Vol. 38, No. 1 (2026), 107-113 G -
ASIAN JOURNAL
OF CHEMISTRY

Asian Journal of Chemistry;

ASIAN JOURNAL OF CHEMISTRY

5an Journal of ChemS:

https://doi.org/10.14233/ajchem.2026.34881

Enhanced Electrochemical Detection of Ambroxol Using
AgNPs/MWCNT/Nafion/GCE Composite Sensor

RIDDHI TRIVEDI™® and PRAJESH PRAJAPATI

School of Pharmacy, National Forensic Sciences University, Gandhinagar-382007, India

*Corresponding author: E-mail: riddhi.trivedi@nfsu.ac.in

Received: 11 September 2025 Accepted: 11 November 2025 Published online: 31 December 2025 AJC-22228

The development of the nanocomposite using AgNPs/MWCNT/Nafion/GCE in this study represents a significant advancement in the
electrochemical detection of ambroxol, an important therapeutic agent in respiratory medicine. Silver nanoparticles (AgNPs) were green-
synthesized using Hyphaene thebaica extract and integrated with functionalized multi-walled carbon nanotubes (MWCNTS) in a Nafion
matrix to develop a highly sensitive electrochemical sensor for ambroxol. SEM, XRD and FTIR confirmed irregular, crystalline AgNPs
strongly capped with phytochemicals, while acid-treated MWCNTSs exhibited enhanced dispersibility due to surface carboxylation. The
AgNPs/MWCNT/Nafion-modified glassy carbon electrode showed markedly improved electrocatalytic activity, enlarged electroactive
surface area and irreversible, diffusion-controlled oxidation of ambroxol. The optimal sensing conditions were obtained at pH 4, 6 uL
modifier loading and a 4 min accumulation time. The sensor demonstrated a linear range of 0.01-5 x 10> M, a detection limit of 6 x 106 M,
high selectivity and excellent reproducibility (RSD 3.6%). Application to spiked urine samples yielded an average recovery of 100.9%,
validating its potential for pharmaceutical and clinical analysis.
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INTRODUCTION

Nanocomposite-based sensors have emerged as powerful
analytical tools in recent years, particularly for the detection
of trace-level pharmaceutical compounds in complex matrices
[1-4]. Their enhanced conductivity, high surface area and
tunable surface chemistry make them highly suitable for appli-
cations requiring sensitivity, selectivity and rapid response
[5,6]. Ambroxol, a widely prescribed mucolytic and expecto-
rant agent, was selected as the target analyte in this study due
to its extensive use in the management of respiratory disor-
ders characterized by excessive mucus secretion [7-9]. Chemi-
cally known as trans-4-(2-amino-3,5-dibromophenylmethyl-
amino)cyclohexanol (CiaH20BroN2O, m.w. 414.56 g/mol),
ambroxol is a white to yellowish crystalline compound with
limited solubility in water and alcohol. Accurate determina-
tion of ambroxol in pharmaceutical formulations and biological
fluids is crucial for quality control, pharmacokinetic studies
and clinical diagnostics.

Conventional analytical approaches for ambroxol quanti-
fication, including high-performance liquid chromatography

and UV-visible spectroscopy, although reliable, often require
costly instrumentation, laborious-intensive protocols, and
complex sample preparation [10,11]. These limitations have
driven the demand for simplified, cost-effective and highly
sensitive sensing platforms. Electrochemical methods, particu-
larly voltammetric techniques, offer distinct advantages such
as rapid analysis, low detection limits, and minimal sample
preparation. When coupled with functional nanomaterials,
their analytical performance can be significantly enhanced
[6,12,13].

In this context, nanocomposites incorporating silver nano-
particles (AgNPs), multi-walled carbon nanotubes (MWCNTS)
and Nafion provide a promising route for sensor develop-
ment. AgNPs exhibit excellent catalytic properties [14,15],
MWCNTSs offer superior electrical conductivity and large
surface area [16] and Nafion functions as an efficient binder
providing mechanical stability and uniform dispersion [17].
When assembled onto a glassy carbon electrode (GCE), these
components act synergistically to enhance electron transfer
kinetics and amplify the electrochemical signal of the target
analyte.
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The present study focuses on the fabrication and appli-
cation of an AgNPs/MWCNT/Nafion-modified GCE for the
electrochemical detection of ambroxol. The sensor was prep-
ared by ultrasonication-assisted dispersion of MWCNTS in
Nafion followed by electrode modification and incorporation
of AgNPs. Preliminary results demonstrate a substantial
improvement in oxidation peak current compared with bare
GCE, confirming the strong electrocatalytic contribution of
the nanocomposite. The developed sensor was successfully
applied for the determination of ambroxol in commercial tablet
formulations and spiked urine samples, highlighting its poten-
tial as a reliable, efficient and economically viable analytical
tool for pharmaceutical and clinical applications.

EXPERIMENTAL

Biosynthesis of silver nanoparticles (AgNPs): Using an
eco-friendly green synthesis approach, AgNPs were prepared
with Hyphaene thebaica plant extract. A 20 mL of the extract
was added to 60 mL of 2 mM AgNOs; solution, resulting in a
colour change from light brown to deep dark brown, indic-
ating the formation of AgNPs due to the reducing properties
of the plant biomolecules. The mixture was centrifuged at
8000 rpm for 20 min, a process repeated twice to ensure nano-
particle separation and purity. The resulting pellet was evenly
spread in petri dishes and dried at 70 °C for 24 h. The dried
nanoparticles were gently collected as a fine powder.

Preparation of MWCNT/Nafion modified GCE: The
MWCNT/Nafion-modified glassy carbon electrode (GCE)
was prepared by first thoroughly clean the GCE to remove any
surface contaminants. A precise 6 uL of MWCNT/Nafion sus-
pension was then applied to the electrode surface to form a
uniform, thin film, followed by air drying to ensure stable
film formation.

Fabrication of AgNPs/MWCNT/Nafion/GCE compo-
site sensor: The previously prepared AgNPs and function-
alized MWCNTSs were dispersed in a Nafion solution to form
a homogeneous composite, with Nafion acting as a matrix for
uniform distribution. The mixture was ultrasonicated to ensure
even dispersion, critical for sensor performance and surface
coverage. The GCE was thoroughly cleaned using alumina
slurry, followed by sonication in distilled water and ethanol
(or acetone) and finally rinsed with water. A precise volume
of the AgNPs/MWCNT/Nafion composite was dropcast onto
the GCE surface, ensuring adequate coverage without forming
an overly thick film. The electrode was then air-dried or gently
dried under nitrogen to remove the solvent while maintaining
uniform nanoparticle and nanotube distribution [9].

Characterization of AgNPs: Characterization of AgNPs
was done utilizing UV-visible spectrophotometer, Shimadzu
1900i at 25 °C. The surface topography was characterized by
scanning electron microscope (SEM) Zeiss EVO 18, at 5 kV.
X-ray diffraction (XRD) was performed on a Bruker D8 Focus
instrument, wavelength (A = 1.54 A). The Fourier infrared was
recorded by QATRS-IR, Shimadzu IRSpirit-L spectroscopy
and the spectra were obtained at range of 4000-400 cm'L.

Electrochemical analysis: The electrochemical detection
of ambroxol was evaluated using a Metrohm analyzer with a
three-electrode system comprising a glassy carbon electrode

(GCE) modified with MWCNT/Nafion and AgNPs as working
electrode, platinum wire as counter and Ag/AgCl as reference.
Initial analysis with a carbon paste electrode (CPE) showed
high oxidation potential, low peak current and a limited linear
range. The bare GCE improved the response, but the AgNPs/
MWCNT/Nafion-modified GCE exhibited the most significant
enhancement, with a well-defined oxidation peak at lower
potential and higher current, demonstrating superior electro-
catalytic activity and electron transfer. Ambroxol displayed
irreversible behaviour, as no reduction peak was observed.
Electrode regeneration through multiple cyclic scans yielded
stable voltammograms. Comparative cyclic voltammetry
(0.001 M ambroxol) confirmed peak current enhancement at
AgNPs/MWCNT/Nafion/GCE compared to bare and Nafion-
modified GCE. Surface area calculations using the Randles-
Sevcik equation showed an increase from 0.0828 cm? (bare
GCE) to 0.135 cm? (modified GCE), indicating successful
modification and enhanced electrochemical activity.

RESULTS AND DISCUSSION

Characterization of AgNPs: The SEM micrographs
(Fig. 1) revealed that the green synthesized AgNPs are
irregular in shape. The phytochemicals present in the plant
extract, owing to their strong reducing ability toward Ag* ions,
promoted controlled nucleation of silver nuclei, resulting in a
relatively narrow size distribution [18]. These phytochemicals
likely adsorbed onto the nanoparticle surfaces, stabilizing the
AgNPs and facilitating further nucleation. Their affinity for
Ag* ions plays a critical role in determining nucleation,
growth behaviour and the final size distribution of the AgNPs
[19]. The SEM images also indicate that the AgNPs are coated
with layers of phytochemical compounds from the plant extract.
These capping layers contribute to particle stabilization and
influence the physical morphology of the nanoparticles.

XRD analysis was performed to examine the crystalline
structure of the synthesized AgNPs (Fig. 2). Several distinct
Bragg diffraction peaks were observed at 26 values of 27.81°,
32.16° 38.12°, 44.30°, 46.21° 54.83°, 57.39°, 64.42° and
77.45°. These peaks correspond to the characteristic reflec-
tions of pure silver with a face-centered cubic (fcc) crystal
structure (JCPDS card No. 04-0783) [20]. The calculated d-
spacings were consistent with the fcc phase of metallic silver
and the sharpness of the diffraction peaks indicates high
crystallinity of the AgNPs. These results clearly confirm that
the silver nanoparticles synthesized using the plant extract
are crystalline in nature.

FTIR spectrum (Fig. 3) provided the involvement of
plant metabolites in reducing and stabilizing AgNPs. The
plant extract exhibited the characteristic vibrational bands
between 1600-700 cm™ and 3400-3000 cm', corresponding
to aromatic ring modes, C-O stretching of phenols/ethers, O-H
bending, and C=C/C=0 stretching of polyphenolic and flavo-
noid structures [21]. These peaks confirm that compounds
such as tannins, phenols, flavonoids, terpenoids, saponins and
glycosides act as both reducing and capping agents, altering
their electronic environment upon coordination with AgNPs
surfaces. Interestingly, the absence of a distinct band near ~877
cm! typically associated with Ag—O vibrations suggests that
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Fig. 1. SEM images of synthesized AgNPs at 3000X (a) and 5000X (b) magnifications
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Fig. 2. XRD pattern of synthesized AgNPs
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Fig. 3. FTIR spectra of MWCNT and AgNPs

any metal-oxygen interactions are masked by the dense
organic coating [22]. This is consistent with reports where
strong phytochemical adsorption screens metal-oxygen vibra-

tional signatures, even when XRD confirms oxidation states
or lattice formation. Thus, the significant shifts in peak posi-
tions and changes in intensity within these regions suggest
strong chemisorption of these functional groups onto the metal
surface.

Additional FTIR peaks corresponding to the MWCNT
component of the composite further support successful
material integration. The appearance of the G-band (~1580
cmt) and D-band (~1350 cm™) confirms the presence of sp?-
carbon frameworks and structural disorders typical of oxidi-
zed or functionalized nanotubes [23,24]. The bands at 2960
and 2923 cm?, attributed to the C—H stretching of methyl and
methylene groups, indicate surface functional groups likely
generated during oxidative pretreatment or through inter-
actions with Nafion and phytochemicals [25]. Together, these
spectral features demonstrate that the MWCNTS are not merely
physically mixed but are chemically modified and well-disp-
ersed, enabling enhanced electron mobility and synergistic
interaction with the AgNPs are the critical factors for the
amplified electrochemical response of the sensor.

Electrochemical analysis: A comparative study revealed
that the AgNPs/MWCNT/Nafion-modified GCE significantly
outperformed both Nafion/GCE and bare GCE. Cyclic volta-
mmetry demonstrated enhanced peak currents at the modified
electrode, in contrast to poorly defined peaks observed at the
bare GCE. Plotting the peak current against the square root
of the scan rate for AgNPs/MWCNT/Nafion/GCE showed a
strong linear relationship, with a slope of 0.17 and an R? value
of 0.9791 (Fig. 4a), whereas the bare GCE exhibited a slope
of 0.13 and R? = 0.9985 (Fig. 4b), indicating the lower respon-
siveness. Using the Randles-Sevcik equation [26], the effective
surface area of the AgNPs/MWCNT/Nafion/GCE (0.135 cm?)
was considerably higher than that of the bare GCE (0.0828
cm?). This increase in surface area corresponds to a more
active electrode surface, enhancing electrochemical activity
and sensitivity. Incorporation of AgNPs and MWCNTS into the
Nafion matrix markedly improved the electroactive surface
area, facilitating more efficient electrochemical detection of
ambroxol. These results highlight the critical role of electrode
surface modification in developing sensitive and effective
electrochemical sensors for pharmaceutical analysis.
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Fig. 4. Current and scan-rate of bare GCE (a) and AgNP/MWCNT/Nafion/GCE (b) using 2 mM Ks[Fe(CN)s]

Furthermore, linear regression analysis of the surface
area for the bare GCE using a 2 mM Kj[Fe(CN)s] solution
yielded a slope of 0.1307 pA/(mV/s) and an intercept of
3.4355 pA, with R? = 0.9985. The strong linearity confirms
that the electrochemical process at the bare GCE is diffusion-
controlled and the electrode behaviour can be reliably anal-
yzed under the experimental conditions.

Effect of pH: The influence of pH on the electrochemical
response of ambroxol was investigated using a three-electrode
system comprising the AgNPs/MWCNT/Nafion-modified
GCE as the working electrode, a platinum wire as the counter
electrode and an Ag/AgCI reference electrode. The cyclic
voltammetry (CV) measurements were conducted across a
pH range of 2-9 using 1 x 10-* M ambroxaol, with the solution
purged with nitrogen prior to each run to remove oxygen
interference. Fig. 5 demonstrated a clear dependence of the
sensor’s response on pH. The anodic peak current was maxi-
mal at pH 4, reaching 25 pA, indicating the optimal electro-
chemical environment for ambroxol oxidation and the ideal
operating condition for selective and efficient detection. At
higher pH values, the sensor performance decreased signifi-
cantly: the peak current dropped to 5 uA at pH 7 and further
declined to 0.5 pA at pH 9. This reduction is likely due to
ambroxol deprotonation and changes in its electrochemical
kinetics at alkaline conditions, which adversely affect sensor
response [27]. Overall, the data clearly identifies pH 4 as the

25 {—*- Peak current at various pH
| === Optimal pH (4)
é 20
b=
o
5 15
[3)
-
©
g 10
o
©
o
£ 5
0 I
2 3 4 5 6 7 8 9
pH

Fig. 5. Effect of pH on anodic peak current

optimal condition for the AgNPs/MWCNT/Nafion-modified
GCE, providing crucial guidance for the effective electro-
chemical detection of ambroxol in analytical applications.

Effect of amount of AgNPs/MWCNT-Nafion disper-
sion: The effect of the amount of AgNPs/MWCNT/Nafion
dispersion on sensor performance was evaluated by applying
varying amounts onto the cleaned GCE surface. The results
showed that increasing the dispersion volume up to 6 uL led
to a corresponding increase in the anodic peak current for 1 x
10°M ambroxol, indicating enhanced electron transfer, a
larger electroactive surface area and more accessible catalytic
sites (Fig. 6a-b). Beyond 6 uL, a slight decrease in peak
current was observed, likely due to excessive AGNPs/ MWCNT
electrode causing surface congestion. This overcrowding can
hinder electron transfer by forming a diffusion barrier or
altering the local environment at the electrode surface.
Therefore, 6 uL of AgNPS/MWCNT/Nafion dispersion was
established as the ideal volume for achieving maximum
sensor response without compromising efficiency.

Effect of accumulation time and scan rate: The influ-
ence of accumulation time on the voltammetric response of 1
x 10°M ambroxol was investigated to optimize the pre-
concentration step. Measurements were performed at open-
circuit potential without stirring, and the anodic peak current
was monitored over time (Fig. 7a). The peak current increased
over the first 4 min and then stabilized, indicating that the
electrode surface became saturated with ambroxol. And also
suggested that 4 min is the optimal accumulation time for the
effective pre-concentration on the AgNPs/MWCNT/Nafion-
modified GCE.

The effect of scan rate was also studied at scan rates
ranging from 50 to 250 mV/s using linear sweep voltammetry
(LSV) on the modified electrode. The anodic peak current
increased with increasing scan rate and a linear relationship
was observed between the peak current and the square root
of the scan rate (Fig. 7b), consistent with a diffusion contro-
lled electrochemical process as described by the Randles-Sevcik
equation [28]. In addition, the broadening of peaks and slight
shifts in peak potential at higher scan rates provide insight
into the kinetics and reversibility of the oxidation process of
ambroxol. These observations confirm that the electrochemical
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electrochemical process as per the Randles-Sevcik equation and (b) Cyclic voltammograms at varying scan rates show broader peaks
and increased peak currents as the scan rate increases, consistent with diffusion-controlled processes

response is governed by diffusion of ambroxol to the elect-
rode surface and that the optimized accumulation time and
understanding of scan rate effects are essential for maximi-
zing sensor sensitivity and reproducibility.

Calibration curve and detection limit: The relationship
between the anodic peak current and ambroxol concentration
was evaluated using linear sweep voltammetry (LSV). The
AgNPs/MWCNT/Nafion-modified GCE sensor exhibited a
linear working concentration range from 5 x 10%to0 1 x 102 M.
At very low concentrations, the sensitivity of the proposed
sensor decreased, with a detection limit determined to be 1 x
108 M (Fig. 8). The sensor demonstrated excellent reproduci-
bility: repeated measurements of 1 x 10 M ambroxol, with
the electrode surface regenerated between tests, showed mini-
mal variation, with a relative standard deviation of +3.6%.
These results confirm the reliable performance of the sensor,
wide working range and suitability for precise electrochemical
detection of ambroxol.

Interference study and selectivity: The selectivity of
the AgNPs/MWCNT/Nafion-modified GCE sensor was eval-
uated in the presence of various organic and inorganic
compounds. Using a 5 x 10-> M ambroxol solution, a 100-fold
excess of substances such as glucose, fructose, Na*, K*,
Cl-, S04, glutamic acid, lactose, citric acid and urea caused
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Fig. 8. Linear sweep voltammetry of the relationship between the anodic

peak current of ambroxol

minimal changes in the oxidation peak current, generally
below 5%, demonstrating high selectivity (Table-1). Detailed
observations showed that lactose produced a 0.737% signal
change, Na* and CI- decreased the current by 4.378%, K* and
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TABLE-2
DETERMINATION OF AMBROXOL IN TABLETS
Sample Method Amount (mg/tablet) Found (mg/tablet) S.D. C.V.
Ambroxol HCI Present developed sensor 30.5 0.902 3.003
Ambroxol HCI Standard method 31.9 1.111 3.531

*Average of six replicates

TABLE-1
STUDY ON THE EFFECT OF FOREIGN SPECIES ON THE
OXIDATION PEAK CURRENT OF 0.0005 M AMBROXOL

Substance Concentration Current Signal
(M) (mA) change (%)

Ambroxol 0.0005 0.031500 -
Lactose 0.01 0.031290 0.737
Na* 0.01 0.030345 4.378
Cl- 0.01 0.030345 4.378
K* 0.01 0.030450 3.663
SO4> 0.01 0.030450 3.663
Glutamic acid 0.01 0.032760 4,004
Ascorbic acid 0.01 0.028665 10.23
Glucose 0.01 0.030135 5.137
Citric acid 0.01 0.030870 2.563
Fructose 0.01 0.028500 4.500
Urea 0.01 0.030100 0.330

SO.% caused a 3.66% decrease, and glutamic acid slightly
increased the peak current by 4.00%. Glucose and fructose
altered the signal by 5.14% and 4.50%, respectively, while
citric acid induced a moderate decline of 2.56% and urea had
the least effect (0.33%). In contrast, ascorbic acid caused the
largest interference, reducing the peak current by 10.23%, indi-
cating a notable limitation in samples containing this compound.
These findings underscore the high selectivity of the sensor
for ambroxol while highlighting the importance of consider-
ing potential interfering substances in real sample matrices to
ensure accurate and reliable detection.

Determination of ambroxol in urine samples: The
sensor was applied to detect ambroxol in spiked urine samples.
Urine (5 mL) was diluted to 25 mL with supporting elect-
rolyte and different concentrations of ambroxol (4-12 mg)
were added. Voltammograms were recorded and the concen-
trations of unknown samples were determined using the
calibration curve. The average percentage recovery of ambr-
oxol in urine was found to be 100.9%, demonstrating the
practical applicability of the developed sensor (Table-2).

Conclusion

This study successfully demonstrates the green synthesis
of silver nanoparticles (AgNPs) using Hyphaene thebaica
extract and their integration with MWCNTSs and Nafion to
fabricate a high-performance electrochemical sensor for the
detection of ambroxol drug. The characterization confirmed
the crystalline nature of the AgNPs, their irregular morpho-
logy, and the stabilizing role of phytochemicals. The AgNPs/
MWCNT/Nafion-modified GCE exhibited superior electro-
chemical activity compared to bare and Nafion-modified
electrodes, with enhanced peak currents, increased effective
surface area and improved electron transfer. Optimization of
analytical parameters, including pH, accumulation time, nano-

particle dispersion and scan rate, resulted in high sensitivity,
reproducibility and selectivity. The sensor maintained reliable
performance in the presence of various potential interferents
and successfully quantified ambroxol in spiked urine samples
with near-complete recovery, demonstrating its practical appli-
cability.
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