
Received: 6 February 2025

Revised: 2 April 2025

Accepted: 4 April 2025

Published: 6 April 2025

Citation: Mares-García, A.S.;

Hernández-Escobar, C.A.;

Enriquez-Durán, S.K.; Estrada-Monje,

A.; Zaragoza-Contreras, E.A.;

Piñón-Balderrama, C.I.

Non-Enzymatic Electrochemical

Sensing of Glucose with Silver

Nanoparticles Supported on

Poly(3-aminobenzoic acid).

Chemosensors 2025, 13, 133.

https://doi.org/10.3390/

chemosensors13040133

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Non-Enzymatic Electrochemical Sensing of Glucose with Silver
Nanoparticles Supported on Poly(3-aminobenzoic acid)
América Susana Mares-García 1 , Claudia Alejandra Hernández-Escobar 1, Sonia Kimberly Enriquez-Durán 1,
Anayansi Estrada-Monje 2 , Erasto Armando Zaragoza-Contreras 1,* and Claudia Ivone Piñón-Balderrama 1,3,*

1 Centro de Investigación en Materiales Avanzados, S.C. Miguel de Cervantes No. 120, Complejo Industrial,
Chihuahua 31136, Mexico; america.mares@cimav.edu.mx (A.S.M.-G.);
claudia.hernandez@cimav.edu.mx (C.A.H.-E.); sonia.enriquez@cimav.edu.mx (S.K.E.-D.)

2 Centro de Innovación Aplicada en Tecnologías Competitivas (Applied Innovation Center in Advanced
Technologies), Omega No. 201, Colonia Industrial Delta, León 37545, Mexico; aestrada@ciatec.mx

3 Secretaría de Ciencia, Humanidades, Tecnología e Innovación-Centro de Investigación en Materiales
Avanzados, S.C. SECIHTI-CIMAV, Miguel de Cervantes No. 120, Complejo Industrial Chihuahua,
Chihuahua 31136, Mexico

* Correspondence: armando.zaragoza@cimav.edu.mx (E.A.Z.-C.); claudia.pinon@cimav.edu.mx (C.I.P.-B.)

Abstract: This study explores the development of a non-enzymatic electrochemical glucose
sensor based on poly(3-aminobenzoic acid) (P3ABA) combined with silver nanoparticles
(AgNPs). Incorporating AgNPs into the P3ABA matrix enhances the sensor’s electro-
catalytic properties, leading to a system with greater stability. Cyclic voltammetry and
chronoamperometry were employed to evaluate the sensor’s performance, demonstrat-
ing a sensitivity of 50.71 µA mM−1 cm−2 and a limit of detection (LOD) of 0.2 µM. The
sensor exhibited a linear response over a broad concentration range (1 to 16 mM), with a
coefficient of determination (R2) of 0.998, indicating good reproducibility and precision.
These results highlight the potential of the P3ABA/AgNP composite for glucose sensing
applications, offering an extended linear range, allowing for the quantification of glucose
concentrations from very low to significantly high levels, covering both physiological and
pathological conditions.

Keywords: poly(3-aminobenzoic acid); glucose electrochemical sensor; non-enzymatic
sensor; silver nanoparticles

1. Introduction
Electrochemical sensors are versatile and relatively simple devices used to de-

tect specific substances across various fields, including food safety [1], environmental
monitoring [2], and healthcare [3]. Enzyme-based electrochemical sensors are highly selec-
tive due to the inherent specificity of enzymes toward their target analytes [4]. However,
their stability is often compromised by susceptibility to chemical and physical changes,
making them less reliable under certain conditions [5]. As an alternative, non-enzymatic
electrochemical sensors have been developed, utilizing electrocatalysts that replace en-
zymes and offer greater stability. Nevertheless, the electrocatalysts can exhibit intrinsic
promiscuity, being sensitive to multiple analytes [6].

Among the materials employed in non-enzymatic electrochemical sensing, conducting
polymers have gained significant attention due to their versatility and functionality. These
polymers are often integrated into active components in sensors. For instance, polypyrrole
was used to modify glassy carbon electrodes (GCE) for the detection of adefovir in biological
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fluids and ethanethiol in wine [7]. Similarly, polyaniline has enabled the simultaneous elec-
trochemical detection of metal ions (Zn, Cd, and Pb) [8], while polyethylenedioxythiophene
and thiophene have facilitated bacterial proliferation sensing and anesthetic detection,
respectively [9,10]. However, under adverse sensing conditions, such as alkaline environ-
ments, these materials lose their electroactivity.

Polyaniline (PANI), for example, is dedoped at a pH close to 4; therefore, under physio-
logical (neutral pH) or alkali conditions (pH > 7), it loses its electrical and electroconductive
properties. Nevertheless, studies have shown that incorporating metallic or metal oxide
nanoparticles enhances PANI’s performance, allowing it to serve as a robust support for
electrocatalysts [11]. Supporting materials play a crucial role in improving electrocatalytic
performance, as they increase surface area, enhance dispersion of the electrocatalyst, and
promote efficient electron transfer, even at low electrocatalyst contents [12].

Various polyanilines have been successfully employed as support in electrochemical
sensing. For example, polyaniline/graphene composites have supported copper nanopar-
ticles, with nitrogen in the PANI backbone facilitating electron transfer [13]. Poly(para-
phenylenediamine) (PPDA), combined with multi-walled carbon nanotubes, has supported
silver nanoparticles for the detection of dopamine and acetaminophen, leveraging interac-
tions between PPDA functional groups and analytes to enhance detection [14]. Furthermore,
polydiphenylamine (PDPA) combined with phosphotungstic acid (PTA) has supported
spherical zinc oxide nanoparticles for glucose sensing, where the PDPA-PTA interaction im-
proved surface area-to-volume ratio and electron transfer efficiency. Poly(ortho-toluidine)
(POT), electrochemically synthesized on a carbon paste electrode with sodium dodecyl sul-
fate (SDS), has supported copper nanoparticles for amoxicillin sensing, with the thickness
of the POT support affecting sensor performance [15].

Poly(aminobenzoic acids) represent a class of polyanilines functionalized with car-
boxyl groups (-COOH) substituted on the benzene ring at the 2-(ortho), 3-(meta), or 4-(para)
position. Poly(4-aminobenzoic acid) (P4ABA) has been widely used in non-enzymatic
electrochemical sensing due to its film-forming ability [16–18] and compatibility with
nanostructured metal electrocatalysts for detecting aflatoxin B1 [19], quercetin [20], and
acetaminophen [21]. Similarly, poly(3-aminobenzoic acid) (P3ABA) shares the film-forming
property of its para-counterpart; thus, it has been employed for the non-enzymatic detection
of human immunoglobulin G [22], nitrite ions [23], N-acetyl neuraminic acid [24], and
new psychoactive substances [25]. Despite its promising properties, the use of P3ABA as
a support for metallic nanoparticles in electrochemical detection has been explored to a
lesser extent. For instance, in detecting a toxic herbicide, P3ABA inclusion in the electrode
modified with graphene oxide–gold nanoparticles improved the adsorption of the analyte
and the rate of electron transfer [26].

In this study, we used P3ABA to support silver nanoparticles (AgNPs) for glucose
detection under alkali conditions. P3ABA contains carboxyl groups in its aromatic structure,
which can interact with analytes, enhancing detection sensitivity. Meanwhile, AgNPs play
a crucial role in the electrochemical oxidation of glucose and facilitate efficient electron
transfer within the composite. Additionally, the carboxyl groups contained in the polymer
structure can form ionic bonds with AgNPs, ensuring their strong attachment to the support,
particularly under basic conditions. Given the limited research on P3ABA/metal electrocat-
alyst systems, this study provides valuable insights into the P3ABA-AgNP interaction, con-
tributing to the development of highly promising non-enzymatic electrochemical sensors.

2. Materials and Methods
The following materials were utilized: silver nitrate (AgNO3) from CTR Scientific

(Monterrey, Mexico), sodium hydroxide (NaOH) from Jalmek Scientific (Monterrey, Mexico).
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Additionally, 2-propanol (CAS: 67-63-0) was sourced from CTR Scientific (Chihuahua,
Mexico). In addition, 3-aminobenzoic acid (CAS: 99-05-8), ammonium persulfate (CAS:
7727-54-0), hydrochloric acid (CAS: 7647-01-0), potassium ferricyanide (CAS: 13746-66-2),
potassium ferrocyanide (CAS: 14459-95-1), glucose (CAS: 50-99-7), fructose (CAS: 57-48-7),
urea (CAS:57-16-6), potassium chloride (CAS:7447-40-7), sodium chloride (7647-14-5),
creatinine (CAS:60-27-5) and gallic acid (CAS:149-91-7) were purchased from Sigma-Aldrich
(St. Louis, MI, USA). Furthermore, sulfuric acid was delivered by J.T. Backer (Xalostock,
Estado de México, Mexico). All solutions used in the procedures were prepared with
tridistilled water to ensure purity and consistency.

Functional group characterization was carried out using a Fourier-transform infrared
spectrophotometer (FTIR, Perkin Elmer, Waltham, MA, USA). The spectra were acquired
using the attenuated total reflectance (ATR) technique, with each spectrum representing the
average of 30 scans, recorded at a resolution of 4 cm−1 over the range of 400 to 4000 cm−1.
Electrochemical measurements, including cyclic voltammetry (CV), linear sweep voltam-
metry (LSV), chronoamperometry (CA), and electrochemical impedance spectroscopy
(EIS), were conducted using a potentiostat (Modular Admiral Instrument, Squidstat Prime,
Eindhoven, The Netherlands) in a conventional three-electrode configuration. The setup
consisted of a glassy carbon electrode (GCE, ø = 3 mm) as the working electrode, a platinum
sheet (1 cm2) as the counter electrode, and an Ag/AgCl electrode as the reference. For
scanning electron microscopy (SEM) analysis, samples were deposited onto glass slides and
mounted on an aluminum sample holder. Imaging was performed using a SU3500 micro-
scope (Hitachi, Tokyo, Japan) operated at 5.00 kV under vacuum conditions, with a working
distance of 6.5 mm. Micrographs were obtained using backscattered electron detectors.
Additionally, a transmission electron microscope (HT7700, Hitachi, Tokyo, Japan), operated
at an accelerating voltage of 100.0 kV, was used to complement the characterization of
P3ABA/AgNP composite and AgNP. Samples were deposited onto copper grids coated
with a carbon membrane, and the solvent was allowed to evaporate at 30 ◦C for 30 min
prior to analysis.

2.1. Synthesis of Poly(3-aminobenzoic acid) (P3ABA)

Poly(3-aminobenzoic acid) was synthesized in 0.1 M hydrochloric acid solution
(20 mL), using 0.2 g (1.458 × 10−3 mol) of 3-ABA and 0.416 g (1.823 × 10−3 mol) of
ammonium persulfate (APS). The 3-ABA to APS ratio was 1 to 1.25, following the synthesis
criteria of a conventional emeraldine salt. The oxidizing agent was added in a single
addition. The polymerization was carried out at 4 ◦C for 24 h under magnetic stirring.

2.2. Synthesis of Silver Nanoparticles (AgNPs)

Silver nanoparticles were synthesized using the following procedure: 100 mL of a
0.01 M silver nitrate (AgNO3) solution was prepared. Subsequently, 0.1 g of gallic acid
(C7H6O5), dissolved in 10 mL of deionized water, was added to the solution. Once the pH
was adjusted to 10 using a 1.0 M sodium hydroxide (NaOH) solution, the reaction was left
at room temperature under magnetic stirring for 1 h. Gallic acid serves as an oxidizing
agent and a colloidal stabilizer.

2.3. Preparation and Modification of Glassy Carbon Electrode (GCE)

The 0.07 cm2 active area of the glassy carbon electrode (GCE) was first polished with a
0.05 µm alumina suspension, thoroughly rinsed with deionized water, and sequentially
sonicated in isopropanol. This polishing process was repeated three times to ensure a clean
electrode surface.
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Separately, 8 µL of P3ABA were directly collected from the reactor, transferred to an
Eppendorf tube, and diluted in 1 mL of THF. Then, 5 µL of the resulting polymer solution
was drop-cast onto the GCE, forming a polymer film.

To prepare the glucose detection system, 5 µL of the silver nanoparticle solution was
drop-cast onto the previously formed polymer film. The silver nanoparticles were used
directly from the reaction mixture, without any purification steps. Finally, the modified GCE
underwent three oxidation-reduction cycles of cyclic voltammetry (CV) within a potential
range of −0.4 to 1.0 V at a scan rate of 100 mV/s, ensuring the removal of any unreacted
species (3-aminobenzoic acid or ammonium persulfate) from the electrode surface.

For glucose detection, the modified electrode was employed by amperometric testing
at a constant potential of 0.7 V. Additionally, linear sweep voltammetry (LSV) was employed
to evaluate the electrode’s response under a linear potential sweep at a constant scan rate of
100 mV/s. Quantitative glucose analysis was performed using a 0.1 M sodium hydroxide
(NaOH) solution as the supporting electrolyte. LSV measurements were conducted with
glucose concentrations ranging from 0 to 10 mM, using a potential range of −0.4 to 1.2 V at
a scan rate of 100 mV/s. The amperometric response of GCE/P3ABA/AgNP to glucose
was determined by applying a constant potential of 0.7 V. First, the current was allowed to
stabilize in the blank solution (electrolyte without glucose) for 3 min. Glucose was then
incrementally added using a standard solution, increasing the concentration by 1 mM each
addition. This process was repeated until the desired concentration was achieved, with
measurements conducted under magnetic stirring at 600 rpm.

A calibration curve was generated from three independent amperometric measure-
ments, reusing the same modified electrode for each test. Glucose concentrations ranging
from 0 to 10 mM were analyzed to complete the assays.

3. Results
3.1. FTIR Characterization

The product of oxidative polymerization of 3ABA shows certain differences concerning
conducting polyanilines, where the emeraldine salt is green. In the case of P3ABA, its color
is brown. Apparently, this is a characteristic of polymers derived from aminobenzoic acids,
since other works have reported the same observation, even for copolymers [27,28].

Figure 1 shows the FTIR spectra of 3ABA and P3ABA. The monomer exhibits absorp-
tions at 2952 cm−1 attributed to the vibration of the O-H bond of the aromatic carboxylic
acid group, and at 1628 cm−1 ascribed to the C=O bond of the aromatic carboxyl group.
Other signals appear at 1562 cm−1, corresponding to the stretching of the C=C bond of
the aromatic ring, and at 1376 cm−1 attributed to the C-N bond of the aromatic primary
amine. The spectrum of the polymer shows the molecular changes resulting from the
polymerization process, such as the disappearance of the primary amine. Consequently,
for P3ABA the new peaks observed at 3217 and 3055 cm−1 correspond to vibrations of
N-H bonds of secondary amines. The absorptions at 1570 and 1500 cm−1 also correspond
to secondary amines resulting from polymerization. Finally, the peak at 1283 cm−1 is
attributed to the C-N bond of aromatic amines. As seen, the absorption peaks in the
monomer and polymer coincide with those reported in the literature [29,30]. However,
there may be variations in the FTIR spectra related to the polymerization conditions [31]. It
is also important to note that the polymerization mechanism of aminobenzoic acid poly-
mers is still unclear. Some studies reported several oligomeric structures produced during
electropolymerization [24]. Consequently, the brown color of P3ABA may be related to
oligomeric structures as reported for polyaniline [32].
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action. That is, no critical agglomeration of the nanoparticles is observed. Finally, Figure 
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Figure 1. FT-IR spectra of 3ABA (3-aminobenzoic acid) monomer and P3ABA (poly(3-aminobenzoic acid).

3.2. Morphological Characterization

As mentioned before, poly(aminobenzoic acids) are interesting because of their abil-
ity to form films, which provide unique properties in non-enzymatic electrochemical
sensing [33]. Figure 2a shows the SEM image of a P3ABA deposit on a glass surface. Previ-
ously, the polymer was dispersed in THF, under the same conditions and concentration
as it is deposited on the working electrode. The formation of semi-continuous deposits
is observed, possibly due to the evaporation of the solvent. However, the deposits have
a film-like appearance. Figure 2b shows a TEM image of the P3ABA/AgNP composite.
In this image, the formation of the polymer film is more evident. It is distinguished as
the dark phase that supports the nanoparticles. In addition, it does not present a defined
structure. As seen, the nanoparticles are dispersed in the film, showing good interfacial
interaction. That is, no critical agglomeration of the nanoparticles is observed. Finally,
Figure 2c shows the TEM image of AgNP. The particle morphology is mainly spherical, with
particle size around 15 nm and showing some polydispersity. As noted, the nanoparticles
tend to agglomerate because there is nothing to prevent it. This is the common behavior of
materials in the nanoscale.
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3.3. Electrochemical Behavior of GCE-Modified Electrode

In electrochemical glucose sensing, various nanomaterials have been employed to
enhance sensitivity, efficiency, and selectivity, leveraging their unique properties such as
high conductivity, large surface area, and catalytic activity. Specifically, AgNPs exhibit
outstanding electrocatalytic activity and improve electron transfer. Hybrid materials based
on polymeric composites enhance sensitivity by serving as conductive or non-conductive
supports that increase the active surface area, improve mechanical stability, and facilitate
the incorporation and uniform distribution of electrocatalytic nanomaterials [11]. In this
work, P3ABA was selected as a supporting material because of its ability to form films.
This is a crucial feature for creating nanocomposites in electrochemical sensing due to
the uniform electrode surface coverage, increasing the number of active sites available
for interaction with the analyte. Another reason is that P3ABA contains carboxyl groups,
which allow interaction with the analyte, enhancing detection capabilities. Furthermore,
these carboxyl groups can form ionic interactions with AgNPs, ensuring strong adhesion
to the polymer support, particularly in basic conditions.

The electrochemical characterization was performed using cyclic voltammetry (CV).
Figure 3a shows the voltammograms of P3ABA in its doped and undoped state. In the
undoped state, the amino groups in the polymer backbone remain neutral (-NH2), resulting
in the absence of mobile charge carriers. This lack of charge carriers and active redox sites
leads to minimal or no redox processes, as evidenced by the absence of significant redox
peaks and low currents in the voltammogram. In contrast, the doping process introduces
protons (H+) into the polymer structure, converting the amino groups into positively
charged -NH3

+ groups. This creates charge carriers, such as polarons and bipolarons [34],
which alter the electronic distribution and enable charge delocalization along the polymer
backbone. This delocalization significantly enhances the polymer’s electrical conductivity.
Furthermore, during CV, dopants dynamically enter and exit the polymer to balance the
charges generated during redox reactions. This ion–electron exchange boosts the current
response and increases the voltammogram area, reflecting the improved electrochemical
activity of the doped polymer.

Figure 3b,c illustrate the correlation between electrochemical impedance spectroscopy
(EIS) and cyclic voltammetry (CV), providing complementary insights into charge transfer
kinetics, electroactivity, and material resistance. In CV, the peak current intensity reflects
the material’s electroactivity. In this regard, AgNPs exhibit higher Faradaic currents, which
arise from redox chemical reactions involving electron transfer [35] indicating a greater
ability to facilitate redox processes.

On the other hand, in EIS, a lower charge transfer resistance (Rct) corresponds to more
efficient electron transfer at the electrode-electrolyte interface. Consequently, AgNPs, being
highly conductive, exhibit a lower Rct, as evidenced by the smaller semicircle diameter in
the Nyquist plot.

For P3ABA and the P3ABA/AgNP composite, the polymer film acts as a partial
insulator, limiting the continuous connection between AgNPs and hindering charge transfer.
In CV, this effect is observed as lower current peaks compared to AgNPs, while in EIS, it
results in an increased semicircle diameter in the Nyquist plot, indicating higher Rct due to
the resistance imposed by the polymer matrix.

The oxidation and reduction of silver in an alkaline medium are well documented [11,36].
This process involves three characteristic signals detected at 0.2548 V, 0.4113 V, and 0.7593 V,
corresponding to the formation of a monolayer of Ag2O, the development of a multilayer of
Ag2O, and the oxidation of Ag2O to AgO, respectively. Conversely, the reduction process is
evident through the transitions from AgO to Ag2O at 0.4961 V and from Ag2O to metallic
Ag at −0.2672 V (Figure 3c).
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Figure 3. (a) CV of doped P3ABA (using as electrolyte support HCl 0.1 mol L−1) and undoped P3ABA
(using as electrolyte support NaOH 0.1 mol L−1). (b) Electrochemical impedance spectroscopy
(EIS) of P3ABA in HCl (doped state) and in NaOH (undoped state). (c) CV of P3ABA, AgNP,
and P3ABA/AgNP composite in 0.10 M NaOH. (d) CV voltamogramms of AgNP, P3ABA and
P3ABA/AgNP composite upon the addition of 5mM glucose. All voltammograms were obtained at
a scan rate of 100 mV s−1 in the potential range of −0.40 to 1.0 V.

Figure 3d presents the voltammograms of P3ABA, AgNPs, and the P3ABA/AgNP
composite upon the addition of 10 mM glucose. It can be observed that both the composite
and AgNPs exhibit a signal between 0.6 and 0.7 V, corresponding to the electrocatalytic
oxidation of glucose, facilitated by silver oxides (Ag2O/AgO) [37]. This mechanism requires
an alkaline medium (NaOH), where silver progressively oxidizes to Ag2O and AgO on
the electrode surface. Subsequently, glucose adsorbs onto the electrode and undergoes
oxidation to gluconolactone or gluconate. This process occurs via electron transfer from
glucose to the oxidized silver species, regenerating metallic Ag in the process.

3.4. Preliminary Study of Glucose Detection

Linear sweep voltammetry (LSV) is a widely used technique for detecting and quan-
tifying analytes in electrochemical sensors due to its ability to measure current changes
associated with oxidation or reduction reactions [27,38]. During the LSV experiment, the
potential applied to the electrode increases linearly over time, and the resulting current is
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recorded. Figure 4 presents the LSV plot used to evaluate the electrocatalytic activity of
the P3ABA/AgNP composite toward glucose oxidation. In this experiment, the glucose
concentration varied from 0 to 10 mM, increasing by 1 mM for each addition, with the LSV
recorded after each step. As shown, the current peak at approximately 0.7 V increased pro-
portionally with glucose addition. This peak corresponds to the oxidized product of glucose.
At lower glucose concentrations the signal at this potential is broader and less defined. This
may be attributed to the slower formation of oxidation intermediates (e.g., gluconolactone,
gluconate) and the incomplete coverage of the nanoparticle surface by glucose, leading to
heterogeneous reactions and a diffuse signal. Conversely, at higher glucose concentrations
the catalytic sites are more effectively utilized, resulting in a sharper and more defined
signal. The other observation is that as the glucose oxidation signal increases, the signal of
silver reduction (observed between −0.1 and 0 V) diminishes. This phenomenon is believed
to result from active site competition, surface blocking by glucose oxidation products, and
the consumption of oxidized silver species during glucose oxidation.
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Due to the signal amplitude at low glucose concentrations, accurately determining
the current for each glucose level becomes challenging. Consequently, a more precise
quantification technique was required to address this issue and expand the linear detection
range (the region where the sensor’s response (current) is directly proportional to the
analyte concentration). Thus, chronoamperometry was employed to simplify the process
by applying a constant potential, allowing the reaction to reach a steady-state condition.
This steady state minimizes the effects of capacitive currents and side reactions, enabling a
more accurate and linear correlation between the current and analyte concentration over
an extended range.

3.5. Calculus of Electroactive Area and Glucose Detection Assay by Chronoamperometry

The electroactive area was determined using cyclic voltammetry for each component
and composite material (AgNP, P3ABA, and P3ABA/AgNP). The calculation required
obtaining a calibration curve constructed by plotting the anodic peak current vs. the square
root of the scan rate, which was varied from 10 to 100 mV s−1 (CV and their corresponding
CC could be found in the Supplementary Materials). Once the calibration curve was
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obtained, the electroactive area was calculated using the Randles–Sevcik equation, with the
slope of the linear fit applied to Equation (1).

Ipa = 2.69 × 105n
3
2 AC

√
Dv, (1)

where Ipa represents the maximum value of the anodic peak obtained varying scan rate, A
is the electroactive area (cm2), n is the number of electrons involved in the redox reaction
for the redox system K3[Fe (CN)6]/K4[Fe (CN)6] (n = 1), v is the scan rate (V s−1), D is the
diffusion coefficient (6.7 × 10−6 cm2 s−1), and C is the molar concentration (5 mmol cm−3)
of the ferricyanide/ferrocyanide redox probe. The corresponding A values for P3ABA,
AgNP, and P3ABA/AgNP were 0.0015, 0.0061, and 0.0038, respectively. This result indi-
cates that the combination of P3ABA and AgNP enhances the electrochemical activity of
the modified electrode; however, it does not achieve the same activity level as the metal
nanoparticles alone. This may be due to the polymer acting as a partial barrier to electron
transfer since it is in its dedoped form. It might be expected that the metal nanoparti-
cles alone would perform better than the composite in electrochemical glucose detection.
However, chronoamperometry showed that the polymer film significantly improves the
sensor performance, even if it is not directly involved in catalysis or electron transfer.
Figure 5a shows the chronoamperogram of AgNPs. As indicated by the current increase,
with each glucose addition, AgNPs oxidize glucose molecules. This is attributed to their
well-documented catalytic properties and ability to enhance electron transfer. However,
a significant limitation was observed. The measurements showed considerable instabil-
ity, even at low glucose concentrations (e.g., 5 mM). This instability is likely due to the
tendency of AgNPs to agglomerate in the absence of some support, as evidenced by elec-
tron microscopy (Figure 2c). While still catalytically active, the formation of aggregates
may lead to competition between active sites, resulting in an increased overpotential and
decreased sensor stability [39]. Unsupported AgNPs can also give rise to side reactions
or parasitic currents, further contributing to a highly noisy signal during detection. The
elevated noise level makes accurate glucose quantification more challenging. In contrast,
Figure 5b presents the chronoamperogram of the P3ABA/AgNP composite. The graph
displayed an ascending staircase pattern, representing the sensor’s response to incremental
glucose concentration. This shape reflects the relationship between glucose oxidation,
the increase in current, and the system stability. Such behavior is characteristic of well-
calibrated and thoughtfully designed sensors capable of accurate glucose detection across
specific concentration ranges. The linear detection range for this sensor was 1 to 16 mM. In
Figure 5c, we display a graphical method for identifying the lowest glucose concentration
that produces a signal distinguishable from background noise. This method enables the
determination of the limit of detection (LOD) using the signal-to-noise ratio (S/N ≥ 3)
approach, which defines the LOD as the glucose concentration at which the sensor signal
is at least three times greater than the baseline noise. Using this method, the LOD was
calculated to be 0.2 µM.

A broad detection range is crucial for clinical and personalized applications, such
as glucometers, as it allows the sensor to monitor low glucose levels (<3.9 mM), which
indicate hypoglycemia disorders. At the same time, the sensor must detect high glucose
levels (>9 mM) associated with hyperglycemia, which increases the risk of complications in
diabetes management. Detecting and quantifying glucose accurately within this range is
essential to prevent hypoglycemic events, manage hyperglycemia, and effectively monitor
uncontrolled diabetes.
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Figure 5. Chronoamperograms of (a) AgNP, (b) P3ABA/AgNP composite increasing the glucose
concetration of 1 mM with each addition and (c) P3ABA/AgNP composite increasing the glucose
concetration of 1 µM with each addition. All measurments were collected using NaOH 0.1 M as
supporting electrolyte, applying a constant potential of 0.7 V.

3.6. Interference Test

A real blood sample or other biological fluids (such as sweat, tears, or saliva) are
complex mixtures containing various substances, each playing a crucial role in biological
functions or acting as metabolic byproducts. Evaluating potential interferents is crucial in
developing electrochemical glucose sensors to ensure high selectivity and compliance with
regulatory standards.

If any of these substances undergo oxidation or reduction at the same potential as
glucose, it could distort the electrochemical signals, compromising the accuracy of glucose
measurements. Additionally, various ions naturally present in blood serve as essential
electrolytes, maintaining osmotic balance, fluid distribution, and nerve function since
blood is a major component of extracellular fluid. In this regard, potassium chloride (KCl),
sodium chloride (NaCl), and urea do not directly interfere with glucose detection because
they do not undergo redox reactions at the glucose oxidation potential. However, they can
still influence sensor performance. For instance, potassium ions (K+) play a crucial role
in maintaining ionic strength and conductivity, which affects overall sensor functionality.
Therefore, variations in KCl concentration can alter the double-layer capacitance at the
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electrode interface, leading to changes in background currents. Common interferents in
blood include organic acids, electrolytes, ions, and metabolic waste products such as urea,
creatinine, and ammonia.

In this sense, the selectivity of the P3ABA/AgNP composite was evaluated, as shown
in Figure 6a. During the amperometry test, known concentrations of urea, KCl, NaCl, crea-
tinine, and fructose were sequentially added to assess the material’s selective capacity. The
test begins with a three-minute step to allow the signal to stabilize. After this, an addition
is made to obtain 1 mM glucose. Subsequent additions at 240, 300, 360, 420, and 480 s,
correspond to urea, KCl, NaCl, creatinine, and fructose, respectively. As observed, none
of the tested ainterferents caused a significant response upon the different concentrations,
aiming to simulate a real blood sample. However, some interferents may adsorb onto the
electrode surface, partially blocking the active sites and reducing glucose accessibility to
the electroactive surface. This could decrease the current generated by glucose oxidation,
as can be observed with the last glucose additions. This finding suggests that the sensor
constructed from these materials could function effectively with single-use test strips or
may require thorough rinsing before subsequent uses. Since the adsorbed species are
highly soluble, they can be quickly removed with proper rinsing, ensuring optimal sensor
performance for repeated measurements.
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Figure 6. (a) Chronoamperogram of interference test evaluation using glucose (1 mM) with each
addition, urea (3 mM), potassium chloride (KCl 3.5 mM), sodium chloride (NaCl 135 mM), creatinine
(0.1 mM), and fructose (0.10 mM). (b) Graph of changes in current caused by the simultaneous
addition of a corresponding interferent.

Figure 6b illustrates the change in current caused by the addition of an interferent
simultaneously with glucose. As observed, none of the tested interferents induced signifi-
cant variations in the total recorded current. This process allows us to think that the sensor
provides accurate and reliable glucose measurements.

3.7. Figure of Merit

The figure of merit in a sensor system is crucial for assessing its suitability for a specific
application. Sensitivity and specificity are key attributes of a sensing system. Sensitivity
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describes how the sensor’s signal responds to variations in analyte concentration and is
often linked to the limit of detection (LOD), which represents the lowest concentration
of the target species that can be reliably measured beyond background noise. While
high sensitivity (and consequently low LOD) is important, it must be appropriate for the
intended application.

In this study, the sensor exhibited a sensitivity of 50.71 µA mM−1 cm−2 and LOD of
0.2 µM, with a linear response R2 of 0.9989 and a 2.5% standard deviation. The LOD was
calculated using the equation LOD = 3.3 × σ/S, where σ represents the standard deviation
and S denotes sensitivity.

The linear dynamic range, which defines the concentration range over which the signal
remains proportional to the analyte concentration, was from 1 to 16 mM. This linearity
is represented by the calibration curve in Figure 7, which plots the current variation as a
function of analyte concentration.
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16 mM, using NaOH 0.1M as electrolyte support.

To determine the analytical parameters of our electrochemical glucose sensor, multiple
experiments (at least three replicates) were performed using cyclic voltammetry (CV), and
chronoamperometry (CA) under identical experimental conditions in 0.1 M NaOH scan
rate of 100 mV/s and a potential window of −0.4 to 1 V for CV and a fixed potential of
0.7 V for CA. Table 1 presents the statistical values obtained from these measurements.

Table 1. Analytical parameters of P3ABA/AgNP electrochemical glucose sensor.

Potential
(V)

Potential
SD
(V)

Current
(µA)

Current
SD

(µA)

Linear Range
mol L−1

Correlation
Coefficient

Slope
(µA mM−1)

Slope SD
(µA mM−1) b b

SD

0.63 0.0012 86 0.41 1–16 0.9989 3.5 0.03 3.6 0.09

SD standard deviation. b Intercept of the y-axis in the linear equation.

To compare our results with previous studies, we considered key performance pa-
rameters, including limit of detection (LOD), sensitivity, and linear range, among others.
These parameters are essential for assessing the effectiveness of an electrochemical sensor.
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Table 2 presents a comparative analysis of works from 2015 to 2025, focusing on sensors
that incorporate polyanilines, carbon-based structures, and/or metallic nanostructures as
electrocatalytic elements. As observed, our results are comparable in terms of sensitivity
and LOD to those reported in the literature. However, our sensor demonstrates an extended
detection range, which is clinically relevant and covers both normal glucose levels and
critical values associated with severe hyperglycemia.

Table 2. Comparative figure of merit values of P3ABA/AgNP with different nanostructurated
metal electrocatalyzers.

Electrocatalytic
Material Saccharide LOD

(µM)
Sensitivity

(µA mM−1 cm−2) LR (mM) Detection
Medium Selectivity Ref

NiO Glucose 3.2 987.85 1–10 PBS BS [40]
CuAg Glucose 1.33 3802 3–8 NaOH UA, AA, L, S, Ma [41]

Cu Glucose 0.048 1862 2–8 NaOH UA, AA, L, F, Ma, S [42]
Cu Fructose 0.5 50.47 0.01–0.3 NaOH UA, AA [43]

CuO Glucose 0.25 2062 0.01–0.85 NaOH AA, DA, NaCl, F, S, L [44]
PANI/rGO/AgNP Glucose 0.79 2766.4 0.05–0.0001 PBS BS [45]
CB/PANI/AgNP Glucose 520 41.26 1–10 NaOH KCl, NaCl, U [11]

PANI/GOx/AGNP Glucose 0.198 291.19 0.198 PBS UA, AA, F, L, G, M [46]

PANI/CC/AuNP Glucose 3.08 150 --- KOH NaCl, KCl, AA, UA,
A, F, G [47]

Cu Sucrose 0.05 54 0.004–0.1 NaOH UA, AA [43]
Pt/rGO/P3ABA Glucose 44.3 22.01 0.25–6 PBS Cho, AA, UA, S [48]
P3ABA/AgNP Glucose 0.3 50.71 1–16 NaOH NaCl, KCl, U, Cr, F This work

Ma = Mannose, M = Maltose, L = Lactose, S = Sucrose, G = Galactose, F = Fructose, BS = Real blood sample,
UA = Uric acid, AA = Ascorbic acid, Cho = Cholesterol, Cr = Creatinine, U = Urea.

Conventional glucose sensors typically operate within a standard range of 4 to 11 mM
(72 to 200 mg/dL), corresponding to normal and slightly elevated physiological levels.
This extended detection capability is particularly significant for monitoring patients with
metabolic disorders, especially those with chronic hyperglycemia or diabetes mellitus,
where blood glucose levels can substantially exceed normal values.

4. Conclusions
A non-enzymatic electrochemical glucose sensor using silver nanoparticles (AgNPs) as

the electrocatalyst and poly(3-aminobenzoic acid) (P3ABA) as a polymeric film matrix was
developed. While AgNPs alone could detect glucose, it was demonstrated that although
the polymer does not directly participate in the oxidation or charge transfer process due to
its undoped state, it plays a crucial role in enhancing the sensor’s stability. By inhibiting
secondary reactions and reducing parasitic currents, the polymer contributes to generating
signals with lower noise, ultimately improving the linear detection range.

The sensor exhibited a linear detection range of 1 to 16 mM, covering clinically relevant
glucose levels for diagnostic applications. This broad linear range is essential for diabetes
monitoring, ensuring precise detection of blood glucose within critical medical thresholds
(3 to 11 mM). Additionally, the sensor demonstrated high selectivity, showing no significant
response to common interferents such as urea, KCl, NaCl, creatinine, or other forms of
sugar. However, a slight reduction in sensitivity was observed in their presence, likely due
to partial blockage of the electrode surface.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/chemosensors13040133/s1. Figure S1: (a) Cyclic voltammetry of AgNP
varying the scan rate from 10 to 100 mV/s obtained with 5 mM K3[Fe (CN)6]/K4[Fe (CN)6] and (b) its
corresponding graph of current (µA) vs. (scan rate) ½.; Figure S2: (a) Cyclic voltammetry of P3ABA
varying the scan rate from 10 to 100 mV/s obtained with 5 mM K3[Fe (CN)6]/K4[Fe (CN)6] and
(b) its corresponding graph of current (µA) vs. (scan rate) ½.; Figure S3: (a) Cyclaic voltammetry of
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P3ABA/AgNP varying the scan rate from 10 to 100 mV/s obtained with 5 mM K3[Fe (CN)6]/K4[Fe
(CN)6] and (b) its corresponding graph of current (µA) vs. (scan rate) ½.. Figure S4. Glucose detection
performance of P3ABA/AgNP current versus time curves of adding 1 mM glucose tweleve times at
60 s intervals to 0.1 M NaOH solution at different voltages (0.6~0.7 V).
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