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Sensor research based on biometal performance and health parameter detection attracts significant
global interest in the biosensing community. In this study, an electrochemical biosensor has been
developed for the detection of lactic acid (LA) in artificial saliva, and in this context, the screen-printed
electrode was functionalized using a composite of silver nanoparticles (AgNPs) and silver nanoparticles—
polyaniline (AgNPs—PANI). The cyclic voltammetry responses were recorded for non-enzymatic LA
sensing. In this process, the electro-polymerization method has been used to generate a film of Ag—
PANI on a screen-printed electrode (SPE). Several analytical techniques, including Fourier transform
infrared spectroscopy (FTIR), ultraviolet-visible spectroscopy (UV-visible), field emission scanning
electron microscopy (FESEM), atomic force microscopy (AFM), and RAMAN spectroscopy, were
employed to analyze the film of AgNPs and AgNPs—PANI that was used to change the surface morphol-
ogy of the screen-printed electrode (SPE). The various important parameters of effectiveness viz., limit
of detection (LOD) and limit of quantification (LOQ) for AQNPs—SPE and AgNPs—PANI-SPE were investi-
gated and were found to be in the range of 5.3 mM, 16 mM and 2.5 mM, 7.4 mM, respectively, in PBS
solution. Meanwhile, for the artificial saliva samples, the sensitivity of the AQNPs—PANI-SPE was obtained
up to 0.00176 mA uM~t cm™2 with an LOD of 0.76 mM. Furthermore, DFT results are used to examine
the physical and electrical properties of the prepared functional films. The computing results show the
functionalization of carbon with AQNP and AgNP-PANI, enabling a stable and reactive structure. The
current research offers a non-enzymatic technique for precisely detecting LA biomolecules for medical
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Introduction

Bio-sensing research for diverse metabolites has been per-
formed previously for surveillance purposes such as clinical
analysis, disease diagnosis, veterinary use, agricultural applica-
tions, industrial processing, environmental monitoring, etc.'™
Lactic acid is necessary for producing commercial dairy foods,
medicinal items, chemical products, and cosmetics. It can be
obtained from various sources, including plants, animals, and
microbes. In addition, lactic acid can also be produced through
the fermentation of carbohydrates.® Furthermore, lactic acid is
essential and fundamentally required for the functioning and
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protection of the skin. It is essential in the food industry as a
safe and effective preservative. As a result, lactic acid is an
essential component in the processing of food, as well as its
preservation.” In the human body, lactic acid is generated
through physiological processes that occur under normal
conditions, and it is frequently observed in various disease
situations. Due to improper oxygen in the blood, anaerobic
glycolysis occurs in the muscles and liver, producing lactic acid
(LA), which has the chemical formula C;H¢03.° Lactic acid at
high concentrations can bring about a drop in blood pressure
and a reduction in the amount of oxygen delivered to human
tissues. Humans can feel the effects of these repercussions,
including sepsis, heart attack, congestive heart failure, severe
lung illness, respiratory failure, fluid accumulation in the
lungs, and anemia.’ Typical lactate concentrations are below
2 mM L', whereas hyperlactatemia is characterized by lactate
levels ranging from 2 mM L™ to 4 mM L~ ."°

It has always been explained to us that sugar is the reason
behind cavities, but the truth is that lactic acid causes the
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damage. In our mouths, a bacterium known as Streptococcus
mutans is responsible for converting sugar to lactic acid, which
erodes tooth enamel. The findings of the majority of studies
indicate that, of the approximately 500 species of bacteria
found in the mouth, Streptococcus mutans is responsible for
the majority of decay.'* Lactic acid is a prominent metabolic
component found in the oral environment, occurring naturally
in the human oral cavity as a byproduct of oral cell tissues and
bacterial activity. The bacterial strain Streptococcus mitis can
produce lactic acid. It is commonly found in dental plaque and
has been identified as a causative agent in subgingival
disorders.">"® Further studies show that the presence of lactic
acid can accelerate the pitting corrosion in titanium dentures.™*
It is also observed that the salivary lactate levels exhibited a
higher concentration among patients with septic shock than
those without septic shock.'® In this context, developing low-
cost methods for monitoring lactic acid is essential. An effective
and inexpensive technique for measuring lactic acid can be
widely used for various purposes, including controlling the
fermentation of lactic acid bacteria strains, which are typically
used to create lactic acid, as well as for testing food, agricultural
raw materials, etc.'® High-performance liquid chromatography
(HPLC) is the best procedure for measuring lactic acid, which
includes ion-ion-pair, reversed-phase chromatography, and
ion-exclusion."” HPLC is not often used in everyday practice
since it requires expensive equipment, laborious sample pre-
paration, and specialized personnel; the process is difficult,
expensive, and labor-intensive.'® Therefore, developing quick
and accurate methods for measuring lactic acid is crucial.

The need for non-invasive, rapid, immediate, and cost-
effective studies in human subjects is growing in significance,
especially for individuals with blood collection challenges, such
as hemophiliacs, neonates, and older people. The non-invasive
collection of saliva to determine metabolites generally presents
minimal challenges. However, the analysis may be complicated
by bacteria, epithelial cells, and leukocytes. Electrochemical
biosensors have demonstrated their efficacy in terms of speci-
ficity, selectivity, and user-friendliness in the quantification of
metabolites for applications in clinical, environmental, and
food analysis. One benefit of utilizing biosensors is the quick
processing of the sample upon collection, without any separa-
tion procedures. Additionally, biosensors have a rapid response
time, ranging from a few minutes to seconds. One notable
feature is the high degree of specificity exhibited by the
immobilized enzyme, coupled with the selectivity of the elec-
trochemical transducer. This combination renders the probe
well suited for conducting tests in biological fluids.

The sensitivity of the non-enzymatic biosensor can be
improved by functionalizing the surface of the sensing material
with specific molecules. The utilization of nanomaterials or
nanostructures can significantly increase the surface area avail-
able for analyte binding. Nanoparticles, nanowires, and nano-
tubes can be utilized to enhance the signal by offering a
substantial quantity of active sites for analyte interaction.
Nanoparticles like carbon nanotubes (CNTs),"**° MXene,>" gold
nanoparticles (AuNPs),?* platinum nanoparticles (PtNPs),** metal
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oxide-based nanoparticles like niobium oxide* or molybdenum
oxide,?® and semiconducting material-based nanoparticles like
zinc oxide®® all play essential roles in increasing the electrode
surface area. Due to their electrochemical catalytic charac-
teristics and excellent stability, transition metal oxides are
highly desirable for developing non-enzymatic biosensors
and other applications.”””>° Electrochemical non-enzymatic
LA detection methods always seek new materials and techni-
ques to improve sensitivity and specificity. Silver nanoparticles
(AgNPs), which have high electrical and optical properties,
excellent biocompatibility and electrocatalytic activity, are
among these metal nanoparticles.*® Due to their unique features,
conducting polymers®" are incredibly popular among researchers
and are a promising material. Polyaniline (PANI), a conducting
polymer, has received much attention because of its vigorous
redox activity, excellent thermal stability, and straightforward
synthesis methods.*”** With the help of dopants or an oxida-
tion-reduction reaction, its electrical conductivity can be easily
adjusted.®® It is possible to investigate the potential uses of this
extraordinary property of PANI in microelectronics,®® catalysis,””
and sensing.*®?° Fabricating electrode surfaces utilizing the
emeraldine form of PANI opens a wide range of possibilities for
detecting different biomolecules. It can be utilized as a diagnostic
tool to predict the prognosis of various diseases.*® PANI’s inability
to identify analytes at neutral pH and its limited activity in acidic
PH (4) restrict its use in bio-electrochemistry.*' The main methods
used to address this problem are creating “self-doped PANI”,**
(ii) doping PANI with poly(acrylic acid) or poly(vinyl sulfonate),*’
and (iii) inserting gold nanoparticles (AgNPs) into the PANI matrix
to increase the redox activity to close to neutral pH.**

In this work, lactic acid was directly electrochemically
oxidized at the surface of AgNPs-SPE and Ag/PANI-SPE for
non-enzymatic lactic acid detection. PANI has excellent optical/
electronic properties, and good environmental stability, espe-
cially protonated/deprotonated properties and the addition of
silver enhances the surface area for the adsorption of lactic acid.
The sensing mechanism involves the oxidation of lactic acid
molecules at the surface of the Ag/PANI electrode. A potential is
applied to the Ag/PANI electrode in the presence of lactic acid
molecules and lactic acid can adsorb onto the surface of the
electrode. The adsorption of lactic acid molecules on an Ag/PANI
electrode can modify its electronic structure and generate a local
electric field that promotes the oxidation of lactic acid. Electro-
chemical oxidation involves the transfer of electrons from the
lactic acid molecule to the electrode and the removal of hydrogen
atoms from the lactic acid molecule. The protons produced in this
reaction can react with the Ag/PANI electrode, leading to a change
in the electrode potential and a corresponding change in the
electrical current flowing through the electrode.

The current research aims to provide a quick, low-cost, and
easy electrochemical approach for the detection of lactic acid by
utilizing a functionalized layer of Ag and Ag-PANI over the
screen-printed electrode, as shown in Fig. 1. The functionalized
layer of AgNPs was developed through the drop-casting method,
while for the Ag-PANI layer, electro-polymerization was done.
Furthermore, these functionalized layers were characterized by
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Fig. 1 A schematic view of the entire detection process.

FTIR, FESEM, AFM, and RAMAN spectroscopy. A brief compar-
ison was done for both the functionalized layers to detect lactic
acid. This technique helps to identify lactic acid in artificial
saliva samples for medicinal applications and ensures good
sensitivity, repeatability, and reproducibility.

Experimental
Materials

Analytical rank chemicals, including aniline (extra pure AR,
99.5%), potassium ferrocyanide (99%, K,[Fe(CN)e]), and potas-
sium ferricyanide (K3;[Fe(CN)g]) were purchased from Sisco
Research Laboratories Pvt. Ltd, India. Lactic acid (LA), silver
nitrate (AgNO;), hydrochloric acid (HCl), and sulfuric acid
(H,SO,) were purchased from Thermo Fisher India Pvt. Ltd.
Ethanol was purchased from Changshu Hongsheng Fine
Chemical Co. Ltd. Phosphate buffered saline was purchased
from Sigma-Aldrich. Sodium borohydride was purchased from
HiMedia Laboratories Pvt. Ltd, and ammonium persulfate from
Fisher Scientific (India). The screen-printed electrodes (SPEs)
used in this study were procured from Zimmer & Peacock (UK).
The working area of 0.038 ¢cm® of these SPEs consisted of
carbon-paste material, in which Ag/AgCl was used to form the
counter and reference electrode, respectively.

Characterization and sample preparation

Apparatus and measurements. Using a standard three-
electrode system electrochemical workstation (ILMVAC GMBH,
GERMANY, IVIUM State) with the SPE as the working electrode,
all the electrochemical characterization/measurement and
production of nanocomposite (Ag-PANI) were carried out. The
electrochemical characterizations were performed using cyclic
voltammetry (CV) experiments with a potential window of
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—0.2 to 1.2 V at a scan rate of 100 mV s . All the investigations
were carried out at room temperature. A Thermo Fisher Scien-
tific Apreo 2S (15 kv-0.9 nm) microscope was used for topo-
graphical characterization utilizing field emission scanning
electronic microscopy (FESEM) at low-vacuum mode with
10 kV acceleration voltages. Moreover, atomic force microscopy
(AFM) in the non-contact mode was used to analyze the surface
roughness of the modified SPE surface, and the pictures were
then taken with a sophisticated scanning probe microscope
(Park Systems XE-70, South Korea). FTIR spectrometer data was
obtained from infrared measurements using Fourier transform IR
(FTIR) spectroscopy (Vertex, 70 V + PMA50, Bruker, America),
averaging over 32 scans. The FTIR spectra were obtained in
transmission mode, with wavenumbers ranging from 500 to
4000 cm . A twin-beam spectrophotometer (Varian, Cary 4000)
was used for UV-visible spectroscopy. A Raman system (Bayspec,
US) outfitted with a 532 nm laser generating about 30 mW of laser
power at the sample was used to acquire the Raman spectra.

Preparation of silver nanoparticles

Fig. 2 shows the synthesis of a silver nanoparticle. The synth-
esis begins with the vigorous stirring of 0.002 M sodium
borohydride (NaBH,) in 30 ml of de-ionized (DI) water, which
is then placed in an ice bath on a magnetic stirrer to regulate
the final particle size and shape more effectively and to slow
down the reaction. After 20 minutes, 2 mL of 0.001 M silver
nitrate (AgNO;) was added dropwise. Ag" ions were reduced and
concentrated by combining the two solutions, resulting in
monodispersed nanoparticles as a clear solution in an aqueous
medium (i.e., NaBH, and AgNO;). As the nanoparticles com-
bine, the suspension transforms from yellow to a deeper grey.
The powder nanoparticles are obtained after the calcination of
the slurry after drying it in an air oven for 60 minutes.*’

Electro polymerization of aniline

A millimolar concentration of aniline monomer (0.5 mM) in
0.1 M H,SO, was electro-polymerized utilizing a scan rate of
100 mV s~ " (vs. Ag/AgCl) in the potential range of 0.2 to 1.2 V.
Thirty scan cycles were used to get an electrode surface with
good electrocatalytic characteristics. A green hue was deposited
on the SPE surface that matched the emeraldine form of PANI,
named PANI/SPE. Furthermore, it was washed with DI water
and kept in a freezer until needed.

Preparation of the Ag-PANI nanocomposite

Ag-PANI nanocomposite synthesis was formed by electro-
polymerization using the cyclic voltammetry technique. A
solution containing a mixture of 2.5 mg of silver nanoparticles
previously dispersed in aniline monomer (0.5 mM) in 0.1 M
H,SO, aqueous solution drop cast on (SPE) and electro poly-
merized utilizing at a scan rate of 100 mV s~ (vs. Ag/AgCl) in
the potential range of 0.2 to 1.2 V for 30 cycles.

Protocol for artificial saliva

Artificial saliva solution was prepared in DI water containing
4.27% sorbitol, 0.03% saccharin, 0.062% potassium chloride,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Synthesis of silver nanoparticles.

0.086% sodium chloride, 0.012% magnesium chloride, 0.007%
calcium chloride, 0.27% potassium phosphate monobasic, and
100 mL of DI water.*®

Computational details

The energy calculations for the proposed structures, viz., activated
carbon (AC), lactic acid (LA), polyaniline (PANI), silver nano-
particles (AgNPs), AgNP-AC, and AgNP-PANI-AC, were performed
using the density-functional theory (DFT) technique. The calcula-
tions were performed at the B3LYP level, employing the 6-31G and
LANL2DZ basis sets.””*® Some parameters were derived from the
computed structures, including the total energy (E), total dipole
moment (TDM), and energy difference between the highest occu-
pied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) (i.e., bandgap energy, AE).

Results and discussion
DFT calculations

Fig. 3(I) depicts the optimized molecular models of the
proposed structures: AC, LA, and PANI with bond length. While
Fig. 3(II) shows the optimized molecular model of Ag-AC and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Ag-PANI-AC. It was observed that during the reaction between
Ag-AC, the H-C=C bond increased from 1.38 A to 1.42 A, while
the C=C bond increased from 1.36 A to 1.41 A. The same
phenomena were observed for Ag-AC-PANI; when the Ag atom
reacted with the AC-PANI structure, the N-H bond increased
from 1.004 A to 1.02 A, while the Ag-H bond length was up to
2.92 A. Table 1 presents a compilation of computed metrics,
including energy, TDM, and HOMO/LUMO bandgap energy,
indicating the chemical structure’s physical and electrical
properties. The total energy, which serves as a physical measure
of the stability of the structure, is calculated as —16.6765,
—17.1215, —9.3468, and —3.9663 keV for AC, PANI, LA, and
AgNP, respectively.

The functionalization of AC with AgNP and AgNP-PANI
leads to the formation of a composite material with signifi-
cantly reduced energy levels of —20.6478 keV and —37.7730
keV, respectively. Consequently, this results in a notable
increase in stability. TDM is widely regarded as a physical
indication that reflects the reactivity of a structure. The com-
puted values for the AC, PANI, LA, and AgNP materials are
4.2811, 0.5899, 2.1737, and 2.7755 Debye, respectively. AC’s
observed high reactivity could be attributed to its armchair
configuration and the presence of six active sites, which results

Mater. Adv,, 2025, 6, 766-776 | 769
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Fig. 3
Ag—-PANI-AC using DFT (via a b3lyp/lanl2dz theoretical model).

Table 1 Calculated total energy (E) in keV, total dipole moment (TDM) in
Debye, and bandgap energy (AE) in eV for AC, PANI, LA, AgNPs, Ag—AC,
and Ag—AC-PANI and their interaction possibilities using DFT: b3lyp/6-31g
and the lanl2dz theoretical model

Structure Total energy (E, keV) TDM (Debye) AE (eV)
AC —16.6765 4.2811 0.7502
PANI —-17.1215 0.5899 4.3171
LA —9.3468 2.1737 6.6573
AgNP —3.9663 0 4.6627
AgNP-AC —20.6478 2.6912 3.027
Ag-AC-PANI —37.7730 4.9627 2.5304

from the removal of six hydrogen atoms from the lower positions
of the molecular structure. The interaction between AgNP-AC
exhibits a lower dipole moment of 2.6912, indicating lower
reactivity.

On the other hand, AgNP-PANI-AC demonstrates a more
significant dipole moment of 4.9627, suggesting increased
reactivity compared to AC. The HOMO/LUMO bandgap energies
are regarded as indicative of the electrical conductivity of the
proposed structures. The energy (AE) change is measured to be
0.7502 eV for AC. In contrast, the PANI, LA, and AgNP values are
4.3171 eV, 6.6573 €V, and 4.6627 eV, respectively. However, the
process of functionalizing activated carbon (AC) with silver
nanoparticles (AgNP) and AgNP-polyaniline (AgNP-PANI) leads
to an increase in the energy gap (AE) up to 3.027 eV and 2.5304 eV,
respectively. Hence, the determined physical and electrical para-
meters establish the viability of functionalizing AC with AgNP and
AgNP-PANI, enabling a stable and reactive structure.

Morphological and chemical characterization

Surface area (atomic force microscopy). When nanomater-
ials are employed to modify electrodes, there are various issues
with utilizing the Randles-Sevcik equation to calculate the
electrode surface area.*” Atomic force microscopy (AFM) is
used to calculate the surface areas of the various electrodes,
including SPE, PANI-SPE, and Ag-PANI-SPE. For a 10 pm?
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(1) Optimized structures of (a) AC, (b) LA, and (c) PANI using DFT (via b3lyp/6-31g theoretical model), (Il) optimized structures of (a) Ag—AC and (b)

representative region, the roughness of the three electrode
samples has been determined. The 3D projections of the AFM
are displayed in Fig. 4 XEI; the park system software is used to
calculate the surface area (A) and the roughness, which are
listed in Table 2.

The Ag-PANI film exhibits a higher surface area than the
bare SPE by around 49.33%. The Ag-PANI composite and a few
light agglomerations can be visualized in the FESEM images.
The AgNPs were adequately covered with polymeric materials.

Structural characterization of SPE

Fig. 4(a-c) of the bare SPE, PANI, and Ag-PANI modified SPE
confirm the efficacy of in situ electrosynthesis over the electro-
des, and the FESEM pictures of the SPE surface revealed the
presence of the Ag-PANI layer adhered to the working elec-
trode. In contrast to the AgNP layer covering the electrode, it
was found that the PANI development layer is uniform. More-
over, it produces a non-homogeneous layer on the surface,
which can be seen in the AFM images. As shown in the
exploded view of Fig. 4, AFM images also demonstrated an
increase in roughness of approximately 17.6% for PANI and
49.33% for the Ag-PANI coated SPE compared to the bare SPE.

Functional group determination

Identifying functional groups in molecules using FTIR spectro-
scopy is possible because every chemical bond has a unique
energy absorption band. To assess a complex’s strength and
type of bonds, it can also be used to learn about its structure
and bonds.

Fig. 5 displays the FTIR spectrum of the AgNPs. The stretch-
ing of phenols by H-OH is demonstrated by the detection of
bands at 3359 cm . The stretching of the C-H of alkenes and
alkyls was detected at 2856 and 2947 cm™ ', while C-H stretch-
ing of alkenes was observed at 3004 cm ™. Aldehyde and ketone
C=0O0 stretching is indicated by the adsorption band at 1687
cm~ ', Peaks at 933, 827, and 711 cm ™" corresponding to C-H
stretching of alkenes were detected. The bands seen at 1136

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FESEM images of the (a) bare, (b) PANI, and (c) Ag—PANI SPE surfaces, and an exploded view with an AFM micrograph.

Table 2 Roughness generated after surface modification of the SPE

Electrodes Surface area (um?) Roughness (nm)
SPE 10 117.187
PANI-SPE 10 137.811
Ag-PANI-SPE 10 175.724
1.00
089,
3
<
@ 098
o
<
s
£ 0971
c
o
'—
0.96
0.95 T T T T T
500 1000 1500 2000 2500 3000 3500
Wavenumber {cm™)
Fig. 5 FTIR spectra of silver nanoparticles.

and 1007 cm ™" show the stretching of esters along the C-O axis.
The N—O0 symmetry stretching typical of the nitro compound is
best seen in the band at 1377 cm™". The C-N stretching of
amines is what causes the band at 1240 cm ™" to exist. The N-H
stretch vibration occurring in the amide bonds of the proteins
was ascribed to the band at 1450 cm™*.>°

Identification of molecules and intermolecular bonds

The vibrational modes of molecules are examined using the
Raman spectroscopy method. Some of the light will be

© 2025 The Author(s). Published by the Royal Society of Chemistry

dispersed by a sample when it is exposed to a monochromatic
light source. That scattered light can then be collected and
analyzed to determine the molecular vibrations of the sample.

Fig. 6(a) shows a comparison of the Raman spectra of the
bare SPE, PANI-modified SPE, and AgNP-modified SPE, which
clearly shows effective functionalization of the working elec-
trode layer. Meanwhile, Fig. 6(b) shows the Raman spectra of
silver nanoparticles obtained using 532 nm excitation for
5 seconds at 30 mW power. The bands that were seen between
200 and 2200 cm™ ! in the wavenumber range represent the
stretching modes of different bonds. The vibrational maxima
at 470 and 642 em™ " are a result of the stretching vibration of
C-N-C and C-S-C.*" The other band, at wavelengths of 1284,
1364, and 1582 cm ™', is produced by the carboxylic group
symmetric and anti-symmetric C—O stretching vibrations,
respectively.®>>*

UV-vis of AgNPs

The ultraviolet-visible (UV-vis) absorbance spectra of the nano-
structures of AgNPs were measured by dispersing them in de-
ionized water using ultrasonic techniques. Fig. 7 shows the
recorded spectra of AgNPs. The UV-visible absorption spectrum
has a broad absorption peak at a wavelength of 406 nm, which
is indicative of the presence of silver nanoparticles (AgNPs).>*

Electrochemical characterization

Electro polymerization of aniline. Aniline was electro poly-
merized to create PANI films. Fig. 8 shows a typical CV growth
of PANI film in aqueous 0.1 M H,SO, + 0.5 mM aniline. A thin,
uniform coating was developed on the electrode by continuous
potential scanning at 100 mV s~ ' in the potential range of 0.2
to 1.2 V. Peaks x through z indicate the formation of radical cations
(peak x, 0.3 V), oxidation of head-to-tail dimers (peak y, 0.7 V), and

Mater. Adv., 2025, 6, 766-776 | 771
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Fig. 7 UV absorption spectral analysis for the silver material.

the transition from the emeraldine to the pernigraniline structure
(peak z, 0.9 V), respectively.”>*® The fact that their peak heights
increased with the number of potential cycles suggested that the
films were both conductive and electroactive.
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Fig. 8 Electro polymerization of aniline.
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Effect of scan rate. The electrochemical kinetics of the lactic
acid in the 4.0 mM PBS solution were investigated by measur-
ing the CV response of lactic acid using an AgNPs and AgNPs-
PANI modified screen-printed electrode (SPE) at varying scan
speeds (20-100 mV s~ ). Fig. 9(a) shows the CV response of the
AgNPs-SPE in a 4.0 mM lactic acid in PBS solution. Fig. 9(b)
shows the CV response of the AgNPs-PANI-SPE in a 4.0 mM
lactic acid in PBS solution. The most significant drop in
peak current was noted when the scan rate was adjusted to
100 mV s~ ', as the scan rate approaches the positive and nega-
tive quadrants, the anodic and cathodic peak potentials change,
which raises the possibility of a charge transfer kinetic limit. As the
scan rates increased, the oxidation and reduction peaks, respec-
tively, migrated to the right and left, as seen in Fig. 9(b). The
relationship between the cathodic and anodic peak current ratios
was consistent with the characteristics of surface-bound redox
sites. The increased current density at higher scan rates confirms
the AgNPs-PANI-SPE’s catalytic activity for lactic acid detection.
The well-defined CV curves for the AgNPs-PANI-SPE were achieved
with a diffusion-controlled redox procedure.

Electrochemical behavior of SPE, PANI-SPE, and Ag-PANI-
SPE. Fig. 10 shows the cyclic voltammetry response of a bare
SPE, an Ag-modified SPE, and an Ag-PANI-modified SPE
with 4.0 mM lactic acid in PBS solution at 100 mV s "
A simultaneous increase in the current density of the working

100 mvis

100 mvis|

Current density (mAlcm?)

&

T -6 T T T
04 02 00 02 04 06 08 10 12 14 04 02 00 O 08 10 12 14

2 oa 08
Potential (V) Potential (V)

Fig. 9 CV analysis of 4.0 mM lactic acid in PBS solution at different scan
rates: (a) Ag—SPE and (b) Ag—PANI-SPE.
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electrode was observed due to silver nanoparticles, as shown in
Fig. 10(a). This can be attributed mainly to the large surface
area to volume ratio, and the electronic properties of the
AgNPs. Furthermore, it was observed that the anodic peak
potentials of lactic acid occurred at a potential of around
0.3 V, and the evident peak currents provided convincing
proof of the catalytic role played by AgNPs in the electro
reduction of lactic acid. Furthermore, the AgNPs-PANI func-
tionalized electrode surface, produces a sharp increase in
current density, as shown in Fig. 10(b). A thin coating of PANI
(a conducting polymer) formed electrochemically over the
working electrode’s surface, increasing the electrode’s sensitivity
for the detection of lactic acid. As the AgNPs-PANI functionaliza-
tion layer develops over the working electrode, it increases the
available surface area for electrochemical reactions, as shown in
Fig. 4. This can lead to an increase in the current density observed
in the CV graph Fig. 10(b); Fig. 10(c) shows a comparison between
modified and bare electrodes.

Lactic acid detection. Fig. 11 shows the linearity curve with
increasing concentration in PBS solution. Fig. 11(a) shows the
linearity curve for AgNPs-SPE with increase in lactic acid
concentration; it was observed that the produced current is
positively and linearly related to the concentration of lactic acid
with a R” value of 0.85. Fig. 11(b) shows the linearity curve for
AgNPs-PANI-SPE with increase in lactic acid concentration; it
was observed that the produced current is positively and
linearly related to the concentration of lactic acid with a R
value of 0.96. As the concentration increased, the current
increased as well, which confirms that the anodic (oxidation)
peak increases with increasing analyte concentration, which is

(a) 034 (®)
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Ri=0.8473

4.4 y=08373x+ 24394
R = 09626 -

o A
®» o

Current density (mA/cm?)
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Fig. 11 Linearity curve with an increase in concentration: (a) Ag-
functionalized SPE and (b) PANI/Ag functionalized SPE, for 4.0 mM lactic
acid in PBS solution at 100 mV s~ for the potential range of —0.2 to 1.2 V.

© 2025 The Author(s). Published by the Royal Society of Chemistry

consistent with an increase in the oxidation of lactic acid
molecules (inset Fig. 11(a and b)). It is observed that the limit
of detection (LOD) for AgNPs-SPE and AgNPs-PANI-SPE was
found to be 5.28 and 2.45 mM, respectively, while the limit of
quantification (LOQ) was found to be up to 16.01 and 7.43 mM,
respectively.

Artificial saliva sample testing. The artificial saliva samples
were spiked with lactic acid with a wide range of concentrations
(pH value 7.4) for further analysis of the functionalized elec-
trode. The AgNP-PANI-SPE-based lactic acid sensor’s chrono-
amperometric response is shown in Fig. 12(a). The enhanced
performance of the modified electrode can be attributed to the
higher concentration of LA, ranging from 50 uM to 4.0 mM,
which directly leads to an increase in the conductivity of the
catalyst. The catalyst functionalized over the working electrode
has a robust electrocatalytic activity, which can be attributed to
the relatively short response time of 5-15 seconds observed for
lactic acid within the specified linear range. Fig. 12(b) illus-
trates the calibration curve depicting the relationship between
lactic acid concentration and the corresponding current density
response of the electrode modified with AgNP-PANI.

The evaluation of the limit of detection (LOD) was con-
Standard deviation of intercept
Slope
The calibration plot revealed an estimated limit of detection
(LOD) of 0.76 mM for lactic acid in artificial saliva samples.
Fig. 12(c) shows consecutive readings of the same electrode for
2.0 mM concentration in artificial saliva. The functiona-
lized SPE was used three times to verify the repeatability.
Furthermore, Fig. 12(d) shows the consistency of the modified
electrodes for 2.0 mM concentration in artificial saliva for three

different electrodes.

ducted using the 3.3 x

approach.

Conclusion

In summary, this research elucidates the efficacy of AgNPs-
PANI in the modification of SPE, leading to the development of
a novel non-enzymatic sensor capable of detecting lactic acid.

e The electro polymerization approach was employed to
successfully generate a functionalized layer of AgNPs-PANI over
the working electrode of the SPE. An investigation was con-
ducted to assess the effectiveness of the functionalized elec-
trode by performing a cyclic voltammetry (CV) experiment using

Mater. Adv,, 2025, 6, 766-776 | 773
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Fig. 12 Chronoamperometric responses of non-enzymatic sensing of lactic acid: (a) chronoamperometric sensing of different concentrations of lactic
acid in an artificial saliva sample, (b) calibration plot at different concentrations, (c) repeatability of 2.0 mM lactic acid in artificial saliva and
(d) reproducibility of 2.0 mM lactic acid in artificial saliva.

Table 3 A comparison of different sensing electrode materials for the L-lactic acid sensor using an electrochemical technique

Limit of Response
Sensor type Electrode materials Linear range detection Sensitivity time (s) Sample
Non-enzymatic Pt@chitosan/ 0.3-1.2 mM 22.36 uM 0.453 pA pM ' ecm 2 — Real sample
ZnTiO;NCs/GCE®’
Non-enzymatic WS,/C0O;0,/SPCE*® 50-1000 M 6 UM — 5 0.1 M NaOH
Non-enzymatic CuO/GCE”® 0.05-40 mM 0.04 mM 14.47 mA mM ' cm 2 <5 Artificial sweat
Non-enzymatic =~ MWCNT-polypyrrole 1-15 mM 0.051 mM 0.0029 mAmM 'em™> — 0.1 M Na,SO,
core-shell nanowire®®
Enzymatic ZnO nanotetrapods 0.0036-0.6 mM 0.0012 mM 0.028 mA mM~" cm™? 10 PBS
Non-enzymatic MoS,-AuPt®! 0.005-3 mM 0.00033 mM — 15 Sweat
Non-enzymatic ~ NiO NPs/GCE®? 0.005-5 mM 0.0057 mM — — 0.1 M NaOH
Enzymatic H,Ti;0, nanotubes®® 0.5-14 mM 0.2 mM 0.24 pA mM ! em 2 5 —
Non-enzymatic 3-aminophenylboronic 3-100 mM 1.5 mM — 2-3 min Sweat
acid (3-APBA)**
Enzymatic Polypyrrole-enzyme-CNT®>  — 0.01 mM — — —
Enzymatic MWCNT-PTNPs®® 0.2-2.0 mM — 6.36 LA mM ' cm 2 5 Serum
Enzymatic Electrode arrays by 0-10 mM — 1.1 pA mM ' cm? — —
hydrogel
photolithography®”
Enzymatic Pt-Ag thin film®® 0.5-20 mM — 2nAmM " 2 min —
Enzymatic Nafion-Lox-PT working 50-350 pM 31 M 0.04 pA pM ' em 2 3 min Food product
electrode®
Non-enzymatic Ag-PANI SPE (This work) 50 pM-4.0 mM 0.76 mM 0.00176 mA uM ™" cm ™ 5-15s Artificial saliva

an AgNPs and AgNPs-PANI modified-SPE in PBS solution, and
further in artificial saliva samples. The enzyme-free sensor that
has been proposed demonstrates a linear relationship between

774 |

Mater. Adv., 2025, 6, 766-776

experiments

conducted

in

lactic acid concentration and its responses. It offers conveni-
ence in its usage, and exhibits a high level of sensitivity. The
electrochemical

this study

© 2025 The Author(s). Published by the Royal Society of Chemistry
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demonstrated that the modified AgNPs-PANI-SPE exhibited a
significant electrocatalytic capability for both the oxidation and
reduction reactions of lactic acid. The current study primarily
focuses on the typical range of lactic acid concentration
in artificial saliva samples. As a result, this research holds
considerable potential as a non-invasive method for detecting
lactic acidosis caused by medical conditions. As per the results
obtained, the limit of detection (LOD) for AgNPs-SPE and
AgNPs-PANI-SPE was found to be 5.28 and 2.45 mM,
respectively, in PBS solution. While for the artificial saliva
samples, the sensitivity of Ag-PANI-SPE obtained was up to
0.00176 mA pM~ ' ecm™? with LOD of 0.76 mM. It can be
concluded that Ag-PANI-SPE is more sensitive and effective
in comparison to Ag-SPE. Therefore, Ag-PANI-SPE provides
good electronic properties and stability for better results.

e Furthermore, compilation of computed metrics, including
energy, TDM, and HOMO/LUMO bandgap energy, indicates that
functionalization of AC with AgNP-PANI leads to the formation
of a composite material with significantly reduced energy levels
of —37.7730 keV, increased dipole moment 4.9627 Debye, and
increased energy gap (AE) 2.5304 eV, respectively. Hence, the
determined physical and electrical parameters establish the via-
bility of functionalizing AC with AgNP and AgNP-PANI, enabling a
stable and reactive structure.

e In comparison to conventional techniques for detecting
lactic acid, screen-printed electrode (SPE) based biosensing
devices would provide several benefits, including affordability,
compactness, and increased sensitivity along with the creation
of compact, portable lab-on-the-go lactic acid analyzers for a
variety of samples, including biological fluids and food sam-
ples. The reported Ag-PANI-modified SPEs have enormous
potential to detect other analytes besides lactic acid (Table 3).
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