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ABSTRACT: The development of versatile, cost-effective, and
reproducible electrochemical sensors has gained importance due to
their adaptability to specific applications through variations in

composition and design. Water-based conductive inks have ‘
emerged as environmentally friendly alternatives to meet g |_
sustainability requirements and eliminate hazardous solvents. In Trptophan
this study, a screen-printed electrode (SPE) sensor utilizing a
water-based conductive ink composed of Carbon Black Super P
(CBSP), poly(vinylpyrrolidone) (PVP) and chitosan is presented.
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The ink formulation was optimized for a 5% CBSP composition, e

resulting in a homogeneous surface and superior reproducibility =

with a relative standard deviation of 7.99% (n = S). The optimized
sensor exhibited quasi-reversible behavior in cyclic voltammetry
and an electroactive area 198.57% larger than its geometric area. The analytical performance for tryptophan detection showed a
linear range from 0.5 to 300 ymol L™" (R* = 0.9946), a limit of detection of 0.018 ymol L™, and interference rates below 10% for
common compounds. The recovery rates for pharmaceutical and beverage samples ranged from 86.2% to 114%. The sustainable
design, excellent sensitivity, and cost-effective manufacturing make this SPE sensor a robust tool for point-of-use tryptophan
quantification.

KEYWORDS: screen-printed, electrochemical sensor, carbon black super P, conductive water-based ink, tryptophan

1. INTRODUCTION renewable substrates, which are in line with the principles of
green chemistry and the circular economy.”®

Screen-printed electrodes (SPEs) are systems developed
from conductive ink on inert substrates and are characterized
by portability, low cost, and ease of use.” Their configuration as
miniaturized electrochemical cells, using small volumes for
measurements, has increased their relevance.'”"! Additionally,
SPE technology enables different designs and sizes, ideal for
real-time and on-site analyses.'”"> The production of SPEs

The development of disposable, portable, and easy-to-use
sensors is promising, since these electrochemical devices are
relatively inexpensive and have good sensitivity and limits of
detection (LOD) comparable to expensive technologies.' In
this sense, such devices can be portable, disposable, wearable,
or flexible,”* which increases their applicability for in vivo and
real-time detection of clinical, pharmaceutical, or pollutant

analytes.” Electroanalysis is particularly suited for in situ requires screens with sufficient porosity to allow the ink to
monitoring; however, classical electrodes are limited by high penetrate and adhere to substrates such as paper, plastic or
cost, frequent polishing, and complex maintenance require- ceramic, which must resist curing temperatures and sol-
ments. Screen-printed electrodes (SPEs) offer a cost-effective vents.'*™'7 The ink is applied uniformly across the mesh using
alternative, enabling mass production with minimal pretreat- a squeegee, creating a conductive layer on the substrate.'® By
ment and scalable economic advantages.6 However, the single- combining polymers, solvents, and conductive materials,
use and disposable nature of most SPEs raises concerns about conductive inks can be tailored to improve electrochemical
their sustainability. The disposal and waste management of sensor performance.lg’zo Most commercially available SPEs
these electrodes, often made on plastic substrates for single-

use, could exacerbate plastic pollution. In this sense, Received: March 20, 2025 o
developing sustainable manufacturing and effective recycling Revised: ~ May 28, 2025

methods is crucial to address these environmental challenges.’ Accepted: May 29, 2025

From a sustainability perspective, these sensors contribute to Published: June 4, 2025

reducing environmental impact when constructed using eco-

friendly materials, such as water-based conductive inks and
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rely on organic solvent-based conductive inks, which pose
sustainability challenges due to their environmental impact,
including the release of volatile organic compounds (VOCs)
that contribute to air pollution and health hazards.

The adoption of water-based conductive inks aligns with the
goals of reducing VOCs and promoting safer, more sustainable
manufacturing processes.”’ Using biopolymers like chitosan
enhances biodegradability while maintaining effective adhesion
properties in water-based inks, making them suitable for
environmentally friendly sensor production.”” Chitosan
improves adhesion by forming hydrogen bonds and ionic
interactions with the substrate, replacing synthetic, non-
biodegradable binders often derived from petroleum-based
resins. Chitosans are a group of biopolymers whose
physicochemical properties vary depending on factors such
as molecular weight and the degree of acetylation or
deacetylation.”® Being zwitterionic, their behavior is strongly
influenced by pH, which affects their solubility, charge
distribution, and interaction with other materials.”* These
characteristics can be tuned to optimize performance in
different ink formulations. Additives such as plasticizers and
metal complexes enhance adhesion and amplify signals.
Plasticizers improve SPE adhesion by increasing ink flexibility,
preventing cracks, and enhancing flowability. Metal complexes
amplify signals by boosting electrocatalytic activity and
providing more active sites for electron transfer. In this
sense, advances in material synthesis are improving SPE
systems by introducing conductive inks with better homoge-
neity and substrate adhesion, enhancing conductivity and
selectivity.”>*® Carbonaceous materials are particularly suitable
due to their availability, low cost, and diverse structures such as
graphite, graphene, carbon black (CB), and nanotubes, which
can be functionalized for improved properties.””*° Carbon
black (CB), an inexpensive, highly conductive material with a
large electroactive area, is ideal for conductive ink prepara-
tion.”"*” Tts stable dispersion eliminates the need for additional
treatments.”> CB modified with Super P (CBSP), an additive
that optimizes electron transfer, has shown its potential in
various applications, including lithium-ion batteries™ and
electrochemical sensors for macrolide antibiotics.”®

The sustainability of SPEs is becoming increasingly
important, with the need for eco-friendly materials driving
innovation in ink formulations. Low-cost, biodegradable
polymers such as chitosan, derived from chitin, offer significant
advantages for sustainable conductive inks due to their
biocompatibility, biodegradability, and excellent film-forming
properties.””**~** Studies by Phillips et al.*’ and Camargo et
al.[34] have demonstrated the compatibility of chitosan and
Poly(vinylpyrrolidone) (PVP) with carbon black (CB),
enhancing the performance of SPE systems. Chitosan serves
as an ideal binder, while PVP improves ink uniformity and
stability by reducing surface tension and preventing agglom-
eration of conductive particles.”* A water-based ink combining
PVP, chitosan, glycerol, and CB, used in SPEs, not only
contributes to environmental sustainability but also offers
better performance in terms of stability, conductivity, and
electrochemical consistency compared to traditional methods.

Tryptophan (TRP), a biomarker that influences human
biochemical and physiological responses, is widely used as a
sleep aid, appetite suppressant, and antidepressant.”™*" It is
also effective against headaches and obesity,** which makes its
detection in food, pharmaceuticals, and biological samples
valuable. However, the detection of TRP is associated with
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challenges: degradation in acidic media or complications due
to oxygen evolution in alkaline conditions.””*" Although
HPLC is a reliable method, it is expensive and slow.”’
Electroanalytical methods offer cheaper and faster alternatives
without compromising efficiency. This work aims to develop
and investigate an SPE system using a new conductive water-
based ink with CBSP in a PVP-chitosan polymer matrix for
TRP detection. This approach provides a low-cost, sensitive,
and efficient platform for the quantification of TRP in various
samples.

2. EXPERIMENTAL SECTION

2.1. Chemicals. The reagents used to prepare the ink and to
prepare the supporting electrolyte solutions, electrochemical probes
and other samples were all of analytical grade and were purchased
from Fisher or Sigma-Aldrich. The solutions were prepared with
purified water using the Milli-Q Integral 3 system from Millipore UK
(Watford, U.K.) (resistivity > 18.2 MQ cm). In the measurements
performed for the electrochemical characterization of the sensors
made, 0.1 mol L™" KCl solution was used as electrolyte supporting an
equimolar mixture of potassium ferricyanide (99%), potassium
ferrocyanide (98.5—102%), or Hexaammineruthenium(III) chloride
(RuHex, 98%) and Ferrocenemethanol as electrochemical probes.
The phosphate-buffered saline (PBS) tablets were purchased from
Merck (Gillingham, U.K.). Carbon black (Super P, > 99+%) was
purchased from Fisher Scientific (Loughborough, U.K.). The droplet
volume used on the sensor was 40 pL. Real samples of pharmaceutical
EPAPLUS and the food samples, whole milk Longlife (Tesco) and
Apple juice (Naturis) were obtained from local convenience stores.

2.2. Samples. The samples used for TRP determination included
pharmaceutical TRP tablets and fortified beverages such as apple juice
and cow’s milk. The tablets were crushed to obtain a homogeneous
powder and then dissolved in a buffer solution until the desired
concentrations. The beverages were mixed with the buffer and
controlled aliquots of TRP were added to this solution for subsequent
analyses.

2.3. Equipment. A Metrohm Autolab PGSTAT M204 Metrohm
Potentiostat/Galvanostat controlled by Nova 2.1.6 software was used
for electrochemical analyzes. The connector developed by ADB
sensores was used to connect the electrochemical system to the
potentiostat. Scanning electron microscopy (SEM) analysis was
performed using a Crossbeam 350 Focused Ion Beam—Scanning
Electron Microscope (FIB-SEM) (Carl Zeiss Ltd., Cambridge, U.K.)
equipped with a field emission electron gun. Imaging was performed
using a secondary electron secondary ion (SESI) detector. Samples
were attached to the aluminum pins of the SEM using self-adhesive
carbon tabs (12 mm diameter, Agar Scientific, Essex, UK.). Raman
spectroscopy was performed using a Renishaw PLC in a Raman
microscope controlled by WiRE 2 software at a laser wavelength of
514 nm. The contact angle measuraments was performed using the
equipament developed by Silva.>> FTIR analysis was performed using
a Bruker TENSOR II spectrophotometer (Ettlingen, Baden-
Wiirttemberg, Germany) in transmittance mode, covering the spectral
range from 400 to 4000 cm™" with a resolution of 1.0 cm™.

2.4. Preparation of Screen-Printed Electrodes (SPE). Stencils
for a microDEK1760RS screen printing machine (DEK, Weymouth,
United Kingdom) were used to produce the SPE sensors. In this way,
the water-based conductive CBSP ink was optimized for the desired
application. The polymer solution was prepared using 1.0 g of PVP,
1.0 g of chitosan and 50 mL of a 2% acetic acid solution mixed for 2h
with the aid of a stirrer. The preparation of the conductive ink was
carried out using a stirrer. The best ratio between CBSP and the PVP-
chitosan polymer solution was chosen to achieve a higher conductivity
of the finished electrode. The number of times the squeegee over the
screen was performed to get a homogeneous surface of the carbon ink.
The ink was then screen-printed onto a polyester substrate and each
layer was dried at 60 °C for 30 min. After the conductive CBSP ink,
an Ag/AgCL paste (SunChemical) was used to make the reference
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Figure 1. Scheme of SPE preparation using the CBSP ink. (1) To create the polymer solution, 1.0 g of PVP, 1.0 g of Chitosan, and 50 mL of a 2%
acetic acid solution were used, (2) The mixture was mixed for 2 h with the assistance of a stirrer. (3) To create the ink CBSP, 1.0 g of CBSP, 0.6 ¢
of glycerol and 18.4 g of the polymer solution were mixed for 24 h with the assistance of a stirrer. (4) The ink was ready to be used. (S) the screen-
printing machine was used to perform the SPE system, the squeegee was passed over the screen three times to ensure an even surface for the carbon
ink. This carbon ink was applied to a polyester substrate and dried at 60 °C for 30 min. Ag/AgCl paste was then applied to form the reference
electrode layer and dried at 60 °C for 30 min. To define the three electrodes and delineate the sample area, a dielectric ink was used to cover the
terminals. The finished sensor was dried at 60 °C for 12 h to ensure it was ready for use.

electrode layer and to delimitate the three electrodes and define the
sample area, a dielectric ink (SunChemical) was used to cover the
terminals. The final sensor was dried at 60 °C for 12h and it was ready
to be used, see Figure 1.

3. RESULTS AND DISCUSSION

3.1. Production of Carbon Black Water-Based Ink and
SPE System. To produce the ink, it was first necessary to test
how the polymer powder dissolves in an aqueous solution.
Compositions containing only PVP and water resulted in a
low-viscosity solution that favored a complete distribution of
the ink over the screen without respecting the mesh patterns. It
is known from previous work that chitosan allows the
formation of ideally viscous solutions for the development of
ink. In this sense, different solutions were prepared with PVP
and chitosan in the same ratio. The ratio of 1.0 g PVP, and 1.0
g chitosan in 50 mL of a 2% acetic acid solution was the
mixture that had sufficient viscosity to allow the addition of
CBSP and not percolate through the screen mesh. The
addition of small amounts of glycerol improves the adhesion
and homogeneity of the ink, so the amount of 3% is
maintained for all subsequent studies.
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After the polymer solution and the amount of glycerol were
determined, the amount of CBSP in the ink composition was
tested. Three ink compositions with 3, 5, and 7% CBSP were
tested (see Figure 2A). The inks with 3 and 5% CBSP were
homogeneous, but it should be noted that the electrode made
with the ink containing 3% CBSP did not show homogeneity
in screen-printing. The lack of homogeneity is also evident in
the cyclic voltammetry tests carried out for five of these
devices, see Figure S1. In the 7% composition, the presence of
agglomerates can be observed, which shows that this
composition was not homogeneous. These agglomerates also
hindered the screen-printing process. The composition that
showed homogeneous and complete substrate coverage during
application was 5% CBSP. It also showed good reproducibility
with a relative standard deviation of 7.99% n = S.

After the composition of the ink was finalized, the number of
passes of the squeegee over the screen was examined. One, two
and three times of ink applications were tested, see Figure 2B.
Electrochemical changes, including increased capacitive
current and broader peak-to-peak separation, were observed
with additional squeegee passes, indicating a thicker ink layer
and altered interfacial properties. However, the efficiency in
producing visually homogeneous sensors was much greater

https://doi.org/10.1021/acsaelm.5c00550
ACS Appl. Electron. Mater. 2025, 7, 5599—5610
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Figure 2. (A) Photos of different percentages of CBSP ink and CBSP-PVP-CH/PES systems and Cyclic voltammogram obtained by CBSP-PVP-
CH/PES with varying percentages of CBSP (3, 5 and 7%) in 0.1 mol L™" KCl and 1.0 mmol L™ ferrocenemethanol, v = S0 mV s™"; (B) Cyclic
voltammograms obtained by CBSP-PVP-CH/PES comparing different times pass the squeegee over the screen (1, 2X and 3X), in 0.1 mol L™
KCl and 1.0 mmol L™" ferrocenemethanol, v = 50 mV s™'; (C) Cyclic voltammograms of CBSP-PVP-CH/PES comparing different tail length, in
0.1 mol L™ KCI and 1.0 mmol L™" ferrocenemethanol, v = 50 mV s™'; (D) Images of different tail length 7.0, 10.0, 15.0, 20.0, and 35.0 mm.

when the squeegee was run three times. See the study for five
electrodes in the Supporting Information Figure S2.

The screen used to produce the sensors had a tail length of
35 mm. However, by seeking to improve the analytical signals
by reducing the resistance, we can shorten the manufactured
system.” With this in mind, systems with tail lengths of 7.0,
10.0, 15.0, 20.0, and 35.0 mm were tested. The measurements
were carried out with a caliper. As expected, the electrodes
with the shortened lengths 7.0, 10.0, and 15.0 mm showed a
higher current than those with 20.0, and 35.0 mm. Therefore, a
length of 10 mm was chosen to continue the work, see Figure
2C,D.

Using the methodology described in item 2.4, PVP chitosan,
glycerol and CBSP sensors were manufactured, which were
deposited on polyester and this device was named CBSP-PVP-
CH/PES. Images of the finished sensors are shown in Figure 3.

sl

ol

Figure 3. Pictures of disposable sensing systems prepared using PVP-
chitosan, glycerol and CBSP applied on polyester, with 16.0 mm
(length) X 8.0 mm (width). This device was named CBSP-PVP-CH/
PES.
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SEM analysis, see Figure 4(A—D), was performed to
elucidate the microstructural composition of the ink containing
CBSP, Chitosan, and PVP. The images obtained provide
valuable insights into the morphology and interfacial properties
of the composite ink. The microscopic images show a well-
dispersed distribution of CBSP particles throughout the ink
matrix. The spherical and irregular morphology of CBSP is
evident and shows that it has been successfully integrated into
the ink formulation. In addition, chitosan and PVP contribute
to the overall structure and appear as a continuous matrix that
encapsulates and interacts with the CBSP particles. The SEM
images suggest a homogeneous mixture of the components,
indicating effective compatibility and dispersion within the ink.
The presence of chitosan and PVP appears to influence the
surface properties and contribute to a smoother micro-
structure.

The Raman measurement, see Figure 4E, shows character-
istic bands at 1589 and 1350 cm™ that are likely associated
with specific vibrational modes or features in CBSP. The band
at 1589 cm™' often corresponds to the G-band in carbon
materials such as graphene and carbon nanotubes.”* The G-
band typically represents the stretching vibration of the sp*
hybridized carbon atoms in a two-dimensional lattice
structure.” The presence of this band indicates the graphitic
nature of the CBSP material. The 1350 cm™" band is usually
associated with the D-band in carbon materials, which
indicates structural defects or disorders in the carbon lattice.>®
The presence of this band may indicate imperfections or
disordered areas within the CBSP ink.

Through electrochemical impedance spectroscopy (EIS)
analysis, the Nyquist diagram shows a small semicircle followed
by another semicircle and a Warburg element, that indicates a
system with multiple electrochemical processes. The small
semicircle represents a fast-kinetic process, possibly related to
the initial stages of charge transfer. The larger semicircle

https://doi.org/10.1021/acsaelm.5c00550
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Figure 4. Composite ink microstructure observed through Scanning Electron Microscopy (SEM). CBSP particles are uniformly dispersed within a
chitosan and PVP matrix, showcasing a homogeneous and porous structure (A) SEM images obtained for CBSP-PVP-CH/PES at 31x
magnification; (B) 500x; (C) 3000%; (D) S000X; (E) Raman spectroscopy of CBSP-PVP-CH/PES sensor; (F) Nyquist diagrams for CBSP-PVP-
CH/PES in 1.0 mmol L™ ferrocenemethanol in 0.1 mol L™ KCl, E = 130 mV. Inset: [R(RQ)([RW]Q)] equivalent circuit.

indicates a slower electrochemical process, possibly involving
another electrochemical reaction, and the Warburg element
indicates a diffusion-controlled process in which the movement
of ions contributes to the impedance response. The Nyquist
plots obtained through electrochemical impedance spectros-
copy in ferrocenemethanol (1.0 mmol L™, 0.1 mol L™ KCl)
and the equivalent circuit were presented in Figure 4F. In
addition to the electrochemical characterizations, the Support-
ing Information also includes the Nyquist plots for sensors
with varying tail lengths (7, 10, 15, 20, and 35 mm, Figure SS).

The contact angle analysis was used to assess the wettability
of the different surfaces involved in sensor fabrication. Figure
SA, consisting solely of the conductive ink, exhibited the lowest
contact angle, indicating a more hydrophilic surface. This
property is beneficial for electrochemical sensors, as it
promotes better spreading of the electrolyte droplet and
enhances the interaction between the analyte and the
electrode. Figure SB, corresponding to the bare substrate,
showed a significantly higher contact angle, characterizing it as
a hydrophobic surface. This feature can be advantageous for
defining the sensor’s active area, helping to confine the liquid
sample and prevent undesired spreading. Finally, sample Figure
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SC, representing the fully assembled sensor, presented an
intermediate behavior, reflecting a balance between the ink’s
hydrophilic nature and the substrate’s hydrophobic character-
istics. This equilibrium is crucial for ensuring both efficient
sample retention within the active region and effective
electrochemical transduction.

The Fourier-transform infrared (FT-IR) spectroscopy
analysis of the composite ink comprising carbon black Super
P, chitosan, and poly(vinylpyrrolidone) (PVP), reveals distinct
absorption bands corresponding to the functional groups of
chitosan and PVP. Carbon black, being predominantly
graphitic, exhibits minimal IR activity. A broad absorption
band around 3400 cm™' is indicative of O—H and N—H
stretching vibrations, characteristic of chitosan’s hydroxyl and
amine groups.’® This band also suggests the presence of
hydrogen bonding interactions within the composite. The C—
H stretching vibrations observed near 2900 cm™" are attributed
to the aliphatic chains in both chitosan and PVP.***” The
prominent absorption band at approximately 1650 cm™'
corresponds to the C—O stretching vibration of the amide
group in PVP, confirming its incorporation into the
composite.”” Additionally, the band near 1550 cm™ is
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Figure S. Water contact angle measurements for (A) the conductive ink, (B) the substrate, and (C) the complete printed sensor; (D) FT-IR
spectrum of the conductive ink containing carbon black Super P, chitosan, and PVP.
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Figure 6. (A) Cyclic voltammograms performed in 0.1 mol L™ KCl in the presence of 1.0 mmol L™' ferrocenemethanol. Scan rate = S0 mV s™".
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(B) Cyclic voltammograms of CBSP-PVP-CH/PES electrodes measured in July 2023 (red) and May 2025 (black), performed in 0.1 mol L™ KCI
in the presence of 1.0 mmol L™" ferrocenemethanol. Scan rate = 50 mV s~

associated with N—H bending vibrations, further supporting
the presence of chitosan. The region between 1200 and 1000
cm™' exhibits bands related to C—O and C—N stretching
vibrations, common to both chitosan and PVP.*® These
spectral features collectively confirm the successful integration
of chitosan and PVP within the composite conductive ink
matrix, see Figure SD.

Therefore, to initiate the electrochemical characterization of
the manufactured ink, the CBSP-PVP-CH/PES device under-
went cyclic voltammetry. A solution of ferrocenemethanol (1.0
mmol L™}, 0.1 mol L™ KCI) was utilized at a scan rate of 50
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mV s~'. An anodic peak of 19 yA at 0.33 V and a cathodic peak
of —14 pA at 0.01 V can be observed (Figure 6A). The
calculated Ia/Ic ratio is 1.35, and the peak-to-peak separation
corresponds to 326 mV. The peak potential separation of 326
mV indicates the quasi-reversible nature of the redox process.
A stability analysis was conducted using sensors fabricated in
2023 and re-evaluated after 23 months in 2025. The sensors
were stored in heat-sealed plastic packaging at room
temperature. Over this period, only a ~ 7% variation was
observed in the oxidation and reduction peak currents, despite
the analyses being carried out in different laboratories
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Figure 7. (A) Cyclic voltammograms obtained with CBSP-PVP-CH/PES in the absence and presence of 100 ymol L™' TRP. Supporting
electrolyte: 0.10 mol L™ phosphate buffer solution (pH 7.0). v = 50 mV s™' (B) Electrochemical oxidation mechanism of TRP; (C) Differential
pulse voltammograms in the presence of TRP at concentrations of 0.5, 5.0, 10.0, 30.0, 50.0, 80.0, 100.0, 200.0, and 300.0 ymol L7'in phosphate
buffer 0.1 mol L™' (pH 7.0); (D) Graph of points obtained through the analytical curve for TRP.

(Manchester, UK., in 2023 and Araras, Brazil, in 2025) using
independently prepared electrolyte solutions. This minimal
change, combined with the preservation of very similar
voltammetric profiles, supports the robustness and long-term
stability of the sensor system, see Figure 6B.

The electrochemical active area of the CBSP-PVP-CH/PES
electrode (Figure S3) was estimated based on the Randles—
Sevcik equation59 (eq 1) at scan rates ranging from 5.0 to 100
mV s~ using 1.0 mmol L' ferrocenemethanol as a probe in a
0.1 mol L™" KCI solution:

Equation 1, Randles—Sevcik

I, = +2.69 X 10°%°?ACD* ">/ (1)
Where I, is the peak current, n is the number of electrons in
the reaction, A refers to the value of the electroactive area, C is
the concentration of the redox probe, D is the diffusion
coeflicient of the probe and v is the scan rate. The slope of the
I, vs vy, of the cyclic voltammograms were recorded at
different scan rates in 1.0 mmol L™ ferrocenemethanol as a
probe in a 0.1 mol L™ KCI to estimate A, see Figure S3. The
diffusion coefficient D is the diffusion coeflicient of the
electroactive species (D = 7.6 X 107 cm? s™*) and v is the scan
rate. The average electrochemically active area obtained from
the anodic and cathodic currents was (0.139 = 0.02) cm?. The
geometric area of the electrodes is 0.07 cm* for the working
electrode. Using the following eq 2
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%Real = (A,..1/Ae,) X 100

(2)
the % Real is 198,57%, which means that the electroactive
area obtained was 2 times greater than the geometric area.

3.2. Determination of Tryptophan. Cyclic voltammetric
measurements in the absence and presence of 100 gmol L™*
TRP from 0.0 and 1.2 V, with a scan rate of 50 mV s™! were
obtained in 0.10 mol L™ phosphate buffer solution (pH 7.0),
see Figure 7A. The CBSP-PVP-CH/PES electrode showed an
irreversible redox process, attributed to the oxidation of TRP
to 2-amino-3-(S5-oxo-3,5-dihydro-2H-indol-3-yl) propionic acid
through a two-electron transfer process [6], as illustrated in
Figure 7B.

Tryptophan possesses multiple ionizable groups, with pK,
values around 2.4 (carboxylic acid), 9.4 (amine), and
approximately 16 (indole NH), which define its speciation
across different pH levels.”” These protonation states influence
not only its solubility and stability but also its redox behavior at
the electrode surface. In electrochemical detection, the pH of
the supporting electrolyte governs the oxidation potential and
peak current of TRP, with near-neutral pH (e.g, PBS pH 7.0)
offering a balance between minimizing degradation in acidic
media and avoiding oxygen evolution in basic conditions.The
investigation into the effects of parameters on Differential
Pulse Voltammetry (DPV) is important to obtain a higher
analytical signal. This study involves an examination of key
parameters such as modulation amplitude, interval time or scan
rate, and modulation time to comprehend their influence on

geo
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Table 1. Determination of TRP in Pharmaceutical and Food Samples Using the CBSP-PVP-CH/PES by DPV Technique (n =

3)“
sample solubilized tablet concentration (umol L")
epaplus S
NY
200
apple juice
cow milk

“Supporting electrolyte: phosphate buffer saline (pH 7.0).

added (umol L")

detected (umol L") recovery (%)

DPV outcomes. In this sense, these parameters were studied
according to Table S1. The DPV measurements and the dot
plot are shown in Figure S4.

With the study of the effects of the parameters concluded,
using the DPV with a modulation amplitude of 0.09 V, an
interval time of 0.005 V s™" and a modulation time of 0.08 s an
analytical curve was performed. Studies were performed in a
phosphate buffer solution (pH 7.0). Then, the analytical
performance of the CBSP-PVP-CH/PES was investigated by
successive and crescent concentrations of TRP additions
(Figure 7C). The analytical curve was obtained in a linear
range (R = 0.9946) from 0.5 to 300 umol L™, following eq 3
(Figure 7D)

I(uA) = 0. 0056[TRP] — 1. 235 X 10° (3)

The limit of detection (LOD) and the limit of quantification
(LOQ) were determined by calculating three and ten times the
standard deviation of the intercept, respectively, divided by the
slope of the calibration plot [28]. The resulting LOD value was
determined to be 0.018 umol L™, and the LOQ value was
established at 0.060 gmol L™,

The TRP determination was also performed in TRP
pharmaceutical (tablets) and spiked beverages (apple juice
and cow milk). Table 1 shows the added and found TRP
concentrations and the recovery values for the respective
samples. It was possible to find recovery values from 86.2 to
114% considering all evaluated samples. This demonstrates
that the proposed method was also successful in TRP
determination in different samples.

For interference study (Figure 8), DPV measurements were
performed for the presence of concomitant species, Ascorbic
Acid (AA), i-lysine (iL-lys), Melatonin (MLT), Serotonin
(STN), and Uric Acid (UA) at the same concentration (100
mmol L™"). The interference percentages were between 2.08
and 9.15% showing the functionality of this sensor.

Table 2 compares the analytical characteristics of the SPE
sensor developed with a water-based CBSP ink for the
diagnosis of tryptophan with other previously reported
sensors.”’ " The selected studies have similarities with the
proposed electrode, such as using carbon materials and the
disposable approach. Due to the simplicity of the manufactur-
ing process for the water-based conductive ink, the CBSP-PVP-
CH/PES electrodes, and the affordable cost of the materials
used, the analytical performance of the proposed sensor is
remarkably satisfactory and is characterized by its linear ranges
and limits of detection (LODs).
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Figure 8. Results obtained (%) for interference study using different
species for TRP determination. Supporting electrolyte: phosphate
buffer saline (pH 7.0).

4. ANALYTICAL GREENNESS METRIC (AGREE)

The AGREE metric comprehensively assesses the environ-
mental friendliness of analytical approaches by ranking
proposed and reported methods based on the 12 principles
of Green Analytical Chemistry (GAC).*® This tool is a user-
friendly application that generates a simple, visually appealing
pictogram by analyzing 12 input variables for each method.
Each pictogram consists of 12 radial sectors, ranging in color
from forest green to red, and a central score indicating the
overall performance.®” The final score ranges from zero to one,
with values closer to one representing a greener method.””
Using the AGREE model, our proposed method achieved a
superior score of 0.83, due to the use of water—a naturally
abundant, nontoxic, sustainable and environmentally friendly
solvent, see Figure 9.

5. CONCLUSIONS

In conclusion, the development of electrochemical sensors has
made significant progress, driven by the demand for versatile,
cost-effective and reproducible devices. In this context,
sustainability has emerged as a key priority, affecting material
selection and manufacturing techniques. This article describes
the development of an SPE sensor using an environmentally
friendly water-based CBSP ink for the diagnosis of tryptophan.
The use of a sustainable, nontoxic ink formulation emphasizes
the green chemistry approach taken in this work, reducing the
environmental impact associated with conventional sensor
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Table 2. Analytical Performance of the CBSP-PVP-CH/PES for Tryptophan Determination Compared with the Literature”

electrode technique LDR (mol L) LOD (mol L7!) samples ref
QDs/GA/PPD/SPCE Swv 100.0—500.0 14.74 beverage 61
SPCE/GO—-COOH/Chitosan sensor DPV 0.4—40.0 0.1 milk 62
SPE/rGO/AuNPs DPV 0.5—-500.0 0.39 human plasma, serum and saliva 63
Fe;0,@S10,/GO/SPE DpPV 1.0—400.0 0.2 human blood serum and urine 64
BCN-SPE DPV 1.0-400.0 0.036 egg white and human urine 65
3:1gCN.MethISPE Swv 1.0—60 and 60—300 0.029 oats, pumpkin, kidney beans and pharmaceutical 66
PdCuCo/RGO/SPCE DPV 0.08—20.0 0.03 plasma 67
CBSP-PVP-CH/PES DPV 0.5-300.0 0.018 pharmaceutical and beverage this work

“QDs/GA/PPD/SPCE: Poly(p-phenylenediamine) polymer film/cysteamine capped cadmium sulfide quantum dots over a screen-printed carbon
electrode; SPCE/GO—COOH/ Chitosan sensor: Modified Screen-Printed Carbon Electrode (SPCE) with Graphene Oxide—COOH/Chitosan
electrodeposited; SPE/rGO/AuNPs: Screen-printed electrode modified with a reduced graphene oxide/gold nanoparticles; Fe304@8Si02/GO/
SPE: Core—shell Fe304@Si02/GO nanocomposite modified graphite screen printed electrode; BCN-SPE: boron carbon nitride (BCN)-assisted
SPE surface functionalization; 3:1 gCN.MethISPE: poly methionine/graphitic carbon nitride modified screen-printed electrode; PdCuCo/RGO/
SPCE: screen-printed electrode modified with PdCuCo ternary NPs and reduced graphene oxide.
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