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This work presents the development of a dual mode electrochemical and colorimetric sensing platform,

produced in a single print through additive manufacturing. The cell design was based on the dimensions
of a standard 96-well plate, with the base replaced by a disc electrode made from bespoke conductive
polypropylene for the electrochemical testing, with the walls created from transparent non-conductive

polypropylene to allow for the colorimetric tests. This new system was employed for the detection of

atropine (ATP) in two distinct steps within the same electrochemical cell: (1) colour changes due to the

reaction of ATP with bromocresol green, allowing for preliminary visual identification, and (2) the analysis
of the electrochemical behaviour of the system before and after the colour change, providing quantitative
confirmation. Both steps were performed in the same cell, highlighting the efficiency and practicality of

the developed device. Wide linear ranges were obtained using square-wave voltammetry for ATP detec-

tion, spanning 0.65 to 20.83 mg mL™" before the colorimetric reaction, and 5.21 to 20.83 mg mL™" after

the colorimetric reaction. Detection and quantification limits were calculated as 0.15 mg mL™ and
0.50 mg mL™, respectively, demonstrating suitability for real application in forensic scenarios. Beverage
samples (energy drink, tonic water, gin, gin with tonic water, and whisky) and synthetic biological samples
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1. Introduction

The development of dual-mode electrochemical and colori-
metric sensors represents a significant advancement in
analytical technology, offering both quantitative precision and
visual simplicity in a single platform. These sensors enhance
reliability by providing cross-validated results through two
independent detection mechanisms, making them especially
valuable in point-of-care diagnostics, environmental monitor-
ing, forensic scenarios and resource-limited settings.
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(saliva, urine, and vitreous humour) were spiked with ATP and analysed using the proposed method, yield-
ing recoveries close to 100%, indicating no matrix effect. This study demonstrates the synergy between
additive manufacturing, and electrochemical and colorimetric sensing to create real, functional sensing
platforms that are applicable to a wide range of fields.

Combined colorimetric-electrochemical methods have previously
been reported for a range of analytes," including demonstrating
the feasibility of detecting atropine (ATP) using bromocresol
green (BG) in conjunction with screen-printed electrodes.* ATP is
a tropane alkaloid widely used in medicine; however, at elevated
doses it can induce severe toxic effects, including cardiovascular
and neurological disturbances, and in extreme cases, death.’
Owing to its toxic potential, ATP has been reported in attempted
homicides.® In forensic contexts, the detection of ATP at toxic
levels (exceeding 10 mg) is crucial for establishing the cause of
intoxication ~and  guiding therapeutic  interventions.”
Electrochemiluminescence has also been reported as an efficient
approach for the detection of ATP.*° The reactions involving
these compounds are illustrated in Scheme 1. Despite these
advances, existing approaches still require separate platforms to
perform the dual analysis. As such, there remains a clear need
for the development of a portable, integrated system suitable for
forensic applications.

Integrating both sensing modes into a single print, via
additive manufacturing, further amplifies their impact -

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Acid—base equilibrium of BG in the presence of ATP.*

enabling rapid, scalable, and cost-effective fabrication with
minimal material waste. This approach not only streamlines
production but also supports the creation of customizable,
portable, and multifunctional devices in situ, aligning with the
United Nations Sustainable Development Goal 9 of Industry,
Innovation and Infrastructure."

Additive manufacturing (also known as 3D-printing) is an
exciting technology that has found popularity in many fields,
both academic and industrial. One technique within additive
manufacturing is Fused Filament Fabrication (FFF, also known
as Fused Deposition Modelling or FDM), which has seen a
rapid growth in popularity due to its low cost of entry and low
cost of consumables. In general, additive manufacturing works
through the sequential addition of layers of material in such a
way to eventually create a 3-dimensional object, which was
originally produced on a computer. For FFF, this involves the
extrusion of millimetre lines of thermoplastic polymer, which
are stacked in a layer-by-layer fashion. This form of manufac-
turing has garnered such attention due to some technological
advantages and user flexibility it provides. These include the
ability to produce complex part geometries with a high degree
of customizability, short production times, low costs, and sig-
nificantly lower waste production than the traditional forma-
tive and subtractive manufacturing counterparts.

One area where FFF has seen rapid growth is within electro-
chemistry, coined additive manufacturing electrochemistry.
These techniques have a synergetic relationship whereby the
cost of entry for both is low, and the possibility of adaptation/
customization is high, leading to additive manufacturing
being used to make equipment'"** and working electrodes.*®
Importantly, this synergy came about due to the commercial
availability of electrically conductive filament, which
embedded conductive carbon materials within poly(lactic) acid
(PLA) filament. Through the use of these materials, a surge in
the number of publications using additive manufacturing
electrochemistry has been seen, including uses within
sensing,'*™° biosensing,**>* energy storage>*** and energy
conversion.”®”” This has allowed researchers to explore the
novelty of both technologies. However, the electrochemical
performance of such systems has remained poor, simply due
to the limited conductivity of the available conductive fila-
ments, which continues to hinder their viability for more prac-
tical or near to real applications. Recently, Gerroll et al’®
demonstrated a high-throughput electrochemistry platform
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capable of automated analysis and synthesis, exemplifying the
potential of integrated electrochemical systems.

Therefore, to elevate the implementation of additive manu-
facturing electrochemistry for real-world applications across
different sectors, it is essential that several critical challenges
are addressed. Firstly, the quality of conductive filament must
be improved in two main ways: (i) the conductivity of the fila-
ment must be enhanced from the ~2-4 kQ (across 10 cm of
filament) seen for the most commonly utilized commercial
conductive filament;*® (ii) there needs to be a movement away
from PLA due to limitations with chemical stability and pro-
cessability of this polymer.*® There have been numerous publi-
cations looking at improving the first of these issues, as
researchers have taken to producing their own lab made fila-
ments through either dissolving PLA within organic solvents
and mixing in carbon allotropes,®’*> or through thermally
mixing PLA above its melting point to incorporate the conduc-
tive filler.>** The second of these methodologies is seen to be
most favourable due to the shorter production time (5 min
rather than hours), the removal of hazardous solvents, and the
possibility of powering machinery with green energy.*>>°
Secondly, due to the gap between academic research and com-
mercial development, the design of real-life technologies for
specific applications has been very limited. Instead the focus
has remained on developing new materials, rather than trans-
lating these innovations into practical solutions.?”

Regarding the electrochemical performance of additive
manufactured sensors, researchers have focused on optimizing
treatments to improve the performance of the electrodes pro-
duced using commercial conductive filament, including print-
ing parameters,**** design parameters**** and surface modi-
fication of the post-printed parts.*>*° While these have been
important steps to advance in the field, attention has recently
turned to the development of bespoke filaments to provide
with improved and competitive alternatives. In this regard,
there have been reports of bespoke filaments that improve the
carbon loading, sustainability, and conductivity of the
filaments.>*"> In particular, within PLA, research have demon-
strated that mixing conductive carbons of different mor-
phologies can produce greatly enhanced conductivities™ as
well as filaments with similar electrochemical properties for a
significantly lower material cost.>® This goes a long way to
solving the first problem with additive manufacturing electro-
chemistry; however, the backbone of the filament is still PLA.

Analyst, 2025, 150, 4832-4843 | 4833
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Filaments produced from this polymeric material have been
shown important limitations in their applicability due to solu-
tion ingress,> chemical stability,*® and lack of consistent per-
formance after sterilization,”® which is vital within the health-
care industries.

To this end, researchers have recently moved toward other
polymers capable of being used within additive manufacturing,
such as thermoplastic polyurethane (TPU)*” or poly(ethylene tere-
phthalate glycol) (PETg).’**® The latter showed a significant
reduction in solution ingress and an impressive stability in
electrochemical signal after sterilization through ethanolic and
UV radiation routes. Although both filaments reported using
PETg are significant improvements on the current commercially
available PLA, they do not reach the same conductivities of the
bespoke PLA found within literature.>® This is the case even
though significantly more expensive conductive carbon allotropes
are used. The use of three carbon allotropes (carbon black, gra-
phene and multi-walled carbon nanotubes) within these fila-
ments could be a step back in their commercialization due to
both their material cost and difficulties their printability. More
recently, conductive poly(propylene) (PP) filament has been first
reported,®”® showing that up to 40 wt% of carbon black can be
incorporated into PP polymer to create a conductive filament.
Although 40 wt% is possible, this work shows how 30 wt% fila-
ment also exhibits an excellent electrochemical performance,
and a 10 wt% reduction in conductive component is clearly
advantageous to commercial uptake. Most importantly, such con-
ductive PP filament offers excellent chemical resistance, no sig-
nificant ingress and is a commonly used polymer within a multi-
tude of industries.

Therefore, in this work we propose the use of bespoke
30 wt% conductive PP filament for the production of a dual
mode analytical sensor based on a microplate design, where
we combine non-conductive and conductive PP in a single
print. In this design, the electrode will be placed at the base of
the cell with clear PP creating the cell (or well) allowing for
combined colorimetric and electrochemical detection on the
same platform. We have applied the developed additive manu-
factured PP microplate for the specific dual colorimetric and
electrochemical detection of ATP after its reaction with BG
within samples of great forensic interest. The integrated plat-
form enables cross-validation within a single assay using the
same sample volume, thereby reducing the risks of contami-
nation, sampling errors, and analysis time, while improving
reliability in field applications with minimal sample require-
ments, which is a feature particularly critical in forensic
matrices such as vitreous humour. It represents a rapid screen-
ing alternative for in situ quantitative confirmation, requiring
fewer handling steps and providing faster responses, in
addition to minimising false positives and negatives through
the combined colorimetric-electrochemical output. Moreover,
the integrated 3D-printed device not only ensures dual
response and minimal sample consumption but also offers
portability and scalability. The single-print design reduces pro-
duction costs, facilitates technology transfer, and supports
reproducibility in field applications.®*
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2. Experimental

2.1. Chemicals and samples

Deionized water with a resistivity of >18.2 MQ cm, sourced
from a Milli-Q Integral 3 system (Millipore UK, Watford, UK),
was used to prepare the solutions. Atropine (ATP) (purity >99.0%)
and bromocresol green (BG) analytical standards (powder),
sourced from Tokyo Chemical Industry (Oxford, UK), were solu-
bilized in methanol at a concentration of 250 mg mL™" and
50 mg mL ", respectively. These solutions were diluted in ade-
quate supporting electrolytes for electrochemical analysis.
Britton-Robinson (BR) buffer solution (0.1 mol L™") was prepared
with boric, phosphoric, and acetic acids (purities >99.9%), and
sodium hydroxide (1.0 mol L") was used to adjust the pH values
between 2.0 and 12.0. Borate, phosphate and BR buffer solutions
(0.1 mol L™") at pH 8.0, with 10% methanol (v/v) were also evalu-
ated as a supporting electrolyte for ATP detection, as well as
different concentrations of phosphate buffer solution (PBS) (0.05,
0.1 and 0.2 mol L") was studied to verify the influence of ionic
strength within electrochemical experiments. Sodium hydroxide
(NaOH) (0.5 mol L") was used for the electrochemical activation
of the working electrode. Solvents such as tetrahydrofuran (THF),
chloroform (>99.8%) and ethyl acetate (>99.5%) were used and
purchased from (Merck, UK). Carbon black (CB) was purchased
from PI-KEM (Tamworth, UK). Poly( propylene) (PP, Sabic® CX03-
81 Natural 00900) was purchased from Hardie Polymers
(Glasgow, UK).

Ascorbic acid, citric acid, fructose and glucose were evalu-
ated as potential interferents for ATP detection by the pro-
posed method. All reagents were of analytical grade and were
purchased from Sigma-Aldrich (Lancashire, UK). Synthetic
urine was prepared as described by Laube et al.,** artificial
saliva as described by Chao Qian et al.,** and artificial vitreous
humour as described by Sachin S. Thakur.®* Synthetic/artificial
biological samples, along with beverage samples (gin, whiskey,
tonic water, energy drink, and gin with tonic water), were
spiked with 10 mg mL ™" of ATP for subsequent analysis.

2.2. Filament production

The 30 wt% carbon black polypropylene (CB/PP) filament was
produced by mixing 7.5 g of carbon black and 17.5 g of PP
pellets using a Thermo Haake Polydrive dynameter fitted with
a Thermo Haake Rheomix 600 (Thermo-Haake, Germany)
using Banbury rotors at 70 rpm for 5 min with temperature set
to 210 °C. The resulting polymer mixture was allowed to cool
before granulated using a Rapid Granulator 1528 (Rapid,
Sweden) to achieve a finer particle size. The granulated PP was
then processed through a Filabot EX2 Filament Extruder
(Filabot, VA, United States), set at 210 °C, to create a 1.75 mm
filament, which was cooled over an air-cooling path and col-
lected onto a spool.

2.3 Additive manufacturing of electrodes and microplates

All computer designs and 3MF files in this manuscript were
produced using Fusion 360® (Autodesk®, CA, United States).
These files were sliced and converted to GCODE files in

This journal is © The Royal Society of Chemistry 2025
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PrusaSlicer (Prusa Research, Prague, Czech Republic). The
additive manufactured electrodes and microplate wells were
produced using fused filament fabrication (FFF) technology on
a Prusa XL (Prusa Research, Prague, Czech Republic). All addi-
tive manufactured electrodes and devices were printed using
identical printing parameters, namely a 0.4 mm nozzle with a
nozzle temperature of 215 °C, a bed temperature of 100 °C,
100% rectilinear infill, 0.15 mm layer height, and print speed
of 35 mm s™'. Wells that will be eventually used as sensing
cells were printed using a 5T Prusa XL tool-changer, utilizing 2
of its 5 extruders. Extruder 1 was loaded with the custom
30 wt% CB/PP filament, while extruder 2 was loaded with
BASF Ultrafuse PP. PrusaSlicer was used to prepare the file for
printing, shown in Fig. S1, with settings adjusted to a 0.2 mm
layer height, 2 perimeters per walls, 3 top/bottom layers, and
100% rectilinear infill. A 5 mm brim was added, along with a
0.3 mm first layer height, to enhance bed adhesion. The
nozzle and bed temperatures were set to 240 °C and 70 °C,
respectively. Magigoo PP was applied to the Prusa Smooth PEI
build plate to improve the adhesion of the PP filaments.

2.4. Instrumental and apparatus

For the physicochemical characterization of the additive man-
ufactured electrodes, X-ray Photoelectron Spectroscopy (XPS),
Scanning Electron Microscopy (SEM) and Raman spectroscopy
were applied.

XPS data were acquired using an AXIS Supra (Kratos, UK),
equipped with a monochromatic Al X-ray source (1486.6 eV)
operating at 225 W and a hemispherical sector analyser. It was
operated in fixed transmission mode with a pass energy of 160
eV for survey scans and 20 eV for region scans with the colli-
mator operating in slot mode for an analysis area of approxi-
mately 700 x 300 pm, the FWHM of the Ag 3d5/2 peak using a
pass energy of 20 eV was 0.613 eV. The binding energy scale
was calibrated by setting the graphitic sp> C 1s peak to 284.5
eV; this calibration is acknowledged to be flawed®® but was
nonetheless used in the absence of reasonable alternatives,
and because only limited information was to be inferred from
absolute peak positions.

SEM micrographs were obtained using a Crossbeam 350
Focussed Ion Beam - Scanning Electron Microscope (FIB-SEM)
(Carl Zeiss Ltd, Cambridge, UK) fitted with a field emission
electron gun. Secondary electron imaging was completed
using a Secondary Electron Secondary Ion (SESI) detector.
Energy Dispersive X-ray Spectroscopy (EDX) analysis was per-
formed using an Ultim Max 170 detector (Oxford Instruments
ple, Abingdon, UK) installed on the FIB-SEM. An acceleration
voltage of 20 kV was used to image samples for EDX analysis
experiments. Samples were mounted on the aluminium SEM
pin stubs (12 mm diameter, Agar Scientific, Essex, UK) using
adhesive carbon tabs (12 mm diameter, Agar Scientific, Essex,
UK) and coated with a 5 nm layer of Au/Pd metal using a Leica
EM ACE200 coating system before imaging. Quantification of
EDX spectra was carried out using a standardless quantifi-
cation procedure developed by Oxford Instruments and inte-
grated into the AZtec 6.1 (Oxford Instruments, Abingdon, UK).

This journal is © The Royal Society of Chemistry 2025
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Raman spectroscopy was performed on a DXR Raman
Microscope (Thermo Scientific Inc., Waltham, MA, USA) con-
figured with a 532 nm laser and operates using OMNIC 9
software.

For the electrochemical experiments, a PGSTAT 204 poten-
tiostat (Metrohm Autolab BV, Utrecht, Netherlands) controlled
by NOVA 2.1. The electrochemical behaviour of ATP and BG
was first characterized using standalone 30 wt% CB/PP addi-
tive manufactured electrodes with a lollipop-like shape to
facilitate benchmarking (Fig. S2-S9) that were produced in-
house, featuring a 0.55 cm” working electrode, a nichrome
auxiliary electrode, and a refillable miniature Ag/AgCl refer-
ence electrode (ET073-1, EDAQ, Australia). The same system
was employed in subsequent experiments in the microplate
format, with the auxiliary and reference electrodes inserted
through the top (open) of each well.

Before each measurement, the CB/PP was electrochemically
activated using 0.5 mol L' NaOH and chronoamperometry:
applying +1.6 V and —1.4 V for 150 s each, as widely described
in the literature for the activation of additive manufactured
electrodes.®® The electrochemical studies were performed
using cyclic voltammetry (CV) at CB/PP with different scan
rates and pH values. ATP detection was optimized using the
square-wave voltammetry (SWV) technique with 50 mV ampli-
tude, 10 mV step potential and 10 Hz frequency parameters.
Voltammograms obtained by SWV underwent background sub-
traction using polynomial fit in OriginPro 2016 software.
Electrochemical measurements were conducted before and
after the colorimetric reaction with BG.

For the electrochemical analyses, ATP standards/samples
were consistently diluted in 0.1 mol L™' PBS at pH 8.0.
Colorimetric reaction (CR) was performed in the designed
polypropylene additive manufactured microplates by mixing
50 pL of ATP stock solution or methanol (blank) with 10 puL of
BG solution and then diluting (10 times) in PBS for further
electrochemical analysis within the same platform. Note that,
a yellow colour indicated the absence of ATP (negative reac-
tion), while a colour change to green indicated the presence of
ATP (positive reaction).

3. Results and discussion

3.1. Design and fabrication of the additive manufactured
microplate

The microplate wells design was based on the dimensions of a
standard laboratory 96-well plate, where the base of each well
plate was replaced by an embedded lollipop electrode to allow
dual colorimetric and electrochemical analysis. In this configur-
ation, a single 6.5 mm diameter circular face of the electrode is
exposed to solution. A previous layer of insulating PP was printed
beneath the electrode connection points, to isolate the electrode
within the cell and ensure the stability of the all-in-one print.
Two different microplate designs were produced for testing, one
containing one row of 10 individual wells and another one with 2
rows with 6 wells each, as illustrated in Fig. 1.

Analyst, 2025, 150, 4832-4843 | 4835
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6.5mm 8.5mm

R

Fig.1 (A-C)1x 10 and (D-F) 2 x 6 matrix cells with dimensions.

A standard polypropylene filament profile from BASF
(Ultrafuse PP) was modified to limit the maximum volumetric
flow rate of the extruders to 12 mm?® s~ This adjustment over-
rides the default print movement speeds to ensure consistent
and accurate printing, as in-lab findings indicated inconsisten-
cies in conductivity/resistivity between electrodes when using
standard print profiles. Additionally, the reduced print speed
improves layer-to-layer adhesion with PP, resulting in a water-
tight cell.

3.2. Electrochemical characterization

Firstly, surface activation methods for the CB/PP electrodes
were investigated with the aim of exposing conductive carbon
black particles embedded within or covered by the polymeric
matrix, introducing oxygen-containing functional groups that
facilitate electron transfer, and/or increasing the roughness/
porosity of the electrode to improve the electrochemical
response.”” Mechanical (polishing), chemical (immersion),
and electrochemical approaches, employing different solvents
and reagents were evaluated and then tested the electro-
chemical performance of the additive manufactured electrode
in an inner-sphere probe [Fe(CN)J*~"*~ (1 mmol L™ in 0.1 mol
L' KCl), as shown in Fig. S2.

Mechanical polishing enables the removal of the superficial
polymer layer and processing residues, thereby exposing con-
ductive particles and increasing the electroactive surface area.
Electrochemical activation in alkaline medium (NaOH) is a
well-established procedure for carbon-based electrodes, as it
promotes both structural reorganisation of the surface and the
introduction of oxygenated groups, resulting in enhanced wett-
ability and improved electron-transfer kinetics.®® Treatments
with strong acids, such as HNO; and H,SO,, are classically
applied to functionalise carbon surfaces by generating car-
boxylic, carbonyl, and hydroxyl groups.®®°® In contrast, the use

4836 | Analyst, 2025, 150, 4832-4843

of aqua regia, although an extremely strong oxidising agent, is
limited by its aggressive nature and the potential degradation
of the polymer matrix. Finally, organic solvents such as THF,
chloroform, and ethyl acetate may induce swelling or promote
the removal of surface additives from the polymer.”® Each of
these activation strategies therefore provides distinct contri-
butions, whether by exposing conductive sites, introducing
surface functionalities, or removing interfacial barriers, thus
enabling comparison and identification of the most effective
treatment for the intended analytical application.

The following methods were tested: electrode without treat-
ment; after immersion in aqua regia (10 min and 24 h); polish-
ing with sandpaper; chronoamperometry in NaOH solution;
polishing + chronoamperometry in NaOH solution; 10 CV
scans in sulfuric acid; 10 CV scans in nitric acid; after immer-
sion in THF/chloroform (10 min) and in ethyl acetate (10 min).
Note that the electrochemical characterization was performed
using standalone lollipop electrodes in a standard electro-
chemical setup using nichrome wire and Ag/AgCl as counter
and reference electrodes, respectively.

As depicted in Fig. S2, the best activation was achieved
using NaOH, as determined by the [Fe(CN)s]>~*~ electro-
chemical response, using AE, (peak potential anodic-peak
potential cathodic) and I,,/I, ratios as evaluation, i.e., greater
reversibility of the redox processes. For further information
regarding the filament and electrode resistances, and electro-
chemical characterisation of conductive PP electrodes with
this filament composition, such as outer-sphere probes, we
refer readers to previously published work.>>*® To assess the
activation for ATP detection, the chronoamperometry para-
meters were evaluated and optimised, seeking the best analyti-
cal response in terms of the highest peak current and the
smallest peak width at half height. The parameters tested
included anodic potential +1.0, +1.2, +1.4 and +1.6 V, cathodic

This journal is © The Royal Society of Chemistry 2025
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potential —1.2; —1.0, —0.8 and —0.6 V and application time 50,
100, 150, 200 and 250 s. The results of the cyclic voltammo-
grams (CV) recorded in 20 mg mL ™" ATP at CB/PP in 0.1 mol
L™" PBS (pH 8.0) after applying different activation conditions
resulted in the optimal parameters achieved at +1.6 Vand —1.4
V for 150 s each, as shown in Fig. S3.

To evaluate the effect of the optimised activation method
on the electron transfer kinetics and electrochemical surface
area of the additive manufactured electrode, scan rate study
was next performed against the commonly used inner-sphere
probe [Fe(CN)¢]*”*~ (1 mmol L™ in 0.1 mol L™* KCl), enabling
the determination of the heterogeneous electron transfer rate
constant (k°) at 6.6. x 107> cm s~ and the real electrochemical
surface area (4,) at 0.17 (+0.04) cm®. These results demonstrate
that the material is electroactive and suitable for use as a
working electrode in analytical applications, showing agree-
ment with previous work.>®

3.3. Physicochemical characterization

Then, a physicochemical characterization of the laboratory-
produced electrodes before and after activation was performed
using X-ray photoelectron spectroscopy (XPS), Raman spec-
troscopy and scanning electron microscopy (SEM), Fig. 2.

The laboratory-produced CB/PP filament utilized for fabri-
cating the new dual colorimetric/electrochemical microplate
demonstrated high low temperature flexibility (Fig. 2A)
showing its suitability for 3D-printing. Raman characterization
of CB/PP before and after activation was performed, and the
spectra are presented in Fig. 2D. The electrodes, both before
and after NaOH activation, exhibited characteristic Raman

View Article Online

Paper

(~2889 em ™), typical of graphitic-like structures. Hydrocarbon
polymers such as PP exhibit intense C-H stretching bands in
the region of approximately 2800-3000 cm ™" (symmetric and
asymmetric CH,/CHj stretches).”" In Raman spectra of PP and
other polyolefins, these modes typically appear at ~2850 cm™*
(symmetric CH,), ~2875-2885 cm ' (symmetric CHj), and
~2920-2950 cm™" (asymmetric CH; stretches).”” Given that
our electrodes are composed of CB dispersed in a PP matrix, a
band near 2800 cm™ " is consistent with a contribution from
the polymer or from adsorbed organic species/solvent resi-
dues. It is also important to note that carbonaceous materials
(graphite, graphene, carbon black) display harmonic and
second-order combination bands in the high-frequency region.
The well-known 2D (G') band appears near 2700 cm ™", with its
position dependent on excitation wavelength. In addition,
combination bands such as D + G (commonly reported at
~2940-2950 cm™ ") and other second-order features have been
observed in disordered graphitic carbons.”® Thus, a genuine
carbon-derived overtone or combination could also give rise to
features in the 2800-3000 cm™' range, particularly in dis-
ordered materials or under excitation conditions that favour
double-resonance processes. The calculated Ip/Ig ratios were
1.07 for CB/PP as printed and 1.09 for CB/PP activated, indicat-
ing a degree of structural disorder in the graphitic materials
due to the pronounced intensity of the D band, and confirm
the CB presence.

These findings are consistent with SEM images of the CB/
PP electrodes before (Fig. 2B) and after activation (Fig. 2C).
The untreated electrode exhibited a typical carbonaceous mor-
phology, in contrast, the activated electrode displayed partial
layer removal with several perforations (Fig. S4), exposing more
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(A) Photograph highlighting the flexibility of the 30 wt% CB/PP. SEM micrographs for the surface of the CB/PP (B) before and (C) after acti-

vation at 15k magnification. (D) Raman spectra for CB/PP as printed in blue and activated in orange. XPS C 1s spectra for the (E) 30 wt% CB/PP as

printed and (F) 30 wt% CB/PP activated.
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conductive material. The combination of NaOH treatment and
chronoamperometry notably expands potential weak spots on
the electrode surface. This observation aligns with the XPS
findings (Fig. 2E, F, and Table S1 - SI), which indicate an
increase in surface graphitic carbon after activation (+4%).
This structural change suggests enhanced electrochemical per-
formance for the working electrode (WE) for detecting sub-
stances whose electrochemical behaviour depends on the elec-
trode surface, such as inner-sphere probes.

3.4. Electroanalytical performance of ATP

Given that many psychotropic molecules, including ATP, are
amine-based compounds, their detection in aqueous
unbuffered solutions can significantly influence the local pH.
This pH shift may interfere with colorimetric responses, par-
ticularly when using reagents such as bromocresol green (BG),
potentially compromising signal intensity and colour defi-
nition. Therefore, investigating additionally the electro-
chemical behaviour of these colorimetric reactions, which will
provide with another analytical validation of the reaction,
becomes essential to ensure the robustness and accuracy of
dual-mode sensing platforms in these scenarios.

Then, the electrochemical behaviour of ATP was evaluated
in 0.1 mol L™" BR buffer solution across a pH range from 2.0
to 12.0, both in the absence (A) and presence (B) of BG, after
electrode activation with NaOH by chronoamperometry. Using
CV at CB/PP in manufactured microplate, as shown in Fig. S5.
ATP exhibits an irreversible oxidation process (O,) at CB/PP, as
depicted in Fig. S5A. In the presence of BG, the same O, is
observed superimposed on the oxidation of BG itself
(Fig. S5B).

The ATP redox process in CB/PP demonstrated a pH-depen-
dent behaviour, with peak potential (Ep) shifting to more nega-
tive values as the pH increased. Fig. S6A and B show the plots
of E, and I, (peak current) for the redox processes as a func-
tion of pH at CB/PP. Indicating that the redox processes of ATP
involve protons, the lack of linearity observed with distinct
behaviour at pH values above 9 is likely related to the pkK,
values of this molecule (9.19 and 15.15). At pH levels above 9,
ATP exists predominantly in its fully deprotonated amine
form, which may account for the different behaviour observed
under these conditions. For ATP detection, pH 8.0 was selected
due to this pH, the oxidation processes of ATP and BG are very
well differentiated (Fig. S7). Then, different supporting electro-
lytes, namely BR, borate, and PBS buffer solutions, were evalu-
ated, and results are shown in Fig. S8. All three buffers tested
produced the same oxidation peak for ATP at a similar poten-
tial, however, a clear difference in peak current was observed,
with PBS buffer yielding the highest response - this behaviour
can be attributed to specific interactions of phosphate at the
electrode/electrolyte interface — and was therefore chosen as
the supporting electrolyte for ATP detection. Under these con-
ditions, various concentrations of PBS were subsequently
tested to assess the influence of ionic strength, with 0.1 mol
L™ PBS being selected for its superior resolution of the
observed redox processes (Fig. S9).
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Attention was next turned to the assessment of the mass
transport control of the redox process on the CB/PP surface,
for what CV experiments were conducted at varying scan rates
(v) in 20 mg mL~" ATP in 0.1 mol L™" PBS at pH 8.0 before and
after colorimetric reaction (CR) (Fig. S10 and S11). The I, for
ATP before and after CR at CB/PP exhibited a stronger corre-
lation with the square root of the scan rate (Fig. S10C and
S11C) rather than with the scan rate itself (Fig. S10B and
S11B), suggesting that the electrochemical processes are predo-
minantly governed by diffusion on the CB/PP surface. The log-
arithmic plots of I, vs. v display linear relationships (Fig. S10D
and S11D), with the equations detailed in Table S2. The
obtained slopes (<0.5) from these equations confirm
diffusion-controlled processes. The observation of slopes lower
than 0.5 in the log I, vs. log v plots indicates that ATP oxidation
is not governed solely by semi-infinite diffusion and instead
reflects additional kinetic or chemical constraints. In this case,
the irreversible nature of ATP oxidation implies slow hetero-
geneous electron transfer, while the subsequent reaction with
BG may further reduce mobility. Such effects are consistent
with quasi-reversible or electrochemical-chemical (EC-type)
mechanisms, in which coupled chemical steps or surface
fouling diminish the effective electroactive concentration,
thereby limiting the current growth with scan rate.”*

Fig. 3 illustrates the detection of ATP before and after the
CR with BG using SWV, under optimal conditions (50 mV
amplitude, 10 mV step potential, and 10 Hz frequency).* The
identification of ATP by SWV detection can be performed
through two analytical responses, since ATP presents a charac-
teristic electrochemical behaviour on CB/PP electrode, with
peak potentials at +0.60 and +0.78 V (vs. Ag/AgCl) before and

54
4-
<
2.3
—
—
24 Blank
— ATP
Negative
1- Positive
0 S
0.0 0.2 0.4 0.6 0.8 1.0

"EIV vs. Ag/AgCI

Fig. 3 SWV voltammograms of 0.1 mol L™ PBS at pH 8.0 before (black
line) and after addition of 20 mg mL™* ATP (red line); and BG in absence
(blue line) and in presence (magenta line) of ATP after CR (dilution 10x),
at CB/PP. All potential scans started at 0.0 V. Experimental conditions:
amplitude of 50 mV, step potential of 10 mV, and frequency 10 Hz.
Inserted negative (yellow) and positive (green) results of the colorimetric
test for ATP using BG.
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after the CR, respectively. In the presence of BG, the ATP oxi-
dation peak (O;) decreased in current (magenta line) com-
pared with ATP alone (red line), whereas the process involving
BG showed increased peak currents in the presence of ATP
compared with BG alone (blue line - negative control). This
indicates a chemical interaction between ATP and BG, likely
consuming ATP and altering the electrochemical behaviour of
both species.! In addition, as shown in the inset of Fig. 3, the
colour change resulting from the CR in the presence of BG is
easily observed in the proposed additive manufactured micro-
plate, which is also demonstrated from various perspectives in
Fig. S12.

Note that to perform the dual colorimetric and electro-
chemical detection within the additive manufactured microplate,
the colorimetric solution is added directly in the well and, after
color changes, a dilution (10x) is made for the electrochemical
analysis after CR. Following the optimization of conditions,” tests
for repeatability and reproducibility were carried out using the
same (N = 3) and different (N = 3) CB/PP electrodes, both prior to
and after the CR by SWV, as detailed in Table S3.

Good stability was observed for the electrochemical
responses of ATP and BG using the proposed method, both
before and after the CR. The measurements of E, and I, exhibi-
ted low relative standard deviations (RSDs), with E,, showing
RSDs under 0.5% and I, under 10%. As detailed in Table S3,
the consistency of ATP’s E;, at CB/PP across all measurements,
with RSDs below 0.5%, underscores the effectiveness of CB/PP
with SWV as a reliable screening method for ATP detection. The
linear range for ATP determination was assessed using standard
solutions (0.65-20.83 mg mL™"), shown in Fig. 4.

As shown in Fig. 4A, two linear ranges between
0.65-5.21 mg mL~" (R* = 0.99) and 5.21-20.83 mg mL ™" (R* =
0.98) were obtained for ATP quantification using the proposed
method before CR. While after CR a linear range between
5.21-20.83 mg mL " (R* = 0.99) was obtained, as demonstrated
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in Fig. 4B. The difference in the number of calibration points
between Fig. 4A and B arises from the linear dynamic range
obtained in each case. The presence of two linear regions for
ATP before the CR (Fig. 4A) can be attributed to phenomena
commonly observed in electrochemical measurements with
additively manufactured electrodes. At low concentrations, the
current is proportional to the concentration under diffusion-
controlled conditions, whereas at higher concentrations,
partial surface saturation or adsorption effects may reduce the
effective electron-transfer rate, resulting in a second linear
region with a different slope. Furthermore, the heterogeneity
of CB/PP electrodes, including variations in surface roughness,
incipient porosity, and conductive carbon distribution, can
create areas with differing electrochemical activity, further con-
tributing to the observation of two linear regions.”* The linear
regression equations for these processes are also summarized
in Table S4.

It is worth mentioning that all the analysed concentrations
were detectable by the colorimetric technique. A limit of detec-
tion (LOD) and a limit of quantification (LOQ) were calculated
as 0.15 mg mL ™" and 0.50 mg mL ™", respectively, using TUPAC
definitions of 3 x Sg/m and 10 x Sg/m, where Sy represents the
standard deviation of the background response, and m is the
slope of the linear regression. Atropine concentrations in for-
ensic samples vary considerably depending on the clinical or
post-mortem context. In human plasma, therapeutic levels are
typically in the range of 1-8 ng mL™" following controlled
administration, whereas cases of acute intoxication have
reported concentrations as high as 0.3 mg mL™". In fatal cases,
blood concentrations between 0.5 and 0.9 mg mL™, and
urinary concentrations of approximately 0.7 mg mL™", have
been described.”””” It is noteworthy that the LOD, LOQ, and
linear ranges determined by the proposed method are
sufficiently low for application to forensic samples suspected

of containing lethal doses of ATP (>10 mg mL™*).”®

= 5
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Fig. 4 SWV voltammograms in 0.1 mol L™ PBS at pH 8.0 at CB/PP (A) before and (B) after CR with 0.65-20.83 mg mL™* ATP. Experimental con-
ditions: amplitude of 50 mV, step potential of 10 mV, and frequency 10 Hz. Inset show linear regression. All measurements were performed in tripli-
cate, and the error bars were smaller than the symbol presented in the inset.
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Fig. 5 SWV voltammograms of 0.1 mol L™ PBS at pH 8.0 before (black line) and after addition of 20 mg mL™* ATP (red line); and BG in absence
(blue line) and in presence (magenta line) of ATP after CR (dilution 10x), at CB/PP. In (A) energy drink, (B) tonic water, (C) gin, (D) gin with tonic
water, (E) whisky, (F) saliva, (G) urine and (H) vitreous humour. All potential scans started at 0.0 V. Experimental conditions: amplitude of 50 mV, step
potential of 10 mV, and frequency 10 Hz. Inserted negative (yellow) and positive (green) results of the colorimetric test for ATP using BG.

3.5. Electroanalytical application

The proposed method was applied to metabolites typically
found in biological samples and to potential interferents in bev-
erage samples, including ascorbic acid (AA), citric acid (CA),
glucose (GLU), and fructose (FRU). These results are presented

4840 | Analyst, 2025, 150, 4832-4843

in Fig. S13, both before and after CR, with the colorimetric test
results for these compounds shown at the inset of the figures —
to enhance photographic clarity of the colour (yellow), the solu-
tions were placed in a transparent microplate. A comparison of
the electrochemical signal of ATP before and after CR is also
provided in all graphs (red line). Fig. S13 illustrates that under
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the conditions of the proposed method, oxidation was observed
solely for AA, both prior to and following CR. However, the E,
identified for AA at +0.35 V (vs. Ag/AgCl) is distinct enough to
ensure precise ATP detection without peak overlap. This demon-
strates that the electrochemical process, both before and after
CR, supports selective ATP analysis. Moreover, the colorimetric
step clearly exhibits high selectivity for ATP when compared to
the other compounds analysed. Some samples that may be of
interest for ATP detection in forensic analysis were doped with
20 mg mL™' ATP, analysed by the proposed method and are
shown in Fig. 5, the recoveries are shown in Table S5 for before
and after the CR. To better visualize the colour change in photo-
graphs, the solutions were also transferred to a transparent
microwell plate, as shown in Fig. S14.

As shown in Fig. 5, ATP behaviour in all samples studied
was consistent with that of the standard, indicating no signifi-
cant matrix effect. The colorimetric step was also highly selec-
tive, with a clear colour change observed. It is worth noting
that in vitreous humour samples, the negative control in the
colorimetric test displayed a blue coloration, likely due to the
pH of the sample. However, the colour change to green in the
presence of ATP was clearly evident. The additional peaks
observed in Fig. 4A-C and E, between 0.1 and 0.3 V (vs. Ag/
AgCl), are likely due to redox-active components present in the
different matrices. In energy drinks, such peaks may originate
from caffeine, taurine, ascorbic acid, or other antioxidants. In
tonic water, quinine is a known electroactive species within
this potential range.”®®" In gin and whisky, phenolic com-
pounds, aldehydes, and other minor constituents from botani-
cal additives or barrel ageing (e.g., tannins®" and vanillin®?)
may contribute to additional oxidation processes. Variations in
signal intensity between matrices are consistent with differ-
ences in the composition of these electroactive interferents,
such as quinine in tonic water, as well as their interactions
with the CB/PP electrode surface, contributing to recoveries
below 90% (like gin and gin with tonic water) or above 110%
(tonic water) (Table S5). Despite these, the combined method
can be efficiently applied for the detection and quantification
of ATP using the colorimetric response and the electro-
chemical signals measured both before and after the CR, thus
providing three independent analytical responses.

A comparison of the principal analytical parameters for
ATP detection by voltammetry is presented in Table Sé6.
Compared with existing methods, the proposed method exhi-
bits a favourable linear range and a low LOD. Although it does
not achieve the highest values, these parameters are still ade-
quate for applications in real samples. Furthermore, it consti-
tutes a unique dual-response platform, combining colori-
metric and electrochemical detection, providing three inde-
pendent analytical responses.

4. Conclusions

This work reports the production of a dual mode, portable,
electrochemical and colorimetric sensing platform in a micro-
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plate design that can be produced in a single print using trans-
parent non-conductive polypropylene filament and a bespoke
conductive filament containing 30 wt% carbon black. This
configuration not only increases the sensitivity and reproduci-
bility of the detection process but also facilitates simultaneous
colorimetric and electrochemical analysis within the same
cell. The method employs the CB/PP electrode for the rapid
and sensitive detection of ATP in biological and beverage
samples, achieving an LOD of 0.151 mg mL™". The process
begins with the electrochemical response of ATP prior to the
CR, followed by an analysis of the ATP-induced color change
using BG and subsequent electrochemical evaluation of the
same solution. The use of the innovative CB/PP electrode and
3D-printed cell enhances the portability and miniaturization
of the method, making it ideal for on-site forensic analysis.
This method has proven reliable for forensic samples, demon-
strating good stability (RSD <0.5% for E, and <10% for I,) with
consistent results across different electrodes. The introduction
of this 3D-printed material and cell configuration marks a sig-
nificant advancement, providing a fast, reliable, and practical
tool for real-world applications whilst being clearly applicable
to many forms of sensing applications including forensics,
environmental analysis and point-of-care diagnostics.
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