precisely control the internal and surface structure of SLM-
printed electrodes has led to developments in various applica-
tions, from environmental monitoring to clinical diagnostics.

Despite its advantages, SLM technology faces several prac-
tical limitations that currently restrict its widespread adoption
in electrochemical sensor development. The most significant
barrier is the high cost of SLM equipment, with prices approx-
imately 200 times higher than conventional FDM 3D
printers.*>** Additionally, the metal powders used as printing
materials require special handling procedures and represent
a significant ongoing cost. The technique demands sophisti-
cated control over numerous printing parameters to prevent
defects and ensure consistent electrical properties throughout
the printed structure. These challenges have led researchers to
explore alternative approaches, such as FDM printing with
conductive filaments, for more accessible electrode fabrication.
However, for applications requiring superior mechanical prop-
erties and precise control over electrode geometry, SLM remains
unmatched. The success of SLM in producing functional elec-
trochemical devices has been demonstrated through various
applications, including pH sensing,** heavy metal detection,*®
and biosensing platforms,” suggesting that as the technology
becomes more accessible, it may play an increasingly important
role in the future of electrochemical sensor fabrication.

3D electronic printing methods for electrode fabrication

While FDM and other conventional additive manufacturing
techniques have dominated the development of printed elec-
trodes, 3D electronic printing methods such as aerosol jet
printing and inkjet printing are increasingly recognized for
their precise material deposition and design flexibility.*®*
Aerosol jet printing, for example, employs a tightly focused
aerosol stream to deposit functional inks onto substrates of
varying geometries. This approach enables high-resolution
patterning of conductive, semiconductive, or dielectric inks
directly onto conformal and three-dimensional surfaces. Inkjet
printing likewise offers a non-contact, digitally controlled
process that can deposit low-viscosity conductive nanoparticles
or polymer inks in fine droplets, allowing the fabrication of
microscale features.

This journal is © The Royal Society of Chemistry 2025
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These printing methodologies are especially relevant for
electrode fabrication, as they facilitate the controlled deposition
of metal nanoparticles (e.g., silver, copper) or carbon-based
materials (e.g;, graphene, carbon nanotubes), thereby
improving the electrode's electrical conductivity and overall
sensing performance. Recent reviews have highlighted how
aerosol jet and inkjet-printed electrodes can be functionalized
to detect heavy metals, pesticides, and organic pollutants in
environmental applications, while also enabling integration of
multiple sensor layers with minimal post-processing.**->* As 3D
electronic printing continues to advance, new formulations
(including biocompatible or stretchable inks) and scalable
manufacturing protocols are expected to broaden the scope of
additively manufactured electrodes for environmental
electroanalysis.

Comparison of printing approaches

Each printing technology offers distinct advantages and limi-
tations for electrode fabrication that significantly impact the
final device performance and manufacturing process. FDM
stands out for its accessibility, cost-effectiveness, and office-
friendly operation environment. For instance, Maurel et al.®
demonstrated electrode filaments with highly loaded active
materials using a PLA/graphite/carbon-black configuration. The
main limitation of FDM lies in its relatively low electrical
conductivity due to the necessary use of thermoplastic polymers
as binding materials.*® This challenge can be partially
addressed through optimization of conductive material
loading, though this affects printability and mechanical prop-
erties. SLA excels in producing high-resolution structures with
excellent surface finish, particularly valuable for creating
complex architectures with precisely controlled features.***®
The ability to fabricate truly arbitrary designs without toolpath
limitations enables innovative electrode configurations that can
enhance electrochemical performance.>® However, SLA requires
photocurable materials and typically demands post-processing
steps to achieve conductivity, which can increase
manufacturing complexity and cost. Selective Laser Sintering
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(SLS) provides superior control over material properties through
direct powder processing, enabling the fabrication of both
metallic and ceramic components with excellent conductivity
and mechanical stability.”” This versatility allows for the inte-
gration of current collectors and active materials within the
same printing process. As demonstrated by Zhao et al.,*® SLS-
fabricated micropillar array electrodes delivered an areal
energy density of 2.98 x 10~°® W h em™?, significantly higher
than conventional planar structures. The main drawbacks of
SLS include high equipment costs and operational complexity,
which can limit its widespread adoption. DIW offers a balance
between resolution and material flexibility, allowing for a wide
range of printable compositions including active materials,
conductivity enhancers, and polymer binders.*® This versatility
has enabled the fabrication of various electrode architectures,
from interdigitated structures to 3D scaffolds. For example, Fu
et al.*® achieved enhanced electrical conductivity through the
incorporation of graphene oxide in electrode inks, with values
reaching 31.6 and 6.1 S cm ™' for cathode and anode materials
respectively. The primary challenge with DIW lies in ink
formulation, as materials must exhibit appropriate rheological
properties while maintaining desired electrochemical perfor-
mance. The selection of printing technology ultimately depends
on specific application requirements, balancing factors such as
resolution, material compatibility, cost, and scalability.

Printing parameters affecting electrode performance

The electrochemical performance of 3D-printed electrodes is
heavily influenced by various printing parameters, regardless of
the chosen technology. In FDM printing, critical parameters
include extrusion temperature, printing speed, layer height,
and infill pattern. As shown in Table 1, these parameters
directly impact electrode performance - for instance, printing
temperature affects the extruded filament flow, which in turn
influences the surface quality of the electrode.'®*® Improper
temperature settings can lead to incomplete fusion between
layers or excessive material flow, both compromising the elec-
trode's electrochemical response. Research by Rocha et al.'®

Table 1 Critical FDM printing parameters and their impact on electrochemical electrode performance

Parameter Function in printing process

Impact on electrode performance

Printing temperature
Platform temperature
Print speed

Layer height

Determines resolution and layer thickness

Infill pattern Defines internal structure of electrode

This journal is © The Royal Society of Chemistry 2025

Controls polymer melting and flow characteristics during extrusion

Regulates cooling rate and initial layer adhesion

Controls material deposition rate and cooling time

- Affects interfacial bonding between layers
- Influences conductivity pathway formation
- Determines surface roughness

- Influences overall structural integrity

- Affects formation of conductive networks

- Impacts surface morphology

- Affects particle distribution and orientation
- Influences layer uniformity

- Impacts conductive pathway formation

- Affects surface area and roughness

- Influences electron transfer efficiency

- Impacts mechanical strength

- Determines conductive pathway continuity
- Affects mechanical stability

- Influences active surface area

Anal. Methods, 2025, 17, 2235-2253 | 2239
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Fig. 4 lllustration of a FDM 3D printer, highlighting in the zoomed-in
image the layer-by-layer deposition process, forming the final object.5*
Copyright, MDPI.

demonstrated that printing parameters significantly affect the
electrochemical performance of 3D-printed carbon electrodes,
with optimal settings yielding enhanced electron transfer rates.
The relationship between these parameters is complex — for
example, while higher temperatures can improve layer adhesion
and conductivity, they may also lead to material degradation if
excessive. As illustrated in Fig. 4, the FDM process involves
careful control of these parameters during the layer-by-layer
deposition to form the final object. The integration of conduc-
tive materials within the polymer matrix during printing is
particularly crucial, as it determines the formation of conduc-
tive pathways essential for electrochemical sensing.

Print orientation emerges as a crucial factor in determining
the electrochemical response, particularly for FDM-printed
electrodes. According to studies by Bin Hamzah et al,*®
vertical printing orientation often results in improved conduc-
tivity due to the alignment of conductive pathways between
layers. This alignment is critical because it affects the electron
transfer efficiency across the electrode surface. As depicted in
Fig. 5, the arrangement of conductive particles within the
polymeric matrix creates different types of percolation
networks, which directly influence the electrode's perfor-
mance.”* The figure clearly shows how various particle
arrangements can lead to different conductive pathways, from
optimal networks (B) to insufficient connectivity (D). The choice
of infill pattern similarly affects both mechanical stability and
electrochemical performance. Research by Cardoso et al
demonstrated that continuous patterns generally provide better

Polymericmatrix (@) Concuctive particle  w# Conductive pathway

al

Fig. 5 Illustration of conductive networks with (A) low fraction of
conductive particles, (B) the critical value, (C) small gaps, and (D)
insufficient conductive material.5* Copyright, MDPI.
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electrical connectivity due to uninterrupted pathways for elec-
tron transfer.” The internal structure created by different infill
patterns can significantly impact the electrode's active surface
area and, consequently, its sensitivity toward target analytes.
Studies have shown that higher infill densities typically result in
better conductivity but must be balanced against other factors
such as material usage and printing time.***”

The optimization of these parameters requires careful
consideration of the intended application and specific
requirements for analytical performance. For instance, slower
printing speeds and higher temperatures often result in better
layer adhesion and improved conductivity but may affect the
dimensional accuracy of the printed structures. Stefano et al.®
demonstrated that optimization of printing parameters could
significantly enhance the performance of CB-based conductive
filaments for electrochemical sensing applications. The chal-
lenge lies in finding the optimal balance - for example, while
slower printing speeds can improve layer adhesion and
conductivity, they significantly increase manufacturing time
and cost.” Temperature control is equally critical; studies have
shown that maintaining consistent temperature throughout the
printing process is essential for achieving uniform electrical
properties.®*** The relationship between these parameters is
often interdependent - for instance, changes in printing speed
may require corresponding adjustments in temperature to
maintain optimal performance. Research by Kalinke et al.**
demonstrated how surface treatments post-printing could
compensate for some parameter-related limitations, high-
lighting the importance of considering both printing parame-
ters and post-processing steps in electrode development. This
optimization process becomes particularly crucial when devel-
oping electrodes for specific applications, such as clinical
analysis, where reproducibility and sensitivity are paramount.

Materials for 3D-printed
electrochemical sensors
Conductive thermoplastic composites

The development of conductive thermoplastic composites
represents a transformative advancement in fabricating 3D-
printed electrochemical sensors. The fundamental composi-
tion involves incorporating electrically conductive materials
within an insulating thermoplastic matrix to create printable
materials that combine electrical conductivity with mechanical
stability. PLA and ABS have emerged as preferred matrix
materials due to their optimal printing characteristics, with PLA
offering biodegradability and processing temperatures around
230 °C, while ABS provides enhanced mechanical properties
and processing flexibility between 200-300 °C.* The selection of
conductive fillers has primarily focused on carbon-based
materials, including CB (16-20 wt%), graphene (20-25 wt%),
carbon nanotubes (0.31-3.30 vol%), and graphite microparti-
cles, owing to their high surface area, excellent electrical
conductivity, and chemical stability.®**® For instance,
nanographite-loaded PLA composites have demonstrated
effective percolation and high conductivity at 25 wt% loading,

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (A) Fabrication of 25 wt% nanographite-loaded PLA electrode.®”
(B) Electrical conductivity plotted as a function of CNT and graphene
volume fraction for 3D printed polymer nanocomposites.®® (C) Resis-
tivity vs. nanographite content.®” Copyright, Elsevier B.V.

while maintaining suitable mechanical properties for printing
applications® (Fig. 6A). The integration process typically
involves melt extrusion mixing of the polymer with the
conductive filler under carefully controlled temperature and
shear conditions to achieve uniform dispersion without
degrading the materials' properties.®

The optimization of these composites requires careful
consideration of multiple interdependent parameters that
significantly impact both printability and electrochemical
performance. The percolation threshold represents a critical
design parameter, marking the minimum filler concentration
necessary to establish continuous conductive networks
throughout the polymer matrix.**®” Research has shown that
different fillers exhibit varying percolation thresholds - for
example, carbon nanotubes achieve percolation at relatively low
concentrations (0.31% v/v) compared to graphene (3.30% v/v) in
polybutylene terephthalate matrices® (Fig. 6B). Beyond the
percolation threshold, increasing filler content generally
enhances conductivity but can adversely affect printing char-
acteristics. This has been demonstrated in studies where
excessive filler loading (>25 wt% for nanographite/PLA) led to
brittle behavior and poor print quality®” (Fig. 6C). Surface
treatment and modification strategies have emerged as effective
approaches to optimize the filler-matrix interface and enhance
both electrical and mechanical properties. For instance,
chemical functionalization of carbon nanotubes or graphene
sheets can improve their dispersion within the polymer matrix
and strengthen interfacial bonding.”” The processing condi-
tions during composite fabrication, including mixing temper-
ature, shear rate, and cooling profiles, must be carefully
controlled to prevent filler agglomeration and ensure uniform
distribution throughout the matrix.®”* These parameters

This journal is © The Royal Society of Chemistry 2025
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directly influence the final composite's performance in terms of
conductivity, mechanical strength, and printing behavior.

Although PLA is classified as a biodegradable polymer, it
generally degrades only under high-temperature composting
conditions. In standard laboratory and field settings, PLA-based
electrodes typically maintain mechanical integrity and electro-
chemical performance over routine testing periods. Nonethe-
less, prolonged exposure to moisture or certain chemicals can
gradually weaken the polymer matrix, impacting electrode
stability. This partial biodegradability could become advanta-
geous in scenarios demanding reduced plastic waste, but care
must be taken to characterize any performance loss over
extended deployment times.

Carbon-based materials

Carbon-based materials have established themselves as the
primary conductive fillers in fabricating 3D-printed electro-
chemical sensors, offering a unique combination of electrical
conductivity, chemical stability, and versatile morphologies.*””*
CB has emerged as the most widely adopted carbon filler,
providing an optimal balance of conductivity and cost-
effectiveness for practical applications.”»”* The inherently
small particle size of CB, typically ranging from 20-50 nm,
coupled with its structured nature, enables the formation of
extensive conductive networks within polymer matrices at
relatively low loading levels, often between 15-25 wt%. This
characteristic is particularly advantageous in FDM applications,
where studies have shown that CB-based composites can ach-
ieve electrical conductivity values suitable for electrochemical
sensing while maintaining printability.®®> For instance,
Vaneckova et al.”® demonstrated that PLA/CB 3D-printed elec-
trodes (Fig. 7A) exhibited comparable electrochemical behavior
to conventional metallic and carbon electrodes, with anodic
and cathodic potential peak separation values between 80-
85 mV, indicating efficient electron transfer characteristics.

A 3D printing of electrodes

layered
structure

Pure TPI 1%wt 3%wt 5%wt  7%wt 9%wi

Fig. 7 (A) Geometry of PLA/CB 3D-printed electrodes. (B) Samples of
pure TPl and CNTs-TPIy 3, 5, 7, owt, bars.”® Copyright, Elsevier B.V.
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Similarly, Rocha et al.*® reported that activated PLA/CB 3D-
printed electrodes showed exceptional sensitivity in detecting
metal ions, achieving detection limits of 2.9 ug L™ " and 2.6 pg
L' for Cd** and Pb*" respectively, demonstrating the practical
utility of CB-based composites in electrochemical sensing
applications.

The integration of graphene and its derivatives as advanced
carbon fillers has revolutionized the development of 3D-printed
electrochemical sensors, primarily due to their extraordinary
electrical properties and high surface area characteristics.””
Recent studies have shown that incorporating graphene into
thermoplastic matrices can enhance both electrical conductivity
and mechanical properties significantly. For example, Gusmao
et al* conducted comprehensive research on PLA/graphene
composites, demonstrating that solvent-activated electrodes
significantly improved electrochemical performance, particularly
when treated with polar aprotic solvents like DMF and acetone.
Their findings showed enhanced electroactive surface areas and
superior areal capacitance compared to conventional electrodes.
However, researchers face persistent challenges in achieving
uniform dispersion and preventing reagglomeration during the
printing process, which can affect sensor performance.®® CNTs,
both in their single-walled and multi-walled forms, represent
another promising category of carbon fillers, offering unique
advantages in enhancing composite conductivity.”® Wu and
colleagues™ investigated the development of thermoplastic pol-
yimide (TPI) filaments with different CNT contents (1-9 wt%,
Fig. 7B), identifying a percolation threshold at 3 wt% CNTs where
optimal electrical properties were achieved. The study demon-
strated that CNTs could effectively accommodate nucleation sites
to bind with the reinforcing polymer matrix, though their wide-
spread adoption remains limited by factors such as high
production costs and processing complexities.*®

Metal-containing filaments

Metal-containing filaments represent an emerging class of
materials for 3D-printed electrochemical sensors, offering
potential advantages in terms of conductivity and electro-
chemical activity (Fig. 8). These materials can be categorized into
two main types: metal-polymer composites and metallic fila-
ments. Metal-polymer composites typically incorporate metal
particles or powders within a thermoplastic matrix, similar to
carbon-based composites but offering unique electrochemical
properties based on the specific metal used. Recent advances in
this area include the incorporation of AuNPs into graphite-PLA
composites through an eco-friendly synthesis approach, which
demonstrated enhanced electrochemical performance with
improved heterogeneous electron transfer rates and real elec-
trochemical surface area for sensing applications.” Similarly, the
integration of silver nanoparticles with graphite into PLA
matrices has enabled the development of robust electrochemical
sensors with improved charge transfer capabilities and excellent
sensitivity towards analytes like pyridoxine.** Pure metallic fila-
ments, while less common, provide exceptional electrical
conductivity and electrochemical performance. For instance,
fully metallic copper electrodes produced through fused filament
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Fig. 8 SEM images of 3D printing material using (A) Au,” (B) Ag®° and
(C) Cu as filament.® Copyright, Elsevier B.V.

fabrication followed by sintering have shown promising results
for non-enzymatic glucose sensing, demonstrating how the
transition from composite to pure metal formulations can
enhance sensing capabilities.*® These materials often require
specialized printing equipment capable of handling higher pro-
cessing temperatures and more demanding printing conditions,
as evidenced by the need for precise temperature control during
sintering processes to maintain electrode shape and perfor-
mance characteristics. The incorporation of metals such as
copper, silver, and gold into printable formulations has enabled
the development of sensors with enhanced sensitivity and
selectivity for specific analytical applications, with recent exam-
ples showing detection limits in the parts per billion range for
environmental contaminants.” These advances highlight the
growing potential of metal-containing filaments in creating high-
performance electrochemical sensing platforms through additive
manufacturing approaches.

Novel material developments

Recent advances in material science have led to the develop-
ment of innovative composites that expand the capabilities of
3D-printed electrochemical sensors. Metal-organic frameworks
(MOFs) have been successfully incorporated into printable
formulations, offering unique properties for selective chemical
sensing. These materials combine high surface area and
tailored pore structures with specific chemical functionality,
enabling enhanced sensitivity and selectivity in environmental
monitoring applications. In particular, several research groups
have demonstrated the integration of MOFs with conductive
carbon materials to create printable composites with superior
electrochemical performance. For instance, calcium-based
MOFs modified with carbon paste have shown exceptional
sorption capabilities and electrochemical response for heavy
metal detection, achieving detection limits in the sub-ppb
range.*” The versatility of MOFs is further exemplified by the
development of iron-based MOF-MXene nanocomposites,
where the synergistic combination of MOF's high surface area
and MXene's electrical conductivity enables rapid electron
transfer and enhanced electrocatalytic activity.®® These hybrid
materials can be effectively incorporated into 3D-printable inks
while maintaining their functional properties. Beyond material
development, researchers have also made significant progress
in optimizing printing parameters and electrode architectures.
The emergence of dual-extruder 3D printing technology has
enabled the fabrication of integrated electrochemical cells with
both conductive and non-conductive components in a single
step.®* This approach not only simplifies the manufacturing
process but also ensures better reproducibility and stability of
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the printed sensors. The combination of MOFs with 3D printing
has particularly shown promise in environmental monitoring
applications, such as heavy metal detection in water samples
and glucose sensing in biological fluids.*® Recent studies have
demonstrated that 3D-printed MOF-based electrodes can
maintain their analytical performance over extended periods
while offering the advantages of easy surface renewal and low-
cost fabrication. These developments represent a significant
step forward in making advanced electrochemical sensors more
accessible for routine environmental monitoring applications.

3D printing followed by pyrolysis for carbon electrodes

3D printing followed by pyrolysis offers a powerful approach for
fabricating high-performance carbon electrodes. In this
process, polymer-based 3D-printed structures—often contain-
ing carbon additives—are subjected to controlled high-
temperature treatments under inert atmospheres to remove
the polymer binder and convert remaining carbon precursors
into a conductive, carbon-rich framework.**®” This technique
capitalizes on the design freedom of additive manufacturing
while producing pyrolytic carbon electrodes with enhanced
mechanical stability, large electroactive surface areas, and
robust chemical resistance.®®

Recent studies have demonstrated that pyrolyzed 3D-printed
carbon electrodes can achieve excellent electron transfer char-
acteristics and facilitate sensitive detection of diverse analytes,
including biomolecules and environmental contaminants.®>*
Notably, the micro- and nano-scaled porosity introduced during
pyrolysis promotes efficient mass transport, which is essential
for high sensitivity. For instance, researchers have printed
polymeric scaffolds with deliberate pore structures that, upon
pyrolysis, yield intricate conductive networks suitable for elec-
trochemical sensing.*” The resulting electrodes are versatile and
have shown promise for in vivo neurochemical measurements,
pesticide screening, and heavy metal analysis.

Despite these advantages, challenges remain. The shrinkage
and deformation that occur during high-temperature treatment
must be carefully managed through precise thermal profiles
and resin formulations.*”” Achieving reproducible electrode
geometries with minimal warping requires optimization of both
3D printing conditions (e.g., nozzle size, infill density) and
pyrolysis parameters (e.g., heating rate, dwell time). Another
limitation is the need for specialized equipment capable of
reaching temperatures above 800 °C under inert environments.
Nevertheless, the resultant pyrolyzed carbon often exhibits
superior electrochemical performance compared to unpyr-
olyzed conductive composites, making this technique
a compelling choice for advanced applications.®****

Ongoing research aims to refine pyrolysis protocols and
resin chemistries to further improve the structural fidelity and
electrical conductivity of 3D-printed carbon electrodes. Addi-
tionally, integrating functional nanomaterials or metal catalysts
before pyrolysis has shown potential for enhancing sensitivity
and selectivity. As these methods evolve, 3D-printed pyrolyzed
carbon electrodes are poised to play an increasingly important
role in electrochemical sensing, offering customizable designs
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and excellent performance for environmental, biological, and
industrial monitoring applications.

Lab-made vs. commercial filaments

Table 2 below summarizes key materials commonly employed
in 3D-printed electrochemical sensing devices and highlights
their compatible printing technologies, along with the primary
advantages, limitations, and representative electrochemical
performances reported in the literature. This overview illus-
trates how specific materials are more suitable for certain
printing approaches and demonstrates how selecting the
optimal material-printing process combination can profoundly
influence sensor conductivity, mechanical integrity, and overall
analytical performance. The choice between commercial and
laboratory-made filaments presents important considerations
for sensor development. Commercial filaments offer conve-
nience and consistency but often come with limitations in
terms of conductivity and material composition. These mate-
rials typically contain 10-20% conductive filler by weight and
are optimized for printing reliability rather than electro-
chemical performance.*

Laboratory-made filaments provide greater flexibility in
material composition and properties but require careful opti-
mization of processing conditions. These custom formulations
can incorporate higher filler loadings, novel material combi-
nations, and specific functional additives tailored to particular
sensing applications. The production process typically involves
mixing the conductive filler with the polymer matrix in the
presence of solvents, followed by extrusion to create filaments
of controlled diameter.”®> The development of lab-made fila-
ments has demonstrated the potential for achieving higher
conductivity than commercial alternatives, with some formu-
lations showing conductivity improvements of several orders of
magnitude.®® However, these materials often face challenges in
terms of mechanical properties and printing reliability. The
trade-off between enhanced electrical properties and practical
printability remains a key consideration in the development of
new filament formulations.

Furthermore, the cost implications of commercial versus lab-
made filaments must be considered. While commercial fila-
ments are more expensive per unit weight than their raw
materials, the investment in equipment and time required for
laboratory production can make custom filament development
economically viable only for specialized applications or
research purposes.****?® The choice between commercial and
lab-made filaments ultimately depends on the specific
requirements of the intended application, including perfor-
mance needs, production volume, and available resources.

Surface modification and optimization
strategies
Electrochemical and chemical activation

Electrochemical activation represents a fundamental approach
to enhancing the performance of 3D-printed electrodes. This
process typically involves applying controlled potential or
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Table 2 Summary of 3D printing technologies and material compositions used for electrochemical sensors

Compatible 3D printing

Material composition technology Strengths Limitations

Carbon-based composites FDM - Cost-effective, widely available - Lower electrical conductivity
filaments compared to metals
- Straightforward post-processing - Surface roughness often requires

polishing/chemical activation

- Tunable conductivity via filler - Possible filler agglomeration if not
loading well dispersed

Metal-polymer composites FDM - Enhanced conductivity relative to - Often more expensive

Metal resins/powders SLM; binder jetting

Photopolymer resins with SLA
conductive fillers

Polymer precursors
for pyrolyzed carbon

DIW; FDM followed by
pyrolysis

purely carbon-based filaments
- Potential for enzyme-free catalytic
activity

- High electrical conductivity
- Excellent mechanical robustness

- Complex geometries feasible
- High-resolution prints

- Smooth surface finish

- Customizable geometry for
microfluidics

- Produces highly conductive,
porous carbon

- Large electroactive surface area

- Exceptional chemical stability

- Filler homogeneity can be
challenging

- Limited commercial availability
- Specialized, expensive printers

- Handling metallic powders
requires safety precautions

- Thermal stress may cause warping
- Fewer conductive photopolymer
resins available

- Post-curing steps often needed
- Potentially lower mechanical
strength vs. SLM

- Requires high-temperature
pyrolysis

- Possible shrinkage and shape
deformation

- Specialized thermal equipment

current signals to modify the electrode surface, creating func-
tional groups and increasing the active surface area. Recent
studies have demonstrated that electrochemical activation can
be performed through various methods, including potentiody-
namic cycling, constant potential application, or controlled
current processes in suitable electrolyte solutions. For carbon
black-doped poly(lactic acid) (PLA-CB) electrodes, electro-
chemical pretreatment through oxidation at 1.8 V followed by
reduction at —1.8 V effectively removes the insulating polymer
layer and exposes the carbon black particles.®® This activation
process has been shown to enhance electron transfer kinetics
and improve the electrochemical response. The exposed carbon
sites provide more active areas for analyte interaction and
detection. Chemical treatment methods offer another powerful
strategy for modifying 3D-printed electrode surfaces. These
approaches typically involve exposing the electrode to specific
chemical reagents that can selectively remove the polymer
matrix, expose conductive materials, or introduce functional
groups. For example, Silva-Neto et al.®® achieved significant
improvements in electrode performance by combining electro-
chemical oxidation with Fenton processes, applying 1.8 V for
200 s in 6 M acetic acid as supporting electrolyte (Fig. 9A). This
combined approach led to remarkable increases in peak
currents of up to 353% and enhanced heterogeneous rate
constants. In addition, studies have shown that chemical acti-
vation using DMF or NaOH removes the PLA matrix more effi-
ciently compared to acid treatments.”® The combination of
chemical treatment with electrochemical activation can lead to
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synergistic effects, resulting in higher structural defects
(increased ID/IG ratio in Raman spectroscopy) and improved
heterogeneous electron transfer.

During activation, the applied potential or current can
induce oxidation or reduction of the electrode material, leading
to the formation of oxygen-containing functional groups such
as carboxyl, hydroxyl, and carbonyl moieties. Browne et al.®’
demonstrated that electrochemical activation combined with
DMF treatment could dramatically improve electron transfer
rates (Fig. 9B), with heterogeneous electron transfer rate
constants reaching 1.2 x 10 ecm s~ . These surface function-
alities enhance the electrode's wettability and provide active
sites for electron transfer processes. Additionally, the activation
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Fig. 9 (A) CVs recorded in the presence of [Fe(CN)gl*~/*~ using 3D
printed electrodes with no pre-treatment, treated via electrochemical
approach, Fenton process and both electrochemical/Fenton activa-
tion.¢ (B) CVs recorded in the presence of [Fe(CN)gl*~/>~ using DMF-
treated 3D electrodes.®” Copyright, Elsevier B.V. and American
Chemical Society.
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process can expose previously buried conductive materials
within the polymer matrix, effectively increasing the electro-
active surface area. This was evidenced by Silva-Neto et al.'s*®
work showing significant reductions in charge transfer resis-
tance from several thousand ohms to 1376 £ 10 Q after
activation.

The optimization of activation parameters, including
potential range, scan rate, and treatment duration, plays
a crucial role in achieving desired surface properties. Recent
work by Hernandez-Rodriguez et al.** demonstrated that spark
discharge activation could serve as a rapid and green alterna-
tive, completing the process in just 30 seconds while achieving
comparable improvements in electron transfer kinetics. Their
approach highlighted how excessive activation can lead to
surface degradation or loss of mechanical stability, while
insufficient treatment may not provide adequate enhancement
of electrochemical performance. The choice of electrolyte
solution also influences the activation process, with different
media promoting various types of surface modifications. For
instance, Silva-Neto et al®® found that using acetic acid as
supporting electrolyte during electrochemical activation helped
maintain long-term stability by providing another source of
organic compounds to be degraded by excess hydroxide radi-
cals. This careful optimization of activation parameters has
enabled the development of 3D-printed electrodes with
enhanced sensitivity and stability for various electroanalytical
applications.

Surface modification with conducting polymers represents
an innovative strategy to enhance the electrochemical proper-
ties of 3D-printed electrodes. For instance, poly(methylene blue)
(PMB) has been successfully electrodeposited on PLA-CB elec-
trodes using various electrochemical techniques like cyclic
voltammetry, chronopotentiometry, and chro-
noamperometry.’® The electropolymerization process creates
a thin conductive polymer layer that exhibits fast electron
transfer properties. XPS analysis has confirmed the formation
of PMB doped with counter ions on the electrode surface, while
EIS measurements have shown significantly reduced charge
transfer resistance after polymer modification. The surface
morphology also undergoes notable changes after modification.
SEM analysis reveals that polymer coating can lead to more
homogeneous and uniform surfaces. In the case of PMB
modification, the electrode surface transitions from an inho-
mogeneous distribution of aggregated particles to a more even
morphology with visible microspherical grains structured in
random stacks. More recently, poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)
has emerged as a promising conductive polymer for electrode
modification due to its excellent film-forming properties, envi-
ronmental friendliness, and direct electron transfer capabil-
ities.’* Liao et al'® reported that PEDOT:PSS modification
decreased the electron transfer resistance from 262.4 Q to 173.5
Q (Fig. 10A), indicating substantially improved conductivity.
When PEDOT:PSS composites are applied to gold nanoparticle-
modified 3D printed electrodes (SACP@Au@3DE), SEM
imaging shows the formation of a uniform conductive film
covering the electrode surface (Fig. 10B). These polymer
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Fig. 10 (A) EIS of 3DE, A-3DE, Au@3DE and SACP@Au@3DE with
frequencies between 1 and 1 x 10° Hz. (B) SEM of prepared SAC-
P@Au@3DE.*2 Copyright, Elsevier B.V.

modifications not only improve conductivity but also expand
the potential applications of 3D-printed electrodes in various
sensing applications, such as the detection of bioactive
compounds like chlorogenic acid with enhanced sensitivity and
wider linear detection ranges compared to unmodified
electrodes.

Nanomaterial incorporation

The incorporation of nanomaterials represents an advanced
strategy for enhancing the performance of 3D-printed electro-
chemical sensors. This approach can be implemented either
during the electrode fabrication process or as a post-printing
modification. Recent studies have demonstrated remarkable
success with various nanomaterials such as metal nano-
particles, carbon nanotubes, and graphene derivatives that
significantly improve conductivity, catalytic activity, and
sensing capabilities. For instance, silver nanoparticles (AgNPs)
fabricated through green synthesis methods and incorporated
into 3D-printed electrodes have shown excellent sensitivity for
H,0, detection, achieving detection limits as low as 0.52 uM
with impressive linear range capabilities.'*

Surface modification with nanomaterials can be achieved
through various methods, including electrodeposition, drop-
casting, and in situ synthesis. A notable example is the fabri-
cation of nanoscale-thick silver thin films (Ag-NTF) on
substrates using electrochemical 3D printing (Fig. 11), which
demonstrated enhanced electrochemical activity and achieved
a sensitivity of 25 + 1 pA mM ™" ecm™? for H,0, sensing.'® The
selection of appropriate nanomaterials and modification tech-
niques depends on the specific requirements of the intended
analytical application, including target analyte characteristics
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Fig. 11 Fabrication of Ag-NTF on substrates using electrochemical 3D
printing for H,O, detection.*** Copyright, American Chemical Society.
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and desired performance metrics. The synergistic effects
between different nanomaterials can be exploited to create
composite modifications with enhanced functionality. For
instance, combining graphene-doped PLA (G-PLA) with AgNPs
has shown remarkable improvements in electron transfer
kinetics and sensing capabilities.'” Studies have demonstrated
that such composite materials can achieve detection limits in
the micromolar range while maintaining excellent selectivity
and stability. The careful control of nanomaterial size, distri-
bution, and surface coverage is essential for optimizing sensor
performance, as evidenced by research showing that AgNPs
with average particle sizes of 21 nm exhibited optimal electro-
chemical activity when uniformly distributed across the elec-
trode surface. Through careful optimization of printing
parameters and nanomaterial incorporation strategies,
researchers have achieved significant improvements in sensor
performance metrics. This includes enhanced sensitivity, lower
detection limits, and improved stability compared to conven-
tional electrode materials. The integration of nanomaterials
through 3D printing processes has also addressed common
challenges in sensor fabrication, such as reproducibility and
scalability, while maintaining the advantages of customizable
design and rapid prototyping capabilities inherent to additive
manufacturing approaches.

3D-printed electrochemical sensor for
environmental analytes sensing
Pathogen

The detection of pathogens using 3D-printed electrochemical
sensors has shown promising results for rapid on-site analysis.
These sensors enable the detection of various microorganisms,
including bacteria and viruses, with high sensitivity and speci-
ficity. For instance, researchers have developed 3D-printed
flexible devices that combine sampling and detection capabil-
ities, allowing for efficient pathogen monitoring in environ-
mental samples.’® A notable example is the development of
a 3D-printed electrochemical sensor for detecting Listeria
monocytogenes, a significant foodborne pathogen. Rivas-Macho
et al'” designed a sensor that combines loop-mediated
isothermal amplification (LAMP) with electrochemical detec-
tion in a 3D-printed microfluidic chip. The sensor achieved
impressive detection limits of 1.25 pg DNA per reaction and
demonstrated specificity for all 12 L. monocytogenes serotypes.
What makes this sensor particularly innovative is its ability to
detect as little as 1 CFU/25 g in food samples. Another signifi-
cant advancement comes from Martins et al.,'*® who developed
a 3D-printed electrode platform for virus detection, specifically
focusing on Hantavirus (Fig. 12A). Their sensor utilized
a commercial 3D conductive filament of carbon black and PLA,
with the unique feature of having naturally present carboxylic
groups that enabled direct biomolecule anchoring without
additional pretreatment. This sensor demonstrated a detection
range of 30-240 pg mL~ ' with a limit of detection of 22 ug mL ™",
showing promise for viral disease diagnosis. Stefano et al.?” took
a different approach by developing a new conductive filament
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Fig.12 Fabrication of 3D-printed electrochemical immunosensors for
(A) Listeria monocytogenes* and (B) SARS-CoV-2 detection.®
Copyright, Elsevier B.V.

ready-to-use for 3D-printing electrochemical biosensors. Their
work focused on SARS-CoV-2 detection, demonstrating how 3D
printing technology can be rapidly adapted for emerging
infectious diseases. The sensor showed a linear range from 5.0
to 75.0 nM with a detection limit of 1.36 nM, making it suitable
for clinical applications. As shown in Fig. 12B, their sensor
design incorporated gold electrodes and a microfluidic
chamber, enabling efficient sample handling and detection.
The integration of different materials and detection strate-
gies has particularly advanced the field. The use of conductive
filaments containing carbon-based materials in PLA matrices
has become increasingly common, offering good electrical
conductivity while maintaining printability. Many sensors
incorporate additional functionalities such as microfluidic
channels for sample handling or surface modifications for
improved sensitivity and selectivity.****® The success of these
sensors in detecting various pathogens demonstrates their
versatility and potential for broader applications in environ-
mental monitoring, food safety, and clinical diagnostics.

Antibiotics

The monitoring of antibiotic residues in environmental
samples has become increasingly important due to growing
concerns about antimicrobial resistance. 3D-printed electro-
chemical sensors offer a practical solution for detecting various
antibiotics in water and soil samples. These sensors typically
incorporate selective recognition elements onto 3D-printed
electrode surfaces, providing enhanced sensitivity through
their three-dimensional architecture compared to conventional
planar electrodes. For example, Lisboa et al.>* developed a 3D-
printed electrode using graphite/PLA composite filaments for
sulfanilamide detection in environmental samples. Their
sensor achieved excellent analytical performance with a detec-
tion limit of 12 nM and showed good selectivity towards other
antibiotic classes. The sensor design incorporated a simple
surface treatment protocol that enhanced its electrochemical
response while maintaining cost-effectiveness.
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Fig. 13 3D-printed electrode for sulfanilamide monitoring.**? Copy-
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Another innovative approach was demonstrated by Lopes
et al,”™ who created a 3D-printed electrode using graphite
dispersed in PLA matrix for tetracycline determination. Their
sensor exhibited favorable charge transfer characteristics and
could detect tetracycline in the submicromolar concentration
range. The electrode's unique surface morphology showed non-
uniformly distributed graphite sheets resulting in a highly
porous surface that enhanced analyte interaction. Further
advancing this field, Lisboa et al.**> developed a cost-effective
protocol using a 3D pen and lab-made filaments for cipro-
floxacin sensing. As shown in Fig. 13, the electrode fabrication
process involved a simple layer-by-layer deposition technique
that produced reliable and reproducible sensors. Their method
achieved a detection limit of 1.79 uM with excellent selectivity
against common interfering compounds.

The incorporation of nanomaterials has also proven benefi-
cial in enhancing sensor performance. Domingo-Roca et al.'*?
demonstrated a fully 3D-printed impedance-based biosensor
for rapid assessment of antibiotic susceptibility. Their sensor
utilized gel modification and silver nanoparticles to improve
sensitivity, allowing for antibiotic susceptibility testing within
90 minutes - significantly faster than conventional methods
requiring 24-48 hours. The advantages of 3D-printed electro-
chemical sensors over traditional detection methods are
significant. Their cost-effectiveness stems from using readily
available materials like PLA and graphite, combined with
simple fabrication processes, making them economically viable
for widespread deployment. The customizability offered by 3D-
printing technology enables rapid prototyping and optimization
of electrode designs to suit specific detection requirements. The
three-dimensional architecture and possibility of surface
modification provide improved analyte interaction and detec-
tion capabilities, while enabling rapid analysis suitable for on-
site environmental monitoring. Many of these sensors can
analyze samples with simple dilution steps, reducing the
complexity of analysis.*™*

Organophosphates

The detection of organophosphate pesticides using 3D-printed
electrochemical sensors has gained significant attention due
to their severe environmental and health impacts. These
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compounds, widely used as pesticides and chemical warfare
agents, pose substantial risks to the biosphere, particularly
when disposed of improperly in oceans and water bodies.
Recent developments in 3D printing technology have revolu-
tionized sensor fabrication, offering advantages such as rapid
prototyping, customizable geometries, and cost-effectiveness in
electrode production. A recent example in this field involves the
development of 3D-printed nanocarbon electrodes (3DnCEs)
using FDM. As demonstrated by Jyoti et al.,"* these electrodes
can be fabricated using conductive nanocarbon/PLA filaments
and activated through DMF treatment, resulting in enhanced
electrical conductivity and sensing capabilities. The surface
morphology changes before and after DMF activation, showing
the exposure of nanocarbon filaments that significantly
improves electrochemical performance. The activated 3DnCEs
demonstrated remarkable sensitivity towards various organo-
phosphates, including methyl parathion, paraoxon, and feni-
trothion, with detection limits reaching 0.5 uM. Another
innovative approach, presented by Wei et al.,"*® integrates three-
dimensional cell-based electrochemical biosensors with screen-
printed carbon electrodes modified with zeolite imidazolate
framework-67@CoAl layered double hydroxides/multi-walled
carbon nanotube composites. This system achieved impres-
sive detection limits of 0.148 uM for organophosphate
compounds, utilizing acetylcholinesterase (AChE) as a bio-
recognition element. The integration of 3D cell culture within
the sensing platform provides an in vivo-like environment,
enhancing the reliability of toxicological evaluations. The
durability and reusability of these 3D-printed sensors make
them particularly suitable for field-based pesticide monitoring.
Studies have shown that these sensors maintain up to 93.2% of
their initial response after four weeks of storage, demonstrating
excellent stability. The electrochemical detection mechanism
typically involves either direct reduction of organophosphates
or indirect measurement through enzyme inhibition, allowing
for rapid and sensitive analysis without complex sample
preparation.

Heavy metal ions

The printing technology allows for the fabrication of complex
electrode structures that can incorporate metal-specific recog-
nition elements or modified surfaces for selective metal ion
detection. Recent advances in materials and fabrication
methods have enabled significant improvements in sensor
performance and reliability. For example, Santangelo et al.*"
demonstrated an epitaxial graphene sensor combined with 3D-
printed microfluidic chips that achieved detection limits of
95 nM for lead ions, with good stability and reproducibility over
time. Their system showed particular promise due to its real-
time monitoring capabilities and reusable lab-on-chip design.
Similarly, Walters et al.** developed graphene/PLA composite
electrodes capable of detecting mercury at concentrations as
low as 6.1 nM, while also showing sensitivity to lead and
cadmium when modified with bismuth microparticles.

The choice of electrode materials and surface modifications
plays a crucial role in sensor performance. Shin et al."*® showed
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Fig. 14 (A) Schematic illustration of the sequential injection/anodic
stripping system. (B) Photograph of the microfluidic device. (C) The
dimensions of the microfluidic device, the fluidic channel and the
integrated electrodes.*® Copyright, Elsevier B.V.

that acid pretreatment of 3D-printed PLA/graphite/graphene
oxide (PLA/Gr/GO) electrodes significantly enhanced their
sensitivity, achieving detection limits of 0.039-0.13 ppb for
various heavy metals. This improvement was attributed to
better exposure of active sites and enhanced electron transfer
properties. The integration of nanomaterials, particularly
graphene-based materials, has become increasingly common
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Another innovative approach was demonstrated by Baltima
et al.,'* who developed a 3D-printed fluidic electrochemical
microcell for sequential injection/stripping analysis (Fig. 14).
Their system achieved detection limits of 0.38 pg L™" for lead
and 0.57 pg L for cadmium, with excellent reproducibility
(RSD < 4.5%). The integration of microfluidic components with
3D-printed electrodes enables automated sample handling and
improved analytical performance.

The practical applications of these sensors extend beyond
laboratory settings. Multiple studies have validated their
performance using real environmental samples, including
drinking water, wastewater, and certified reference materials.
For instance, Shin et al'® successfully analyzed European
Reference Materials for heavy metals using their pretreated
PLA/Gr/GO electrode, demonstrating excellent agreement with
conventional analytical methods. This validates the potential of
3D-printed sensors for real-world environmental monitoring
applications (Table 3).

Current challenges and future
perspectives
Technical limitations

The development and implementation of 3D-printed electro-
chemical sensors face several significant technical challenges
that continue to influence their widespread adoption in envi-

due to their excellent electrical properties and high surface area. ronmental monitoring applications. One fundamental
Table 3 Summary of selected 3D-printed electrochemical sensors for environmental analytes
Target analyte Electrode design Electrochemical method Analytical performance References
Pathogens (Listeria 3D-printed microfluidic chip Voltammetric readout LOD: 1.25 pg DNA; 1 CFU/ 107
monocytogenes) integrating LAMP with 25 g in food samples
electrochemical detection
Pathogens (Hantavirus) 3D-printed conductive CB/ Immunosensor with LOD: 22 pg mL ™" for 108
PLA electrode for viral amperometric or Hantavirus
antigen detection voltammetric transduction
Pathogens (SARS-CoV-2) 3D-printed, ready-to-use Voltammetric detection LOD: 1.36 nM 37
conductive filament (custom
CB/PLA) electrode for SARS-
CoV-2
Antibiotics (Sulfanilamide) 3D-printed graphite/PLA Differential pulse LOD: 12 nM 93
electrode for sulfanilamide voltammetry (DPV)
Antibiotics (Tetracycline) 3D-printed graphite/PLA Square-wave voltammetry Submicromolar detection 111
electrode with microfluidic range
platform for tetracycline
Antibiotics (Ciprofloxacin) 3D-printed layer-by-layer DPV LOD: 1.79 uM 112
graphite/PLA electrode using
a 3D pen for ciprofloxacin
Organophosphates (methyl 3D-printed nanocarbon/PLA Voltammetric detection LOD: ~0.5 uM for methyl 115
parathion, paraoxon,etc.) electrode (activated with parathion, paraoxon,
DMF) fenitrothion
Heavy metals 3D-printed graphene/PLA Anodic stripping LOD: 6.1 nM (Hg*"); also 42
composite electrode voltammetry sensitive to Pb*>" and Cd**
Heavy metals Pretreated (acid-activated) Anodic stripping LOD: 0.039-0.13 ppb 118
PLA/graphite/graphene voltammetry (various heavy metals)
oxide electrode
Heavy metals 3D-printed microfluidic Sequential injection/ LOD: 0.38 ug L™ (Pb>*), 0.57 119

device with integrated
electrodes
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limitation lies in the achievable resolution and precision of
current printing technologies, particularly when using
conductive composite materials. While FDM printing repre-
sents the most accessible approach, its resolution constraints
can affect the reproducibility and consistency of electrode
surfaces, potentially impacting analytical performance. The
layer-by-layer nature of the printing process introduces inherent
structural heterogeneities that can affect electron transfer
kinetics and overall sensor performance. These irregularities
become particularly problematic when developing sensors for
trace analysis, where surface uniformity plays a crucial role in
achieving high sensitivity and reproducibility. Additionally, the
thermal processing required during printing can affect the
distribution and connectivity of conductive materials within the
polymer matrix, leading to variations in electrical conductivity
across different printed batches. Another significant technical
challenge involves the integration of multiple materials and
functionalities within a single printed device. While dual-
extrusion systems enable the combination of conductive and
non-conductive materials, achieving precise control over inter-
face properties and ensuring robust electrical connections
remains challenging. The development of more sophisticated
printing approaches that can handle multiple materials with
different physical properties will be essential for advancing
sensor capabilities. Beyond biodegradable PLA, other 3D-
printed electrodes include metal-polymer composites or pyro-
lyzed carbon, whose end-of-life pathways can be less straight-
forward. Metal-containing prints can leach ions if disposed of
improperly, whereas carbon electrodes may persist in the
environment. However, many metallic or carbon-based parts
can be reclaimed through recycling or thermal treatments.
Developments in recyclable polymers and the establishment of
standardized recycling protocols for composite filaments could
further mitigate environmental impact, thus enhancing the
sustainability of 3D-printed sensors.

Material constraints

Current material limitations represent a significant bottleneck
in the advancement of 3D-printed electrochemical sensors. The
available commercial conductive filaments typically exhibit
relatively low electrical conductivity compared to traditional
electrode materials, necessitating various post-processing steps
to achieve adequate electrochemical performance. The trade-off
between conductivity and printability continues to challenge
material developers, as increasing the conductive filler content
often compromises the mechanical properties and printing
characteristics of the composites. The long-term stability of
printed materials presents another crucial consideration.
Environmental exposure, mechanical stress, and repeated
electrochemical cycling can lead to degradation of sensor
performance over time. The development of more robust
materials that maintain their electrical and mechanical prop-
erties under various operating conditions remains an important
research priority. Additionally, the limited availability of
specialized printing materials, particularly those incorporating
novel functional components, restricts the exploration of

This journal is © The Royal Society of Chemistry 2025
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advanced sensing capabilities. The cost of conductive printing
materials also poses a significant constraint, particularly for
large-scale applications. Commercial conductive filaments are
substantially more expensive than traditional electrode mate-
rials, potentially limiting their adoption in routine environ-
mental monitoring applications. The development of more
cost-effective material formulations, possibly incorporating
recycled or sustainable components, could help address this
limitation.

Commercialization prospects

The commercialization potential of 3D-printed electrochemical
sensors for environmental applications depends on several key
factors. The ability to scale up production while maintaining
consistent performance characteristics represents a primary
consideration. Current manufacturing approaches often involve
manual post-processing steps that could limit large-scale
production efficiency. The development of automated
manufacturing processes that integrate printing and surface
modification steps could enhance commercial viability. Market
acceptance will depend on demonstrating clear advantages over
existing sensing technologies in terms of cost, performance, or
functionality. While 3D-printed sensors offer benefits in terms
of customization and rapid prototyping, they must compete
with established sensor technologies in terms of reliability,
sensitivity, and ease of use. The identification of specific
application niches where the unique capabilities of 3D-printed
sensors provide compelling advantages could drive initial
commercial adoption. The regulatory landscape surrounding
3D-printed analytical devices also influences commercialization
prospects. Establishing appropriate quality control measures
and obtaining necessary -certifications for environmental
monitoring applications will be crucial for market entry. Addi-
tionally, intellectual property considerations surrounding both
printing technologies and material formulations may affect
commercialization strategies.

Research opportunities

The field of 3D-printed electrochemical sensors presents
numerous opportunities for innovative research and develop-
ment. Advanced material design represents a particularly
promising area, including the development of new composite
formulations that optimize both printability and electro-
chemical performance. The exploration of novel conductive
fillers, smart materials, and biomimetic components could lead
to sensors with enhanced sensitivity and selectivity. The inte-
gration of artificial intelligence and machine learning
approaches offers opportunities for optimizing printing
parameters and predicting sensor performance based on design
characteristics. These computational tools could accelerate the
development process and enable more efficient exploration of
the vast design space available through 3D printing. Addition-
ally, the development of in situ monitoring techniques for
assessing printing quality and electrode performance could
improve manufacturing reliability. Research into novel sensing
mechanisms and detection strategies specifically suited to 3D-
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printed platforms could expand the capabilities of these
devices. This includes the development of integrated sample
preparation and analysis systems, multiplexed detection plat-
forms, and sensors incorporating advanced recognition
elements. The combination of 3D printing with other fabrica-
tion technologies might also enable new device architectures
and functionalities not achievable through conventional
methods.

Furthermore, the exploration of sustainable materials and
manufacturing approaches represents an important research
direction. This includes the development of biodegradable
sensor materials, the incorporation of recycled components,
and the optimization of resource-efficient manufacturing
processes. Such developments could enhance the environ-
mental sustainability of sensor production while potentially
reducing costs.
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